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When a female athlete asks you as her physician, or her science teacher, or
her coach, or her pharmacist, or her trainer, a seemingly simple set of two
questions, like:

“Can I continue to compete on my club soccer team and my husband on
his while we are trying to get, and how will that affect our odds of getting
pregnant?” and

“Will prenatal vitamins help for me or for him or for both so we do have a
better chance of conceiving a healthy baby?”

You might probe with a few more questions, like how often and how
intensely your patient and her partner practice and play. You would then
think there would be an easy “Googleable source” to find answers. You had
most likely be disappointed, until now. Yes, you would probably know that
as the frequency and intensity of exercise increases, greater concern and
major reactions might cause deleterious effects on somatic growth, pubertal
development, and biological maturation. But you would almost certainly lack
definitive answers. This book clarifies the questions to ask so that answers to
these and many other key questions are clear, and does the most important
part of knowing about any field, letting you know where the data are not
available and/or are not definitive.

For example, the authors of Chap. 17 present the data clearly on the inter-
actions between the various components of oral or transdermal contracep-
tion and factors influencing exercise performance. But the authors also state
clearly where more data are needed to define specifically and with conclu-
siveness the impact of specific hormonal contraceptive use and exercise per-
formance.

Yes, while sports and sex stories and videos are the most read and watched,
it is rarer than seeing a 1947 Mercedes two seat convertible with a Spanish
license plate on an American highway that practitioners of medicine or of
coaching, or even trainers or participants have critical and well-informed
conversations about how sex and sport performance relate to fertility and
pregnancy outcomes. You want experts in the field to describe the current
state of the art and the science, and that is what this book gives you.

Whether the most strenuous part of your day is shampooing your hair or
galloping 1000 m repeats at dawn and at dusk, this book answers concerns that
range from the effects of specific nutrition and meditation on pregnancy rates
and outcomes of oral contraceptive and anabolic steroid use you should have
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for your own well-being, and for the practitioners ask casual or concentrated
questions. No matter who you are (and whether you know definitively that
“who” should be a “whom” or a “who”), your physical activities and nutri-
tional patterns affect your sex hormones and physiology. And for those most
at risk of disturbing their reproductive health—those who exercise the most,
the least, or with abetting from steroids—mastering the distinctions between
beneficial and harmful levels of activity and nutrient intake is critical.

Making sure you or your patients mechanics are primed for healthy baby
making is simply one aspect, if a significant one, of exercise for both fitness
and health (these are not the same, as the book differentiates). Bone health,
nutrient availability, endocrine function, metabolism, mental well-being, and
physical exercise intensity all interact—and the key knowledge about and
parts of those complex interactions are described with enviable clarity in this
book.

And by the way, for the practitioner or the coach, or player, it is indis-
pensable in guiding answers about exercise and fertility in both men and
women—if you would read the chapter on that very subject about chances of
getting pregnant while competing in this book, you might know to ask a few
more questions to help define your answers to the questions posed at the start
of this foreword.

Whether you want just more information to advise your patients, or even
your daughter, son, or yourself, or are a major researcher in the field, this
book lets you know how to advise based on the current state of that area
of this field. Yes, now there is a complete guide coupled with Physiologic
Reference Manual, and you are reading from it. This book is unparalleled,
unequalled, and indispensable for all touching others in any of the areas that
affect the mix of sex and sport.

Chief Wellness Officer,

The Cleveland Clinic

Gorman Family Chair Holder and Chair of the
Wellness Institute at the Cleveland Clinic

Author of Four #1 NY Times Best Sellers,
including RealAge: Are You As Young As You
Can Be? and YOU: The Owner s Manual.

Michael F. Roizen MD

Foreword



The etiologies of human reproductive disorders are fairly well known; yet,
there are still many instances in which infertility is classified as idiopathic.
This simply means that the cause behind the problem is unknown. There is
growing evidence that physical exercise and sports practice may affect repro-
duction which may be the unknown factor in certain infertility cases.

With this first-of-a-kind textbook, we aim to provide a comprehensive
review of the interaction between exercise and human reproduction, how
exercise can have a positive or negative impact on male and female fertil-
ity with specific emphasis on the mechanisms that may lead to such effects.
This textbook, which consists of 20 different yet interrelated themed topics,
is intended to provide the reader with a meaningful and comprehensive
review of the biological processes related to sports practice and how they
interact with the reproductive function. The content covers the fundamental
principles of human reproductive potential, sports physiology, the interac-
tion between physical exercise and the endocrine and reproductive systems,
associated nutritional aspects and possible strategies to avoid the potential
harm of exercise on human reproduction. Each chapter was written by inter-
nationally recognized scientists and clinicians, making the text ideal for those
seeking to increase their general knowledge in the field.

We trust that this book will have a broad and global appeal and be used
not only as a reference for basic scientists, in the fields of sports medicine
and reproductive medicine; but may also act as a guideline for physicians,
physiologists, coaches, and professionals in the sports-human reproduction
fields. Moreover, we anticipate that it may be an invaluable tool for multidis-
ciplinary research teams since it brings together knowledge from a multitude
of fields desiring that future research gaps and flaws will be diminished.

We want to thank all of the contributing authors for their inputs and are
especially grateful to Michael D. Sova (developmental editor) and Kristopher
Spring (executive editor) for their tireless efforts in reviewing and editing
each manuscript. We would also like to acknowledge the University of Cor-
doba (Spain), the Division of Medical Physiology at Stellenbosch University
(South Africa) and the American Center for Reproductive Medicine at the
Cleveland Clinic (USA) for their institutional support. Finally, we want to
express our gratitude toward our families for their support and patience in
allowing us to complete this book.
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Introduction

Humans are sexually dimorphic; however, both
male and female reproductive systems consist of
different sets of structures, that is, gonads, inter-
nal genitalia, and external genitalia. This chapter
will specifically focus on the male reproductive
system and its functions. Development and dif-
ferentiation of the specialized cells, tissues, and
structures that comprise the male reproductive
system already start in utero but only initiate
function during puberty. The male internal repro-
ductive organs consist of the ducts (epididymis,
vas deferens, and ejaculatory duct) and accessory
sex glands (seminal vesicles, prostate, and bul-
bourethral glands), while the external genitalia
consists of the testes, located inside the scrotum
as well as the penis. The testes are located inside
the scrotum. Each of these structures is well
vascularized and innervated and is controlled
by an intricate interplay with the endocrine sys-
tem which plays a very important role in the
successful production and delivery of the male
gametes. The testes have both exocrine and en-
docrine functions in the sense that they not only
produce spermatozoa but also synthesize and se-
crete hormones. The process of spermatogenesis
is furthermore highly regulated by the hypotha-
lamic—pituitary—gonadal (HPG) axis. The most
important reproductive processes are the follow-
ing: initiation and maintenance of spermatogen-
esis, sperm transport, sperm maturation, semen
production, sperm secretion, sexual response,
and androgen production. The first part of this

D. Vaamonde et al. (eds.), Exercise and Human Reproduction, DOI 10.1007/978-1-4939-3402-7 1



chapter will emphasize the specific anatomy and
histology of the male reproductive system, while
the latter part will focus on the physiology and
function of these structures.

Embryonic Development of the Male
Reproductive System

Male reproductive development starts with gen-
der determination. This occurs when the Y chro-
mosome bearing spermatozoon fuses with the X
chromosome bearing oocyte during the process
of fertilization, creating a 46XY coded zygote.
Thereafter, gonadal differentiation initiates as
the foundation for testicular development. The
bipotential gonads differentiate from the genital
ridge which forms as a thickening of somatic
cells on the inner surface of the mesonephros.
Four structures are developed which later mature
into the external genitalia: the genital tubercle,
the urethral folds, the urethral groove, and the la-
bioscrotal swellings. The sex-determining region
of the Y chromosome (SRY gene) produces the
SRY protein, which, in combination with other
genes, promotes the development of the testis.
After the gonadal differentiation process is com-
pleted, sexual differentiation starts. The testis de-
velops steroidogenic cells, Sertoli cells, and cells
responsible for completion of gonadal structural
development from three bipotential cell lineages.
The first fetal precursor cells are responsible for
the formation of steroidogenic cells that are re-
sponsible for the secretion of sex hormones and
subsequent onset of secondary sexual charac-
teristics. The second cell lineage gives origin to
Sertoli and mesenchymal cells. The Sertoli cells
regulate the synthesis of the seminiferous tu-
bules, while the mesenchymal cells differentiate
into Leydig cells. Sertoli-cell and peritubular-cell
secretions lead to the differentiation and migra-
tion of adult Leydig cells. The third cell lineage
differentiates into the gonad structure. Develop-
ment of the bipotential gonad is dependent on the
anti-Mullerian hormone secreted by the Sertoli
cells, with testosterone being secreted by inter-
stitial cells and the insulin-like 3 hormone. The
intermediate mesoderm is homologous for both

L. Jiménez-Reina et al.

male and female development and gives rise
to the Wolffian ducts, Mullerian ducts, and the
gonad precursors. During male development the
Mullerian duct dissolves away, while the Wolft-
ian duct gives rise to the epididymis, vas defer-
ens, ductus deferens, ejaculatory duct, and the
seminal vesicle. The development of the external
male genitalia is dependent on dihydrotestoster-
one (DHT; secreted by Leydig cells) exposed to
the fetus during the third trimester of pregnancy
[1,2].

The transfer of the testes from the genital ridge
to the scrotum is a process of cardinal importance
to sexual differentiation. Testosterone induces
the relaxation of the cranial suspensory ligaments
allowing the descent of the testes into the scro-
tum. The increased abdominal pressure due to the
viscera growth and the elastic properties of the
testes then cause the testes to be forced through
the inguinal canal and into the scrotum. After the
initial development of the essential male repro-
ductive organs, the reproductive system lies dor-
mant until puberty when the HPG axis becomes
active and the process of spermatogenesis is ini-
tiated. The precursor cell development is of car-
dinal importance to spermatogenesis in the adult
male. It is crucial that precursor cells proliferate
unimpeded and give rise to an optimal amount of
spermatogonia in later life [2, 3].

Anatomy and Histology of the Male
Reproductive System

Testis

The two testicles or male gonads are responsible
for spermatogenesis (the production of sperma-
tozoa); simultaneously, they play a key role in
the production of certain hormones, including
testosterone, and can thus also be categorized
as internal secretion glands (endocrine glands).
The testes are housed within the scrotum (scro-
tal sac) below the penis, the left hanging a little
lower than the right. The testis is oval shaped and
slightly flat sided and has two smooth surfaces
(internal and external), two poles (anterosuperior
and posteroinferior), and two margins (anteroin-
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ferior and posterosuperior). It is covered by the
tunica vaginalis (deriving from the peritoneum),
which gives it its blue-white coloring. The adult
testis is 40-50 mm long, 30 mm high, 25 mm
wide, and weighs 16-20 g (Figs. 1.1 and 1.2).

The testis is surrounded by the tunica albu-
ginea, a thick capsule of connective tissue and
smooth muscle fibers. The innermost layer,
known as the tunica vasculosa, is composed of
loose connective tissue interspersed with numer-
ous blood vessels. The tunica albuginea is thick-
est at the posterior margin, where it invaginates
to form the mediastinum testis. The testis is se-
cured to the scrotum by the scrotal ligament.
Numerous connective-tissue septa arising from
the mediastinum divide the testis into around
250 pyramid-shaped lobules, which are broad
based at the surface of the capsule and become
narrower as they converge to the mediastinum.
Each lobule contains one to four highly-coiled
seminiferous tubules (150-250 pm in diameter
and 30-80 cm long). Towards the apex, straighter
tubules known as fubuli recti connect the coiled
tubules to the rete testis (rete of Haller) located in
the mediastinum testis.
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The seminiferous tubules are composed of a
seminiferous epithelium lined by a lamina pro-
pria or peritubular tissue layer.

e Lamina propria: This layer is formed by con-
nective tissue containing numerous fibroblasts
and contractile myoid cells, whose rhythmic
contraction facilitates the transport of sperma-
tozoa.

o Seminiferous epithelium: This is a stratified
epithelium composed of two main cell types:
Sertoli cells and germ cells at different stages.

Sertoli cells are columnar cells that rest on the
basement membrane and extend to the tubular
lumen. They contain an oval nucleus, highly
developed smooth endoplasmic reticulum, lyso-
somes, and Golgi complexes. Sertoli cells, which
are bound to each other by tight junctions, have
several functions:

e Promotion of nutrient exchange for germ cells

e Phagocytosis of degenerated germ cells and
residual spermatid cytoplasm

e Production and secretion of testicular fluid
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e Production and secretion of androgen-binding
protein (ABP) that binds specifically to the
testosterone required for spermatogenesis

e Production and secretion of inhibin

e Regulation of germ cell movement in the epi-
thelium, facilitating cell differentiation and
the release of spermatozoa into the lumen

e Formation of the blood—testis barrier

Germ cells at various stages of maturity are
found in the testis: spermatogonia, spermato-
cytes, spermatids, and spermatozoa.

e Spermatogonia:

These lie adjacent to the basement membrane of
the tubular epithelium and are divided into two
subtypes. Type A spermatogonia are stem cells
which replicate and also divide by mitosis to pro-
duce Type B spermatogonia. The latter divide mi-

totically to produce primary spermatocytes. Due
to incomplete cytokinesis during mitotic divi-
sion, cells remain bound by cytoplasmic bridges
during spermatogenesis.

e Spermatocytes:

Primary spermatocytes are the largest of the germ
cells. They are formed in the basal compartment
and migrate to the adluminal compartment. They
are diploid cells which undergo meiosis I to pro-
duce secondary spermatocytes.

Secondary spermatocytes are haploid cells
rarely seen under the microscope because they
are present for only 8 h of the 64-day spermato-
genic cycle. They divide by meiosis II to produce
spermatids.

o Spermatids:

These are haploid cells found near the lumen of
the seminiferous tubule. Rather than dividing,
they undergo a process of differentiation to be-
come spermatozoa.

e Spermatozoa:

These are fully mature haploid cells but are inca-
pable of fertilization.

As referred to briefly above, the tight junctions
between Sertoli cells form the histological basis
of the blood—testis barrier, whose functions are
to create a microenvironment for the correct de-
velopment of spermatozoa and prevent contact
between maturing (haploid) gametes and the im-
mune system.

The barrier divides the tubule into two distinct
sections:

1. Basal compartment: This compartment, which
is in contact with the underlying connective
vascular tissue, contains spermatogonia and
primary spermatocytes.

2. Adluminal compartment: This compartment
contains secondary spermatocytes, sperma-
tids, and spermatozoa, and it is not in contact
with underlying connective vascular tissue.

The final portion of the seminiferous tubules,
containing a columnar epithelium composed en-
tirely of Sertoli cells, opens into the rete testis,
an anastomosing network of tubules lined by a
cuboid epithelium, some of whose cells may
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contain flagella. Seminiferous tubules are sepa-
rated from each other by peritubular interstitial
tissue composed of loose connective tissue con-
taining blood vessels, lymph vessels, nerves, and
Leydig cells (also referred to as interstitial cells).
Leydig cells may occur singly or in clusters
and are characterized by a euchromatic nucleus
and eosinophilic cytoplasm. Their appearance is
typical of steroid-secreting cells, that is, abundant
smooth endoplasmic reticulum, lipid vacuoles,
and numerous mitochondria with tubular cristae.
These are testosterone-producing cells [4-7].

Sperm Ducts

A whole set of tubular structures are involved in
transporting spermatozoa from their origin in the
testis to the urethra, through which both semen
and urine are removed. These structures, to be
subsequently described, are the epididymis, duc-
tus deferens, and ejaculatory ducts.

Epididymis
The epididymis is an elongated organ located
over the posterosuperior border of the testis. It
is roughly 50 mm in length and contains a highly
coiled tube known as the epididymal duct, which
is around 4 m long and 0.3 mm in diameter. The
epididymis can be divided into three portions:
the head or caput (wider upper portion), the body
or corpus (middle portion), and the tail or cauda
(lower portion), which continues into the ductus
deferens. The head of the epididymis is attached
to the testis by efferent ducts and fibrous tissue
and the tail by fibrous tissue alone; the middle
portion of the epididymis is not attached to the
testis (Figs. 1.1 and 1.2). The visceral layer of
the tunica vaginalis forms a recess between the
testis and the body of the epididymis, known as
the sinus of the epididymis. The functions of the
epididymis include sperm storage, resorption of
most of the testicular fluid produced in the semi-
niferous tubules, and secretion of the enzymes
required for the maturation of spermatozoa.

As indicated previously, the two main struc-
tures of the epididymis are the efferent ducts and
the epididymal duct:

o FEfferent ducts:

Around 15-20 ductules connect the rete testis
with the epididymis, across the tunica albuginea.
They are composed of a simple epithelium con-
taining columnar ciliated cells which facilitate
the transport of spermatozoa, and cuboid non-cil-
iated cells whose function is to absorb testicular
fluid.

o Epididymal duct:

This is a single, coiled duct around 4 m long, lo-
cated mainly in the body and tail of the epididy-
mis. It is here that spermatozoa acquire motility
and the ability to fertilize. The epididymal duct
is surrounded by a layer of smooth muscle which
becomes thicker towards the tail. The lumen is
lined by a pseudostratified columnar epithelium
containing stereocilia; the major cell types are
principal cells and basal cells.

Principal cells:

These are columnar and contain a basal nucle-
us, with rough endoplasmic reticulum and abun-
dant Golgi complexes, lysosomes, and micropi-
nocytotic vesicles. The apical surface contains
long, nonmotile microvilli (stereocilia).

Basal cells:

These are stem cells which serve to renew the
principal-cell population [4—7].

Ductus (Vas) Deferens
The ductus (vas) deferens, a duct around 40 cm
long, is the continuation of the tail of the epi-
didymis. It traverses the scrotal sac, the inguinal
canal, the pelvic cavity below the peritoneum,
and the rear lateral portion of the bladder, where
it enlarges to form the ampulla. 1t is cylindrical
in shape, with a diameter of around 2 mm and a
caliber of 0.5 mm; this thick wall ensures great
consistency.

The ductus deferens is divided into various
anatomical portions: scrotal, funicular, inguinal,
iliac, and pelvic (Fig. 1.1).

o Scrotal portion: Here, the ductus deferens
ascends along the medial side of the epididy-
mis, from which it is separated by the testicu-
lar veins.
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e Funicular portion: From the anterior surface
of the body of the epididymis, the ductus
deferens continues upwards to the superfi-
cial inguinal ring. Here, it is accompanied
by blood vessels supplying the testis and epi-
didymis, nerves, pampiniform and testicular
venous plexuses, lymph vessels, and a vestige
of the peritoneum known as the processus
vaginalis. All these structures are sheathed
by the external spermatic fascia and together
form the spermatic cord (Fig. 1.2).

o [Inguinal portion: This portion of the duc-
tus deferens traverses the inguinal canal to
the superficial inguinal ring. At this stage
it is accompanied not only by the elements
forming the spermatic cord but also by the
genitofemoral and ilioinguinal nerves and the
cremasteric artery.

e lliac portion: After passing through the deep
inguinal ring, it enters the pelvic cavity (below
the peritoneum) and moves downwards across
the internal iliac vein and artery. Here, it sepa-
rates from the other structures of the spermatic
cord except for the artery of ductus deferens.

e Pelvic portion: Here, the ductus deferens
runs first to the side and later to the rear of
the bladder. From the side of the bladder, it
is directed backwards (below and adhering to
the peritoneum) towards the rearmost portion
of the lateral border of the bladder, where it
crosses in front of and above the ureter. There-
after, it descends along the posterior wall of
the bladder and then changes direction, mov-
ing downwards, forwards, and inwards until it
reaches the base of the prostate. Over this last
stretch, the ductus deferens becomes enlarged
and tortuous, forming the ampulla, which is
separated from the fundus of the bladder first
by the peritoneum and later by the rectovesi-
cal septum or retroprostatic fascia.

The mucosa of the ductus deferens is lined by an
epithelium similar to that of the epididymal duct,
surrounded by a slender lamina propria of dense
connective tissue. The star-shaped cross-section-
al appearance of the lumen is due to a number
of longitudinal folds. The thick muscularis of
the ductus deferens is formed by inner and outer

Ductus
deferens

Seminal
vesicles

Fig. 1.3 Seminal vesicles, ejaculatory ducts, and prostate
(posterior aspect)

layers of longitudinal fibers and a middle layer
of circular fibers. The longitudinal fibers short-
en and widen the ductus deferens immediately
prior to ejaculation, drawing in the content of the
epididymis and expelling it towards the urethra.
These muscle fibers receive abundant innerva-
tion from the sympathetic nervous system [4—7].

Ejaculatory Ducts

The right and left ejaculatory ducts, tubes of
around 25 mm in length, run from the terminal
portion of the ampulla of the ductus deferens and
the start of the seminal vesicles (Fig. 1.3), passing
through the prostate and opening into the posteri-
or portion of the prostatic urethra, to either side of
the prostatic utricle, at the right and left colliculi
seminalis. The ducts are lined by simple columnar
epithelium and have no muscle layer [4-7].

Scrotum

The testes, epididymides, and a portion of the
ductus deferens are sheathed in several layers of
tissue which together form the scrotum or scro-
tal sacs. These sheaths derive from the abdom-
inal wall, due to the descent of the testes from
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the abdomen into the scrotum. The two sacs are
separated by a central septum (median raphe); the
left sac hangs lower than the right and the two are
attached to the perineum by the scrotal pedicle.

Working inwards from the outside, the layers
of the scrotum are as follows:

e Scrotal skin: The scrotal skin is thin, dark, and
shows numerous folds.

e Tunica dartos: This layer is composed of
smooth muscle fibers interspersed with con-
nective tissue and elastic fibers; at the mid-
line, it contributes to the formation of the cen-
tral septum (median raphe).

o Subcutaneous cell tissue layer.

o External spermatic fascia: This thin mem-
brane is the scrotal prolongation of the lining
of the abdominal external oblique muscle.

e Cremaster muscle: This muscle is formed
by inner and outer layers of striated muscle,
derived from the internal oblique and trans-
verse abdominal muscles, which eventually
insert into the internal spermatic fascia.

o [Internal spermatic fascia: This layer, deriv-
ing from the abdominal fascia transversalis,
extends downwards to line the spermatic cord,
the epididymis, and the testis.

o Tunica vaginalis: This serosa, deriving from the
peritoneum, lines the anterior and lateral sur-
faces of the testis but not the posterior surface. It
comprises two layers: the superficial or parietal
lamina and the deep or visceral lamina (which
lines the tunica albuginea of the testis). Both are
composed of mesothelial cells and submesothe-
lial connective tissue. The interval between the
visceral and parietal laminae is known as the
serous cavity of the scrotum [4-T].

Accessory Sex Glands

Seminal Vesicles

These two oval structures (50 mm long, 10 mm
wide, and 10 mm thick) are located behind the
urinary bladder at either side of the ampulla of the
ductus deferens and are separated from the rec-

tum by the rectovesical septum. The end of each
seminal vesicle joins the end of each ampulla to
form the ejaculatory duct (Figs. 1.1 and 1.3). The
seminal vesicle consists of a coiled, glandular
tube around 15 cm in length, covered by fibrous
tissue. It produces a yellowish, gelatinous secre-
tion which accounts for 60—80 % of seminal fluid
or semen. This secretion is particularly rich in
fructose, citrate, amino acids, and prostaglandins.

Seminal vesicles do not store sperm. Con-
traction of the smooth muscle during ejacula-
tion pushes this secretion into the urethra. The
single tube, of which each vesicle is composed,
comprises three concentric layers. The outermost
layer of loose connective tissue surrounds two
layers of smooth muscle tissue, a longitudinal
outer layer, and a circular inner layer.

The innermost layer of the vesicle is a mucosa
arranged into numerous folds, giving the lumen
a highly irregular appearance. The mucosa com-
prises a pseudostratified columnar epithelium
and a lamina propria of connective tissue. Epi-
thelial cells are of two types: principal and basal.
Principal cells are columnar, and their cytoplasm
contains secretion vesicles, lipofuchsin granules,
and lipid droplets, while basal cells are stem cells
(progenitors of principal cells) [4-7].

Prostate
This is a chestnut-shaped gland and resembles an
inverted cone, its apex pointing downwards. It is
located beneath the urinary bladder (the base of
the prostate is fused to the fundus of the blad-
der) and therefore surrounds the initial portion of
the urethra. The vertical, transverse, and antero-
posterior diameters are 25-30, 40, and 25 mm,
respectively. It consists of anterior and posterior
surfaces, two lateral surfaces (down-facing and
out-facing), a base, and an apex (Figs. 1.1 and
1.3).

Although there are no clear divisions within
the prostate, it is traditionally divided into four
lobes:

o Anterior portion (in front of the urethra)

e Posterior portion (behind the urethra and
between the ejaculatory ducts)

o Right and left lateral lobes (rest of the gland)



The anterior portion of the prostate, including
the apex, is surrounded by fibers of the external
sphincter muscle of the urethra and by fibrous
laminae deriving from the periprostatic fascia of
the pelvic floor. The posterior portion is lined by
the rectovesical septum (the Denonvilliers pros-
tatoperitoneal membrane or fascia); as indicated
earlier, this posterior fascia also sheathes the duc-
tus deferens and the seminal vesicles. Laterally,
the prostate is surrounded by the prostatic fascia,
which contains periprostatic venous plexuses.
These fibrous fascia are attached in the anteri-
or portion to the pubis, laterally to the elevator
muscle of the anus and posteriorly to the sacrum.
The prostate secretes a colorless fluid which
makes up between 15 and 30% of the volume of
semen. This secretion contains acid phosphatase,
citric acid for sperm nutrition, and fibrolysin for
semen liquefaction. It should be noted that the
prostate contains the prostatic urethra, the inter-
nal sphincter muscle of the urethra, the upper
portion of the external sphincter muscle of the
urethra, the ejaculatory ducts, and the prostatic
utricle. The prostate is surrounded by a fibroelas-
tic capsule containing bundles of smooth muscle
fibers. It consists of 30-50 glands arranged in
three concentric layers: an inner mucosal layer
of glands surrounding the urethra, which is in
fact invaginations of the urethral epithelium, an
intermediate submucosal layer of tubuloalveolar
glands, and a peripheral principal layer contain-
ing the main tubuloalveolar prostatic glands. The
principal layer is the most susceptible to prostate
cancer, while the mucosal and submucosal layers
tend to be more affected by benign prostatic hy-
perplasia. The glandular parenchyma is surround-
ed by abundant connective tissue and bundles of
smooth muscle fibers. During ejaculation, these
muscles contract to expel the prostatic secretion
into the urethra. The glandular mucosa is heavily
folded, with a pseudostratified epithelium. It com-
prises principal cells containing numerous secre-
tory granules and abundant acid phosphatase, and
basal cells which are the precursors of principal
cells. The alveoli of the prostatic glands often
contain corpora amylacea, formed by precipita-
tion of secretory material around cell fragments;
over time, these may become calcified [4—7].
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Bulbourethral Glands

These two lentil-sized glandular structures, also
known as Cowper’s glands, are located at the
upper right and left of the urethral bulb, in the
deep perineal pouch alongside the deep trans-
verse perineal muscle. A duct, around 4 cm in
length, arises from each gland to finish in the
spongy urethra (Fig. 1.1). The glands produce a
clear, viscous secretion which acts as a lubricant
during sexual stimulation. They are surrounded
by a capsule of connective tissue, with a simple
epithelium comprising columnar mucus-secret-
ing cells [4-7].

Penis

The penis is the male copulatory organ. It is lo-
cated above the scrotum and in front of the sym-
physis pubis. The flaccid penis measures roughly
10 cm and is cylindrical in form, while the erect
penis assumes the form of a triangular prism
with rounded angles and measures around 16 cm
(Fig. 1.1). Its anterior end is expanded in the form
of an obtuse cone. This expansion, termed the
glans penis, contains the external urethral orifice
or urinary meatus. At the neck (the boundary be-
tween the glans and the body of the penis) the
sheath of the penis folds in upon itself to form
the foreskin or prepuce. The posterior portion of
the penis, known as the root, is attached to the
front of the symphysis pubis by the suspensory
ligament and to the ischiopubic rami through the
corpora cavernosa penis. The penis is formed by
three blood-storing structures known as erectile
organs: two dorsal tissue masses and one ventral
tissue mass. The dorsal erectile organs, known as
the corpora cavernosa, are capped by the glans.
Behind, the corpora diverge, forming the crura,
which attach to the ischiopubic rami, and termi-
nate in a conical structure known as the root of
the penis. The ventral erectile organ surrounding
the urethra, termed the corpus spongiosum, is
located in the lower longitudinal groove formed
by the two corpora cavernosa. At its anterior end,
the corpus spongiosum broadens out to form the
glans, while the posterior end assumes a bulb
shape to form the bulb of corpus spongiosum.
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The integument of the penis is similar to that
of the testis and comprises the following layers,
working inwards from the outer layer:

o Skin: The skin is thin, mobile, and pigmented.

e Dartos: A layer of smooth muscle fibers
underlying the skin.

o Subcutaneous connective tissue: It allows the
skin to slide over the penis.

o Deep fascia of the penis: A layer of fibrous
connective tissue covering the corpora caver-
nosa and the corpus spongiosum.

The skin surrounding the penis (dermis and epi-
dermis) is very fine and contains small sebaceous
glands. The hypodermis (superficial fascia) con-
tains smooth muscle fibers but no adipose tissue,
thus enabling the skin to slide freely over the un-
derlying structures.

Inside the penis, the tunica albuginea is a layer
of dense fibroelastic connective tissue surround-
ing the three erectile tissue masses. The erectile
tissue is composed of highly irregular sinusoidal
vascular structures, bounded by endothelium
and surrounded by smooth muscle tissue. The
corpora cavernosa are surrounded by a thick tu-
nica albuginea, while that enveloping the corpus
spongiosum is thinner [4-7].

Urethra

Although the urethra drains urine from the blad-
der and is thus part of the urinary apparatus, it is
included here because it also carries semen out
of the body.

The male urethra is divided into four portions,
named after the location (Fig. 1.1):

e [Intramural: This is the portion that traverses
the bladder wall. It has a transitional epithe-
lium (urothelium).

e Prostatic: This portion, around 3 c¢m in length,
crosses through the prostate gland, where it
receives fluid from the seminal vesicles and the
prostate (at the seminal colliculus). The epithe-
lium is mostly transitional, although there are
some areas of simple columnar epithelium.

e Membranous: This portion, measuring 1 cm
in length, passes through the perineum. It is
lined by a stratified columnar epithelium.

e Spongy: This portion, which is around 12 cm
long, runs along the length of the penis, ini-
tially downwards and later forwards to the
pubic symphysis; thereafter, it bends down-
wards in the flaccid penis or continues
upwards in the erect penis. The distal portion
has a pseudostratified columnar epithelium,
while closer to the meatus the epithelium
becomes squamous stratified.

The urethral lumen contains three dilations: the
prostatic sinus (in the prostatic portion), the in-
trabulbar fossa (in the vicinity of the bulb of cor-
pus spongiosum), and the navicular fossa, close
to the urinary meatus, in which the urethra termi-
nates [4-7].

Vessels and Nerves of the Male
Reproductive System

Due to the importance of vascularization and in-
nervation in the functioning of the male repro-
ductive system, it is necessary to allude to the
morphology and structure of these blood vessels,
lymphatic vessels, and nerves.

Vascularization and Innervation of the
Testis and Sperm Ducts

During embryonic development, the testis forms
in the abdominal cavity, later descending into the
scrotum. For that reason, the nerves and vessels
of the testis originate or terminate in abdominal
structures.

Arteries

o Testicular artery (Fig. 1.2): This is a branch
of the abdominal aorta, which traverses the
inguinal canal, where it forks to supply the
epididymis (epididymal artery) and the tes-
tis; the latter then divides into two branches
(internal and external), which give rise to the
interlobular arteries of the testis.
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o Artery of ductus deferens (Fig. 1.2): This is a
branch of the superior vesical artery, which
is in turn a branch of the internal iliac artery,
alongside which the deferential artery runs
throughout its course. It finally joins the epi-
didymal branch of the testicular artery.

e Cremasteric artery: It is a branch of the infe-
rior epigastric artery (which in turn arises
from the external iliac artery). The cremas-
teric artery traverses the inguinal canal, where
it supplies spermatic cord structures. It ter-
minates in the tail of the epididymis, where
it anastomoses with small arteries branching
from the testicular artery and the epididymal
artery.

o The artery of ductus deferens, the prostatic
branches of the inferior vesical artery, the
inferior vesical artery, and the middle rectal
(hemorrhoidal) artery (all deriving from the
internal iliac artery): These contribute to the
vascularization of the seminal vesicles, the
ampulla of ductus deferens, and the ejacula-
tory ducts.

Veins

e Pampiniform plexus (Fig. 1.2): This venous
plexus, located in the anterior part of the sper-
matic cord, is a network of small veins origi-
nating in the testis and the anterior portion of
the epididymis. Close to the ductus deferens,
this plexus penetrates the abdomen and gives
rise to the testicular veins. The right testicular
vein empties into the inferior vena cava, while
the left testicular vein drains into the left renal
vein.

Some venous blood from the ductus deferens
also drains into the pampiniform plexus.

e Posterior spermatic plexus: These are veins
arising in the posterior half of the epididy-
mis, which traverse the posterior portion of
the spermatic cord and empty into the internal
iliac vein system. Some venous blood from
the ductus deferens also drains into the poste-
rior spermatic plexus.

e Prostatic, vesical, and seminal plexuses:
These are the networks in which the veins of
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the seminal vesicles and ejaculatory ducts ter-
minate.

Lymph Vessels

The lymph vessels of the testis and epididymis ter-
minate in the lumbar region, in lymph nodes close
to the inferior pole of the right kidney and the an-
terior portion of the left renal vein. The lymph ves-
sels of the ductus deferens and seminal vesicles
lead to the external and internal iliac lymph nodes.

Nerves

The nerves of the testis and epididymis derive
from the testicular plexus originating in the ce-
liac plexus and from the deferential plexus origi-
nating in the inferior hypogastric plexus [4-7].

Vascularization and Innervation of the
Scrotum
Arteries

o Cremasteric artery: As indicated earlier, this
is a branch of the inferior epigastric artery.
It supplies the cremaster muscle, the internal
spermatic fascia, and the parietal lamina of
testis.

o Superficial arterial branches of the external
pudendal arteries, which derive from the fem-
oral artery, and of the perineal artery, which
arises from the internal pudendal artery.

Veins

o Deep veins, draining into the venous plexuses
of the spermatic cord

o Superficial veins, draining into the external
pudendal veins, which arise from the great
saphenous vein

Lymph Vessels
The lymph vessels of the scrotum terminate in
the internal inguinal lymph node groups.

Nerves

The scrotum is innervated by branches of the
pudendal nerve, the perineal nerves, and genital
branches of the ilioinguinal and genitofemoral
nerves [4-7].
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Vascularization and Innervation of the
Prostate
Arteries

e Prostatic branches of the inferior vesical
artery and the middle rectal (hemorrhoidal)
artery

Veins

e Prostatic veins: These veins drain anteriorly
and laterally into the prostatic venous plexus,
and posteriorly into the venous plexus of the
seminal vesicles. Blood from these two plex-
uses eventually empties into the internal iliac
veins.

Lymph Vessels

The lymph vessels of the prostate terminate in the
external iliac, internal iliac, lateral sacral, and in-
ternal pudendal lymph nodes.

Nerves
The nerves of the prostate arise in the inferior hy-
pogastric plexus [4—7].

Vascularization and Innervation of the
Penis
Arteries

e Branches of the internal pudendal and peri-
neal arteries, located in the subcutaneous
connective tissue layer, supply the integument
and fibrous sheath of the penis.

o The cavernosal arteries (branches of the inter-
nal pudendal artery) supply the corpora caver-
nosa. Within the corpora, these branch off into
numerous spirally arranged helicine arteries.

o The arteries of bulb of penis, urethral arteries,
and corpus spongiosum arteries (all branches
of the internal pudendal artery) supply the
areas indicated by their name.

o The dorsal arteries of the penis (branches of
the internal pudendal artery) flow from the
dorsal aspect of the penis to the glans, passing
through the corpora cavernosa and the corpus
spongiosum.

Veins

o The superficial dorsal vein of the penis,
located in the subcutaneous connective tissue
layer, runs backwards to eventually drain into
the left side of the great saphenous vein.

e The deep dorsal vein of the penis, located
beneath the deep fascia and between the two
dorsal arteries of the penis, arises through the
merging of right and left venous plexuses in
the neck region of the glans, formed by veins
running from the glans. It is fed by lateral and
superior venous branches from the corpora
cavernosa and the corpus spongiosum and
eventually drains into the prostatic venous
plexus.

Lymph Vessels

o Superficial lymph vessels carry lymph from
the integument and fibrous sheath of the penis
to the inguinal lymph nodes.

e Deep lymph vessels carry lymph from the cor-
pora cavernosa, corpus spongiosum, glans,
and penile urethra. They run alongside the
deep dorsal vein of the penis and terminate
in the superficial and deep inguinal lymph
nodes.

Nerves

Genital branch of the genitofemoral nerve.
Dorsal nerve of the penis.

Superficial branch of the perineal nerve.

The cavernous nerves of the hypogastric
plexus provide vegetative innervation [4—7].

Physiology of the Male Reproductive
System

Endocrine Regulation of the Male
Reproductive System

The onset of puberty is associated with a rise in
the cyclic secretion (peaking every 1.5 h) of the
hypothalamic peptide hormone, gonadotropin-
releasing hormone (GnRH). Factors that can
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stimulate GnRH production are leptin and nor-
adrenalin, while substances such as dopamine,
serotonin, prolactin and certain interleukins can
inhibit GnRH production. GnRH is released into
the hypothalamic—hypophyseal portal system
binding to membrane receptors of specific cells
(gonadotropic cells) in the anterior pituitary,
thereby activating a protein kinase C-mediated
pathway. This in turn stimulates the synthesis
and secretion of the gonadotropins. These gly-
coprotein hormones are central in the regulation
of normal growth, sexual development, and re-
productive function and include follicle-stimu-
lating hormone (FSH) and luteinizing hormone
(LH). Both FSH and LH have similar o subunits
but differ in their B subunit, which determines
receptor-binding specificity. Low GnRH pulse
frequency predominantly leads to FSH release,
while higher GnRH frequencies are associated
with preferential LH secretion [2, 3, 8, 9]. Once
released from the anterior pituitary, they act on
specific membrane receptors of their target tis-
sue. LH is responsible for the stimulation of Ley-
dig cells to produce mainly the steroidal hormone
testosterone. FSH acts on Sertoli cells, which
also have receptors for testosterone. The gonado-
tropins therefore initiate and support spermato-
genesis. LH and FSH also promote the activation
of ABP. The gonadal secretion of sex hormones
also affects their own production by decreasing
the release of GnRH, FSH, and LH in a nega-
tive-feedback manner. The gonads, furthermore,
control the levels of FSH through testosterone
secretion as well as by secreting a growth-factor-
like peptide hormone, Inhibin B, from the Sertoli
cells [10-14].

As previously mentioned, Leydig cells are re-
sponsible for the secretion of androgenic anabolic
hormones. The primary androgen in the male re-
productive system is testosterone, and its reduced
form DHT binds to androgen receptors in Sertoli
cells and modulates gene transcription. The en-
doplasmic reticulum and mitochondria of mature
Leydig cells utilize cholesterol and acetate to
produce testosterone. Testosterone and DHT are
key to appropriate primary sexual characteristics
of testicular development such as differentiation
of male genitalia and pubertal growth in addi-
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tion to initiating secondary sexual characteristics
such as the characteristic male bodily and facial
hair growth, body shape, muscular development,
broadening of vocal chords, and development of
libido. Testosterone is also a cardinal factor in the
maintenance of spermatogenesis [15—17]. Matu-
ration of the reproductive system is controlled
by GnRH, the gonadotropins (LH and FSH), and
the sex hormones. However, if thyroid hormone
is not available in sufficient amounts, maturation
of the reproductive system is delayed. Thyroid
hormone cannot induce reproductive maturation
and is thus regarded to have a permissive effect
on reproductive maturation [18]. This system of
combined hormonal interaction from various en-
docrine glands acting as a whole is referred to as
the HPG axis and is illustrated in Fig. 1.4.

Spermatogenesis

Spermatogenesis is the process whereby the male
gametes or spermatozoa are produced. Spermato-
genesis is responsible for the production of hap-
loid gametes from diploid spermatogonia and in
so doing preserves the number of chromosomes
in the offspring. This occurs in the seminifer-
ous tubules of the testes through a complex and
highly orchestrated process that initiates during
puberty and continues throughout the rest of
the male’s lifetime. Spermatogenesis requires a
combination of synchronized gene expression
and cell division that takes place in the testes.
Apart from the hormones necessary (FSH, LH,
and testosterone), of fundamental importance to
the normal occurrence of spermatogenesis are the
Sertoli cells as they alter rates of spermatozoal
production and produce factors essential to gam-
ete development [19-22].

The whole process of spermatogenesis takes
around 64-74 days during which mature sper-
matozoa (haploid cells) are produced from sper-
matogonia (diploid cells) and can be divided into
three stages or phases (as seen in Fig. 1.5).

1. Spermatocytogenesis: This process includes
division by mitosis and meiosis. Spermato-
gonia (diploid) divide in utero mitotically to
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Fig. 1.5 Diagram representing three stages of spermato-
genesis: mitosis, first meiotic division (meiosis I) and sec-
ond meiotic division (meiosis II), and the development from
diploid spermatogonia (2n) to haploid spermatozoa (1)

produce primary spermatocytes (diploid) and
additional spermatogonia. After the onset of
puberty, the first meiotic division takes place,
and primary spermatocytes (which have rep-
licated their DNA to two sets of chromo-
somes) give rise to secondary spermatocytes
(diploid). During the second stage of meiosis,
secondary spermatocytes (haploid) divide into
spermatids (haploid). Sertoli cells nurture and
support the developing spermatozoa through-
out this process.

. Spermiogenesis: This phase involves the dif-

ferentiation of spermatids to produce sperma-
tozoa (haploid). This process primarily entails
maturation of the spermatozoon body and
nuclear material. Maturation of the spermato-
zoon includes axoneme development via the
thickening of the midpiece and microtubule
congregation in addition to flagellum forma-
tion from one of the cell’s centrioles. Nuclear
maturation includes condensation of DNA and



packaging of the DNA, first with basic pro-
teins and subsequently with protamines during
spermatid elongation. The ensuing chromatin
is not yet transcriptionally active. The chro-
matin is then enveloped by a Golgi apparatus
which is then termed the acrosome. Testoster-
one is the main regulating factor with regards
to spermatozoon maturation and results in the
removal of excess organelles and cytoplasm,
known as residual bodies, via phagocytosis by
the neighboring Sertoli cells in the testicular
tissue.

3. Spermiation: This is the process by which ma-
ture spermatids are released from the protec-
tive Sertoli cells into the lumen of the semi-
niferous tubule before their transition into
the epididymis. Spermiation includes several
steps including reorganization of the sperma-
tid head and cytoplasm, disintegration of spe-
cialized adhesion structures, and the ultimate
separation of the spermatid from the Sertoli
cell. These processes take place at the apical
edge of the seminiferous epithelium and take
several days to complete. The newly matured
and released spermatozoa are not yet motile
and thus not yet able to penetrate the oocyte.

Due to the intricacy of the process, spermato-
genesis is totally dependent on the existence of
optimal conditions. It is extremely sensitive to
changes in the external environment. Therefore,
environmental and lifestyle insults that affect go-
nadal differentiation, Sertoli- or Leydig-cell pro-
liferation, or spermatogenesis at any age could
affect male reproductive development and thus
lead to adverse reproductive pathologies such as
oligozoospermia, asthenozoospermia, hypospa-
dias, testicular cancer, and cryptorchidism [9—11,
20, 23].

Sperm Transport and Maturation
After production in the testes, immature sperma-

tozoa are moved through the corpus and caput
regions of the epididyma and are then stored in
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the proximal section of the cauda epididymis.
The spermatozoa move a total of 6 m through the
reproductive tract before leaving the urethra. The
average transit time in the epididymis is estimat-
ed at 12 days. Sperm motion is driven by hydro-
static pressure that is created by the combination
of fluids secreted by the seminiferous tubules and
tubular peristalsis. Movement through the proxi-
mal epididymis is mediated by peripheral smooth
muscle contractions, and movement through the
epididymal head is mediated by contraction of the
tunica albuginea. Fluidic rhythmic movements
of the cilia, lining the walls of the ducts, and the
cyclic contractions of contractile cells along the
wall of the epididymal duct further propel semi-
nal constituents. Epididymal duct contraction is
believed to be regulated by cholinergic, adrener-
gic factors, and vasopressin [24-26].
Spermatozoa mature and acquire functional
and motile characteristics during epididymal
transit. These changes ensure that the sperm will
be able to survive the female reproductive tract,
capacitate, and fertilize the oocyte. Each epididy-
mal section contains a unique gene expression
profile of the epithelium that leads to specific and
specialized secretion of proteins into the lumen.
Maturational processes include changes in cell
membrane, acrosome shape, and chromatin
condensation and stabilization. Cell membrane
changes primarily entail a reduction in choles-
terol which leads to a downstream activation of
kinases that promote capacitation. Chromatin
condensation, structural changes to the acrosome
and intracellular organelles, and migration of the
cytoplasmic droplet, along the sperm tail, are all
changes commonly observed during maturation.
Lipids and proteins are also reorganized as sig-
naling molecules in anticipation of fertilization.
These changes are induced by the fluid milieu,
secretions of the epithelium of the seminiferous
tubules and epididymal lumen, which the cells
are exposed to. This epididymal fluid contains
many substances such as sodium, glutamate, al-
bumin, bicarbonate, transferrin, immobulin, ino-
sitol, potassium, L-carnitine, sialic acid, lactate,
metalloproteins, proenkephalin, taurine, clusterin
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(SGP-2), glycerophosphorylcholine, and chlo-
ride. These substances are in part responsible
for epididymal cell metabolism, activation of
sperm motility, and regulation of fluid retention
of sperm and epididymal cells [24, 25, 27-31].

Semen

Semen consists of cells suspended in fluid.
Semen is generally observed to be a homogenous
fluid opalescent to light greyish in color varying
with difference in spermatozoal concentration.
Semen coloration of reddish or yellow tints can
be explained by red blood cells in the semen (he-
mospermia) or the influence of jaundice or drugs,
respectively [32].

The bulk of the composition (99 %) is made
up of the fluids secreted by the male reproductive
accessory glands (i.e., the prostate, the seminal
vesicles, and the bulbourethral glands). These se-
cretions join spermatozoa secreted from the vas
deferens, during ejaculation, to form a mixture
called semen. It is commonly believed that the
seminal plasma provides a nutritive and protec-
tive medium for the spermatozoa during their
journey through the female reproductive tract.
The main constituents of semen are listed below
along with their functions:

o Water: fluid mechanism of transport for
sperm.

e Buffers: protect sperm in acidic vaginal envi-
ronment.

e Nutrients: fructose, carnitine, vitamin C, and
citric acid provide nourishment for spermato-
zoa.

e Mucus: acts as lubricant for sexual inter-
course.

e Spermatozoa: fertilization of oocyte.

¢ Enzymes: semen clotting in vagina and further
liquefaction of clot. Prostate-specific antigen
(PSA) is a glycoprotein enzyme encoded by
the KLK3 gene produced by the prostate for
semen liquefaction and dissolving of the cer-
vical mucus for sperm penetration.
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e Prostaglandins: stimulate smooth muscle con-
traction and transport through both reproduc-
tive tracts and improve sperm motility.

e Immunity particles: lysozyme, immunoglobu-
lins, and leukocytes act as antibacterial agents
and wash out the urethra; zinc acts as antioxi-
dant.

e Other cells: genitourinary tract epithelial cells
and immature germ cells [32-36].

The lower reference limits for semen parameters
as described by the World Health Organization
(WHO) are as follows: semen volume (ml)=1.5;
total sperm number (10° per ejaculate)=39;
sperm concentration (10 per ml)=15; total mo-
tility  (progressive+nonprogressive, %)=40;
vitality (live spermatozoa, %)=58; sperm mor-
phology (normal forms, %) 4, and pH="7.2 [32].

Sexual Response

Erection and ejaculation are two key phases of the
male sexual response that are of absolute neces-
sity for copulation and fertilization to take place
and are under the control of parasympathetic
stimuli (tactile or psychological). Erection takes
place through relaxation of the smooth muscle
in the penile arteries, as a result of which the
sinusoidal spaces become engorged with blood,
the corpora become distended and compress the
tunica albuginea, which in turn compresses the
venous drainage system and traps blood within
the penis (as seen in Fig. 1.6). The penile ure-
thra does not close as the tunica albuginea of
the corpus spongiosum is thinner and more ex-
tensible, thus allowing sperm to be transported
during ejaculation. The movement of sperm out
of the vas deferens and into the urethra where it
encounters secretions from the accessory glands
is known as emission. Ejaculation refers to the
rapid muscular contractions that dispel semen
from the urethra to the external environment out-
side of the body. Once parasympathetic stimula-
tion ceases, the penis returns to its flaccid state
[37-41].
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Juan Andrés Ramirez-Gonzalez, Ricardo Vaamonde-
Lemos, Joao Sabino Cunha-Filho, Alex C. Varghese
and R. James Swanson

Introduction

This chapter presents the most relevant and up-
to-date aspects of the female reproductive sys-
tem. The items directly involved are not many in
number, consisting of the ovary, fallopian tubes,
uterus, vagina, external genitalia, and breasts (the
breast will not be discussed here). However, the
reproductive system is coordinated with many
other systems in the whole body for proper func-
tioning. Our focus will be narrowly on the struc-
tures and function of the items listed as directly
part of the female reproductive system with
minimal inclusion of other ancillary systems. We
present the gross anatomy first, then move to his-
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tological anatomy, and finish with physiology. A
clear understanding of the female reproductive
system necessitates understanding all three as-
pects. From a clinical aspect, we would also want
to include biochemistry, pathophysiology, and
pharmacology but many other excellent texts can
be used if this broader picture is wanted.

Anatomy of the Female Reproductive
System

The female genital system consists of internal
organs (including ovaries, uterine tubes, uterus,
and vagina—see Fig. 2.1a, b) and external organs
(perineum and vulva—see Fig. 2.2).

This system is located deep within the pel-
vic cavity and consists essentially of two parts:
a glandular body, the ovary, where the oocytes
are formed and steroids synthesized, and an ex-
tended duct system, which successively takes on
the names of uterine (fallopian) tube, uterus, and
vagina. These tubes serve a dual purpose of pro-
viding a channel for ejaculated sperm to swim up
into the peritoneal cavity and to bring either a fer-
tilized or unfertilized egg down to the uterus and
eventually out of the body at parturition or men-
ses. The uterine tube is a simple duct that collects
the oocyte on the ovarian surface and leads it to
the uterus. The uterus is responsible for housing
and feeding the fertilized egg during its develop-
ment and, once it is mature, expelling the fetus
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Fig. 2.1 a, b The female reproductive system: internal organs (sagittal view). (Reprinted with permission, Cleveland
Clinic Center for Medical Art & Photography © 2008-2015. All Rights Reserved)

outside the female body. The vagina gives way
to the fetus and placenta during labor, but is also
an organ of copulation, which receives the penis
and semen during intercourse. The inferior va-
gina ends in the vulva, which is formed by a set
of organs of varying nature (dermal and erectile
tissues), connecting it external to the body.

An adnexal system is adjoined to the ovary,
ducts, and vulva: This adnexa consists of vari-
ous glands, developed around the lower end of
the vagina and urethra, as well as muscles, mem-
branes and fascia comprising the perineum.

Internal Organs

Ovary

The ovaries host oocytes and produce sex hor-
mones. In the young woman, the ovary is an
oval-shaped glandular body, pinkish white in
color, measuring about 3—4 cm long, 1.5-2 cm
wide, and 1-1.5 cm thick. Before puberty, the
surface of the ovary is smooth and homogeneous:
However, with age, repeated ovulations make it
increasingly rough and irregular. The ovary has
two surfaces, medial and lateral; two borders,
mesovarian and free; and two extremities, uter-
ine and tubal.
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Fig. 2.2 The female reproductive system: external organs. (Reprinted with permission, Cleveland Clinic Center for
Medical Art & Photography © 2008-2015. All Rights Reserved)

Relations

The ovary is located on the medial surface of the
true (minor) pelvic wall, in a recess called the
ovarian fossa. The medial surface of the ovary
faces the pelvic cavity and it is in contact, on the
right side, with the small intestine, cecum, and
vermiform appendix and, on the left side, with the
sigmoid colon. In nulliparous woman, the fossa
is bounded by the broad ligament of the uterus,
anteriorly; the external iliac vessels, superiorly;
and the ureter and internal iliac vessels, with their
uterine and umbilical branches, posteriorly. In
multiparous woman, the ovary moves posterior-
ly, toward the infra-ovarian fossa, limited by the
ureter and uterine vessels, superiorly; the border
of the sacrum, posteromedially; and the superior
edge of the piriformis muscle, inferiorly.

The anteroinferior border of the ovary presents
the ovarian hilum and attaches to the posterior lam-
ina of the broad ligament of the uterus by a peri-
toneal fold named mesovarium. The beginning of
the uterine (fallopian) tube, fimbriated end, starts
at the mesovarian border of the ovary, and lies
along the superomedial border of the ovary, end-
ing at the superolateral border of the uterus. The
uterine entrance of the two fallopian tubes defines
the inferior border of the uterine fundus (Fig. 2.3).

The lateral extremity of the ovary is attached
to the lateral wall of the pelvis by the ovarian

suspensory ligament, a fold of the posterior
lamina of the broad ligament of the uterus that
conveys the ovarian vessels and nerves to the
mesovarium and ovarian hilum. The uterine ex-
tremity of each ovary is attached to the posterior
side of the uterine horn by a band of fibrous tis-
sue, the proper ovarian ligament, which is situ-
ated within the broad ligament and contains the
ovarian branch of uterine artery.

Vascularization and Innervations

1. Arteries: The greatest part of the blood supply
to the ovary comes from the ovarian arteries,
direct branches of the abdominal aorta that
arise at the L2-3 level. These arteries course
inferiorly inside the suspensory ligament,
along the posterior wall of the abdomen, run-
ning anterior to the psoas major muscle and
ureter. The right artery also lies anterior to
the inferior vena cava. Running superoante-
riorly to the iliac crest, they cross anterior to
the external iliac vessels and enter the broad
ligaments to reach the ovarian flaps where
they anastomose with the ovarian branches of
the uterine arteries, the ovarian anastomotic
arches. After sending branches to the ovary
through the mesovarium, they continue medi-
ally to supply the uterine tubes.
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Fig.2.3 The female reproductive system: internal organs (coronal view). (Reprinted with permission, Cleveland Clinic
Center for Medical Art & Photography © 2008-2015. All Rights Reserved)

2. Veins: The venous drainage of the ovary is
through the ovarian veins, which leave the
ovaries through the hila and form the pampi-
niform plexuses which surround the ovarian
arteries. This plexus is situated in the thick-
ness of the broad ligament and communicates
with the uterine venous plexus, medially. Lat-
erally, the plexus resolves in a single ovarian
vein that follows the pathway of the ovarian
artery and reaches the inferior caval vein, on
the right, and the renal vein, on the left.

3. Lympbhatics: The lymphatic vessels follow the
ovarian artery and veins and join those from
the uterine tube and fundus. They drain into
aortic ganglia.

4. Nerves: The innervations of the ovary comes
from the ovarian plexus, formed by fibers de-
rived from the aortic and renal plexuses that
descend along the ovarian vessels and con-
tribute to the autonomic innervation of the
ovary, uterine tube, and broad ligament of
uterus. In addition, the ovary receives one or
two branches from the lateral cervical nerve
(branch of the inferior hypogastric plexus).

Fallopian Tube

Fertilization of the ovulated ovum may take
place at the ovarian surface if sperm are in the
rectouterine recess (pouch of Douglas) within
the peritoneum at the time of ovulation, or in the

fimbriated end of the fallopian tube. The fallo-
pian tube subsequently transfers the zygote to the
uterine cavity by ciliary and peristaltic action as
estradiol increases.

The uterine tube is a muscular-membranous
tubular-shaped structure that extends medially
from the ovary to the uterine horn where it opens
proximally into the uterine cavity through the
myometrium and endometrium. The oviducts’
distal end opens directly into the peritoneal cav-
ity near the ovary; thus a direct communication
exists between the peritoneal cavity and the body
exterior coursing from the fallopian tube through
the uterus and out the vagina.

The fallopian tube measures about 10 cm in
length and 1 cm in diameter (isthmus). It stretch-
es, posteriorly and laterally, in the direction of
the pelvic wall, surrounding the corresponding
ovary.

Topographically, the uterine tube can be di-
vided into four parts: intrauterine, isthmus, am-
pulla, and infundibulum.

1. The intrauterine part, or intramural part, is the
shortest (1 cm) and narrowest (1-2 mm) seg-
ment. It crosses the myometrium of the uterine
horn and opens into the uterine cavity through
the uterine ostium (its diameter is smaller than
the abdominal ostium).
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2. The isthmus is located immediately lateral to
the uterus and connects the uterine tube to the
horn of the uterus. The isthmus is short (about
2-3 cm), it narrows (2-3.5 mm) toward the
uterus and has the thickest wall.

3. The ampulla begins laterally to the isthmus.
The ampulla is the longest (7-8 cm) and wid-
est part of the uterine tube (8—9 mm) and
represents more than half of its total length.
The ampulla curves at the level of the lateral
extremity of the ovary as it becomes the in-
fundibulum surrounding the ovary. Textbooks
identify the ampulla as the normal place of
fertilization, a theory not based on prospec-
tive, observable research, but rather a hypoth-
esis needing confirmation. Normal fertiliza-
tion could just as well take place in the infun-
dibulum or in the peritoneal cavity.

4. The infundibulum, or ovarian part, is the dis-
tal (most lateral) end of the uterine tube. The
infundibulum forms a funnel with the widest
part directed laterally. The fimbriae are locat-
ed on the peripheral edge and consist of 10—15
finger-like projections distributed around the
surface of the ovary which are closely linked
to the ovary by a variable fimbrio-ovarian
ligament. The narrowest part of the infun-
dibulum, directed medially, is the abdominal
ostium, about 2-3 mm in diameter, which is
the opening into the peritoneal cavity. After
ovulation, the fimbriae “capture the oocyte”
and lead it toward the abdominal hole in the
uterine tube over approximately 3% days. The
inner surface of the uterine tube has numer-
ous, intricate, mucous longitudinal folds that
give it a labyrinthine aspect.

Except for the intramural portion, the uterine
tube is covered by the peritoneum of the uterine
broad ligament, the mesosalpinx, or mesentery of
the tube, through which the vessels and nerves
reach the oviduct.

Relations

The isthmus is posterior to the urinary bladder
and the round ligament of uterus, anterior to the
ligament of ovary, and inferior to the small intes-
tine, greater omentum, and sigmoid colon. The
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ampulla and infundibulum are in close proximity
to the ovary and share its relationships: left—sig-
moid colon and mesocolon; right—inferior as-
pect of caecum and vermiform appendix when it
is in the pelvis.

Vascularization and Innervation

1. Arteries: The oviduct receives arterial blood
by the tubal arteries which branch from the
uterine (medial 2/3) and ovarian (lateral 1/3)
arteries reaching the uterine tube through
the mesosalpinx, where they form the infra-
tubarian anastomotic arch from which come
numerous spiral arterioles that supply the wall
of the tube.

2. Veins: The uterine tubes’ venous drainage fol-
lows a reverse pathway to the arteries. They
form arches and drain into the uterine (medi-
ally) and ovarian (laterally) veins.

3. Lymphatics: The lymphatic vessels of the fal-
lopian tubes follow the same path as those
coming from the uterine fundus, draining into
the pelvic lymph nodes and from the ovary,
ascending with the ovarian veins and draining
into the aortic lymph nodes.

4. Nerves: Both, ovarian and uterine plexi share
the innervation of the uterine tube. Sensory af-
ferent fibers come from segments T11-L1.

Uterus

In the nonpregnant woman, the uterus is a hol-
low, muscular, thick-walled, inverted pear-
shaped organ, where the fertilized oocyte de-
velops. The nonpregnant uterus measures about
6.5-7.5 cm in length, 4.5-5.5 ¢cm in width, and
is about 2.5-3 cm thick. During pregnancy, it is
greatly enlarged to accommodate the embryonic
and fetal development. The uterus lies between
the urinary bladder, anteriorly, and the rectum,
posteriorly (Figs. 2.1a, b, 2.4a, b).

The uterus is made up of three parts: the fun-
dus (superior to the fallopian tube entries), the
body, and the cervix. The body and cervix are
separated by a short isthmus.

The uterine body and fundus forms the su-
perior two thirds of the uterus. Transversely ex-
panded and ventro-dorsally flattened, the uterus
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Fig. 2.4 a Uterine fundus, right oviduct and ovary in situ
in 58-year-old cadaver abdomen (labeled). b Uterine fun-
dus, right oviduct and ovary in situ in 58-year-old cadaver

shares its anterior surface with the urinary blad-
der (vesical surface) and its posterior surface with
the rectum (intestinal surface). Both surfaces are
convex.

The uterine fundus is superior to the uter-
ine body and is the rounded part superior to the
uterotubal union. The regions of the uterus where
the fallopian tubes attach are the uterine horns.
The proper ovarian ligament enters the uterine
wall posterior and inferior to the fallopian tube
insertion while the round ligament, a continua-
tion of the proper ovarian ligament, leaves the
uterine wall anterior and inferior to the fallopian
tube to proceed into the internal inguinal ring,
ending internally in the base of the labia majora.

The uterine cavity is triangular and flattened
in the coronal plane presenting tubal angles, su-
periorly, and a cervical angle inferiorly. The cav-
ity appears as a narrow slit in the sagittal plane.

The uterus is implanted in the superior as-
pect of the vaginal fornix. Two segments can be
distinguished in the cervix, namely the vaginal
and supravaginal portions. The supravaginal
portion of the cervix is the uterine isthmus (ap-
proximately 1 cm in length), a narrow transition
zone located between the body and the cervix.
The isthmus is more evident in nulliparous than
multiparous women. In this region the uterine
cavity becomes significantly narrowed, forming
the isthmic channel, and opening into the uterine
cavity through the anatomical internal os.

abdomen (close-up, unlabeled). (Courtesy of Dr. R. James
Swanson)

The cavity of the cervix (cervical canal) is
lined by longitudinal folds in which transversely
oblique (palmate) folds converge. Superiorly the
cervix continues into the isthmus and opens into
the uterine cavity through the histological inter-
nal os. The inferior cervical aspect, the vaginal
part, opens to the vaginal cavity through the ex-
ternal uterine os. This orifice is surrounded by the
anterior and posterior cervical labia (Fig. 2.3).

The uterine wall consists of three layers from
the lumen outward, that is, endometrium, myo-
metrium, and perimetrium. The endometrium is
a mucosal layer firmly attached to the myome-
trium which partially sloughs off during men-
struation. The myometrium is a muscular layer
which is 12-15 mm of smooth muscle in the
nonpregnant state, but thickens considerably dur-
ing pregnancy. The main branches of the blood
vessels and nerves of the uterus are found in this
layer. The perimetrium is the outer serosal layer
of peritoneum resting on a thin layer of connec-
tive tissue (CT).

Pelvic Structure

An obtuse angle (100-120°) is formed between
the cervix and the body of the uterus with the
uterus tipped anteriorly, anteflexion (referred to
as anteversion in relation to the vagina). The po-
sition of the uterus is maintained by dynamic fac-
tors, which include the muscles of the pelvic dia-
phragm and the urogenital part of the perineum,
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and by static factors, which include the pelvic
ligaments and fascia, and the peritoneal folds of
the pelvic region.

The main support of the uterus is the pelvic
floor, formed by the pelvic diaphragm and rein-
forced superficially by the perineum. The pel-
vic viscera, vessels and nerves, surrounding the
uterus, and the endopelvic visceral fascia that sur-
rounds these structures support the uterus inside
the pelvic cavity. The uterus is further fixed in
place by a complex ligamentous system formed
by the pubocervical, cardinal, uterosacral, and
round ligaments which join the broad ligaments of
uterus on either side. The pubocervical ligaments
are equivalent to the puboprostatic ligaments in
men. The cardinal ligaments expand from the su-
pravaginal cervix and vaginal fornix to the lateral
wall of the pelvis. They are situated at the base of
the broad ligament, forming part of the parame-
trium (not lining the uterus but extending later-
ally from it in the cervical area). The uterosacral
(rectouterine) ligaments extend from the lateral
part of the uterine cervix and vaginal fornix to the
pelvic surface of the sacrum. Located above to the
levator ani muscle, they contribute to maintain
the normal relation of the uterine cervix and the
sacrum. The round ligaments of uterus (10-12 cm
long) originate on the anterior surface of the uter-
ine horn (near the uterotubal junction). They
pass anteriorly between the layers of the broad
ligament to pierce the internal inguinal ring and
canal. These round ligaments leave the abdominal
cavity and pass through the mons pubis to attach
to the base of labia majora. They contribute to the
maintenance of uterine anteversion.

The broad ligaments of uterus are folds of the
peritoneum that extend between the borders of
the uterus to the lateral walls and floor of the pel-
vis, contributing to the maintenance of the nor-
mal position of the uterus.

The fundus and the anterior and posterior sur-
faces of the body of the uterus are coated by the
pelvic peritoneum. When they reach the uterine
borders, the peritoneal laminae attach together and
extend to the pelvic wall forming, on each side,
the uterine broad ligament. Superiorly, the lami-
nae of the broad ligament are continuous and sur-
round the uterine tube, forming the mesosalpinx.
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Relations

The pelvic floor and the complex system of at-
tachments provide the uterus a relatively stable
position inside the pelvis. Its central position
gives the uterus anterior, posterior, and lateral re-
lations with the surrounding organs.

1. Anterior: The anterior surface of the uterus
rests on the posterior surface of the urinary
bladder. The peritoneum that lines these two
surfaces forms the vesicouterine pouch.

2. Posterior: The posterior surface of the uterus
rests on the posterior surface of the rectum to
form the rectouterine pouch. This peritoneal
recess separates the uterus from the rectum
and is usually occupied by the small intes-
tine, the sigmoid colon, and a small amount
of peritoneal fluid. This space is also where
ejaculated sperm reside for up to 7 days after
intercourse.

3. Lateral: The lateral surfaces of the uterus are
attached to the broad ligament; mesometrium
superiorly and parametrium inferiorly.

Vascularization and Innervation

1. Arteries: The arterial blood to the uterus comes
from an anastomotic network of the uterine and
vaginal arteries, branches of the internal iliac
arteries, the ovarian arteries, and branches of
the abdominal aorta. At the level of the uterine
horn, the uterine artery is divided into several
branches, including a tubal branch and an ovar-
ian branch.

On its path, the uterine artery emits collateral
branches downstream (vesicovaginal, cervical-
vaginal, cervical, and ureteral), irrigating the
uterine cervix, the superior part of the vagina,
base of the urinary bladder, and terminal segment
of the ureter.

2. Veins: The venous drainage of the uterus
flows into the uterine venous plexuses that
accompany the uterine arteries in their path
through the mesometrium. Each plexus is
drained mainly by the uterine veins (toward
the internal iliac vein) and also by the ovarian
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veins (toward the inferior vena cava on the

right, and the renal vein on the left).

3. Lymphatics: The lymphatic vessels from the
wall of the uterus form an abundant plexus
located in the mesometrium and the parame-
trium. Drainage follows three main routes:

a. The majority of the lymphatic vessels
from the uterine fundus follows the ovar-
ian vessels and drains into the aortic lymph
nodes (a small part may follow the round
ligament and drain into the external iliac or
inguinal lymph nodes).

b. Lymph vessels from the uterine body enter
into the broad ligament and drain into the
external iliac lymph nodes.

c. Cervical lymphatic vessels follow the uter-
ine artery and drain into the internal iliac
and sacral ganglia.

4. Nerves: The uterine nerves come from the
uterovaginal plexus and are grouped into
two pedicles directed to the uterine body and
cervical-isthmus, respectively. This plexus is
located at the base of the broad ligament on
each side of the cervix.

Vagina

The vagina is the lowest portion of the female
genital tract. It receives the penis during inter-
course and is the natural route for elimination of
uterine secretions and the fetus and annexes dur-
ing child birth.

The vagina is a fibromuscular tube 7-10 cm
in length and 2.5-3 cm wide. Its inner surface is
rough (vaginal rugae) with superior-to-inferior
longitudinal folds called rough anterior and pos-
terior columns. The anterior columns contain
horizontal (medial to lateral) folds along the infe-
rior 2 cm length.

The vagina stretches from the uterine cervix
to the vestibule where it opens between the labia
minora and majora. The vestibular end of the va-
gina is anterior to the cervix. The entire vagina
is inferior to the uterus, posterior to the urinary
bladder and urethra, and anterior to the rectum. It
passes between the medial borders of the levator
ani muscles to pierce the urogenital diaphragm
in conjunction with the urethra. Both of these
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tubular structures are surrounded by sphincters
that are derived from the levator ani muscle.

Relations

1. Anterior: The superior aspect of the anterior

wall of the vagina is 1 cm shorter than the pos-
terior aspect in their connection to the cervix.
From mid-vagina inferiorly, it is related to the
terminal segments of the ureters as they enter
the inferior portion of the bladder at the tri-
gone (bladder segment), and the upper part of
urethra (urethral segment).
The female urethra is only 34 cm long and
opens in the vestibule, through the external
urethral orifice. It has two sphincters. The
internal urethral sphincter is smooth muscle,
poorly vascularized, and sometimes so thin
that it is discounted as a true sphincter. The
external urethral sphincter is more robust
skeletal muscle from the levator ani located
in the perineum. These sphincters control the
flow of urine.

2. Posterior: The posterior part of the vaginal for-
nix is covered by the peritoneum and comes in
direct contact with the bottom of the rectouter-
ine pouch (peritoneal segment). At this level,
the vaginal wall allows entry into the pelvic
cavity and a surgical approach to the abdomi-
nal and pelvic viscera (surgical transvaginal
path). At the floor of the pelvis, the vagina is
anterior to the perineal body, a central point of
various ligamentous attachments which sepa-
rates the vaginal os from the anal canal.

3. Inferior: The loose CT of the rectovaginal
septum, which separates the back wall of the
vagina from the rectum, provides vaginal pal-
pation through the rectum.

4. Lateral: The superior vaginal fornix is in con-
tact laterally with the base of the broad liga-
ment of the uterus and the pelvic segment of
the ureter. More inferiorly, the lateral vaginal
walls come into contact with the edges of the
levator ani muscles and, inferior to those pel-
vic diaphragm muscles, with the greater ves-
tibular glands and bulbs of vestibule (perineal
segment of vagina).
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Vascularization and Innervation

1. Arteries: The vagina is supplied by the vaginal
artery. This artery will either be a branch from
the uterine artery or it will come directly from
the internal iliac artery. Irrigation in the upper
segment is directly from the uterine artery
through its vesicovaginal and cervicovagi-
nal branches. In addition, branches from the
middle rectal artery usually reach the inferior
segment of the posterior wall. From its origin,
the vaginal artery descends toward the top of
the vagina and anastomoses with branches
from the opposite side and from the uterine
and middle rectal arteries. This anastomosis
forms a median longitudinal trunk known as
the “azygos artery of the vagina.” In addition
to the vagina, the vaginal artery also partici-
pates in supplying the inferior urinary bladder,
the bulbs of the vestibule and the contiguous
portion of the rectum.

2. Veins: Each side of the vaginal veins form a
plexus (submucosal and superficial), which
communicates with the uterine, bladder, and
rectal plexi, and are drained by the uterine,
vaginal, and rectal medial veins (they termi-
nate in the internal iliac veins).

3. Lymphatics: Lymphatic drainage from the
vagina is abundant and shows a segmental
distribution. The lymph vessels from the top
accompany the uterine artery and drain into
the internal iliac and obturator lymph nodes.
The vessels of the middle part accompany the
vaginal artery and drain into the internal iliac
and gluteal lymph nodes. Lymphatics from the
lowest part drain into the superficial inguinal
and pararectal nodes.

4. Nerves: The nerves innervating the upper part
of the vagina and cervix are autonomic and
derive from the uterovaginal plexus. The infe-
rior hypogastric plexus (sympathetic) and the
pelvic splanchnic nerves (parasympathetic)
are mainly vasomotor but also transmit mech-
anoreceptor impulses from muscle and adven-
titia. Nerves which innervate the inferior part
of the vagina are somatic and reach the vagina
via the pudendal nerve (sacral nerve roots).
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External Organs
Perineum

The perineum is formed by the soft tissues infe-
rior to the pelvic diaphragm ending with the skin.
The external configuration of the perineum var-
ies according to the position of the individual:

1. When standing, the perineum takes the form
of a sagittal cleft between the proximal ends
of both thighs. Narrow and hidden, this space
broadens anteriorly to end at the pubic sym-
physis and broadens posteriorly to end at the
COCCYX.

2. In dorsal decubitus (gynecologic or lithotomy
position), the perineum forms a thomboid- or
diamond-shaped area with an anteroposterior
axis. The anterior vertex is the inferior sym-
physis pubis; the posterior vertex is the coc-
cyx; the lateral vertices are the ischial tuber-
osities.

The diamond-shaped perineum has the urogenital
diaphragm as its roof and the skin as its floor.
In common language, the perineum is called a
person’s bottom. This area contains a significant
amount of adipose tissue with nerves, vessels,
erectile tissue, and a few very small muscles
within it. From posterior to anterior, the three
openings of anus, vagina, and urethra also pierce
the perineum. For a more detailed treatment of
the perineum, a number of excellent texts are
cited in the bibliography.

Vulva

The vulva contains the external female genitalia
and the urethral os (opening). The vulva’s skin
is ovoid shaped with an anteroposterior axis. An-
teriorly, the vulva extends from the wall of the
abdomen at the symphysis pubis, posteriorly to
the anus. The lateral limits are the medial sides of
the thighs at the genitofemoral folds.

When the thighs are abducted, the cleft opens
exposing the mons pubis, the labia majora and
minora, and the vestibule. The bulbs of vestibule
and the clitoris, which are also part of the vulva,
are located deep to the labial formations.
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1.

2.

3.

Mons pubis: The mons pubis is a rounded
relief located anterior to the pubic symphysis
and from which it extends inferiorly to the
labia majora. The inguinal folds are its lateral
boundaries. The mons pubis consists of a pad
of fatty CT covered by skin. During puberty,
thick hair begins to appear (pubarche), which
acquires the typical triangular female distribu-
tion. Both fat and hair decrease after meno-
pause.

Labia majora: The two labia majora are lon-
gitudinal skin folds, with adipose and fibrous
tissue deposits, located infero-posteriorly to
the mons pubis at each side of the pudendal
cleft. They provide protection to the vestibule,
where the urethra and vagina open. Although
they are symmetrical, their size depends on fat
content so they vary in size and distribution
among women. They extend anteriorly from
the mons pubis, posteriorly to the perineal
raphe, about 2.5 cm from the anal orifice. The
labia majora are joined superiorly to form the
anterior (labial) commissure, a relatively thick
arc that is continuous with the mons pubis. In-
feriorly, a very thin and transverse skin fold,
the posterior (labial) commissure, extends
between the labia majora anterior to the anal
orifice and perineal body.

Labia minora: The two labia minora are thin
and delicate skin folds located medially be-
tween the labia majora and lateral to the ves-
tibule. On each side, a labial sulcus separates
the major from the minor labia. The labia
minora surround the vestibular space on each
side where the urethra and vagina exit. The
anterior ends of the minor labia are divided
into two expansions, one inferior and the
other superior. The superior expansions meet
with each other superoanterior to the clitoris
forming a hood of skin named the prepuce or
foreskin of the clitoris. The inferior expan-
sions join with each other inferior to the clito-
ris and form the clitoral frenulum. Posteriorly
in young women, the labia minora are linked
by a small skin fold called the frenulum of the
labia minora. The labia minora lack hair and
fat and have abundant sebaceous and sweat
glands opening onto their surfaces. The skin
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of the inner surface is very thin, presents the
typical pink color of mucosa and contains
many sensitive nerve endings, making it very
sensible to direct mechanical stimulation.

. Vestibule: The vestibule is the space located

between the medial surfaces of the labia mi-
nora. When the vulva is closed, the vestibule
is a virtual space and is reduced to a simple
interlabial slit. However, when the vulva is
open, it takes the shape of an oblong funnel.
At the base or superior aspect of the funnel
will be the opening for the urethra, paraure-
thral glands, vagina, and ducts of the greater
and lesser vestibular glands.

a. The external urethral orifice is situated
2-3 cm posterior to the clitoris and 1 cm
anterior to the vaginal opening. Lateral to
the vaginal os are the paired external ori-
fices of the paraurethral gland ducts. The
paraurethral glands are homologous to the
male prostate.

b. The vaginal orifice is posterior to the
external orifice of the urethra. The size
and appearance vary according to the con-
dition of the hymen. The hymen is a thin
fold of mucous membrane, skin, and fibro-
elastic tissue that attaches to the edge of
the vaginal orifice. The hymen is usually
perforated before menarche which allows
unobstructed menstruation flow. Prior to
intercourse or the use of tampons, the adult
woman normally has a complete hymen
with either a perforation or septum. After
the first use of tampons or sexual inter-
course, the hymen’s torn remains form
small tubers called hymenal caruncles.

c. The paired greater vestibular glands are
round or oval-shaped, 0.5-1 c¢cm in diame-
ter and located posterolateral to the vaginal
orifice. The glandular duct is short, narrow,
and emerges from the anterior part of the
gland. The greater vestibular glands are
homologues of the bulbourethral glands
in the male and their secretion lubricate
the vaginal vestibule during sexual inter-
course.

d. The paired lesser vestibular glands also
lie in the vestibule and exit into the space
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between the urethral and vaginal openings.
They secrete mucus to moisten the labia
minora and the vestibule.

5. Erectile organs: The bulbs of vestibule and
the clitoris are erectile tissue located deep to
the labial formations that surround the vulvar
vestibule.

a. The paired bulbs of vestibule are 3-3.5 cm
long and 1.2-1.5 cm wide located on the
side of the urethral and vaginal orifices,
deep to the bulbospongiosus muscles. They
are homologues to the singular bulb of the
corpus spongiosum of the penis, but unlike
the single structure in male anatomy, the
bulbs of vestibule in the female are sepa-
rated by the vestibule of the vagina. Their
anterior ends are joined at the urethral ori-
fice to form a commissure and they attach
to the body of the clitoris through the inter-
mediate venous plexus.

b. The clitoris is 0.5-0.7 cm long and 0.6—
0.8 cm wide, located deep to the prepuce
and anterior labial commissure. When
flaccid, the clitoris is hidden by the labia
majora. The clitoris divides superolater-
ally into a pair of 3-3.5 cm long crura.
Each crus of the clitoris is anchored to the
ischiopubic ramus and covered by a thin
ischiopubic muscle. The glans clitoris is
the counterpart of the glans penis but does
not contain the urethra, so it has no corpus
spongiosum. The clitoris plays a funda-
mental role in female sexual arousal and
enters erection through tactile stimulation,
although it does not significantly lengthen.

Vascularization and Innervation of the
Perineum and Vulva

1. Arteries: The rich arterial blood supply of the
perineum comes from (1) the superficial and
deep external pudendal arteries which branch
from the femoral artery and are distributed
under the anterior skin of the vulva over the
mons pubis, and (2) the internal pudendal
artery which branches from the internal iliac
artery and is distributed to the posterior sector
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of the perineum and vulva to perfuse the labia,
erectile organs, and vestibular glands.

2. Veins: The venous drainage of the mons pubis,
foreskin of the clitoris, and the anterior part of
the labia majora flows into the external puden-
dal veins to the great saphenous vein. Veins
from the labia and clitoris are abundant, adopt
the appearance of cavernous tissue and drain
into the internal pudendal veins through their
perineal branches.

3. Lymphatics: The vulva has an important
network of lymphatic vessels that drain the
lymph into the superficial and deep inguinal
lymph nodes and into the internal iliac nodes.

4. Nerves: Sensory nerves of the anterior and
lateral part of the vulva (mons pubis and an-
terior third of the labia) come from the geni-
tal branches of genitofemoral, ilioinguinal,
and iliohypogastric nerves. Sensory supply to
the rest of the vulva is by perineal branches
of the pudendal nerve. The pudendal nerve
(S2-S4) accompanies the internal pudendal
artery along its length with perineal branches
innervating the skin and deep perineal erectile
tissues and muscles. In addition, the posterior
femoral cutaneous nerve innervates the mid-
dle third of the labia majora.

Embryology and Histology of the
Female Reproductive System

Histogenesis

The development of internal sexual organs,
hormonally regulated according to the chromo-
somal sex of the embryo, follows a basic pattern.
In both sexes, an “indistinct” stage in gonadal
development can be observed in 4-20 mm em-
bryos. This critical period encompasses most of
the malformations and/or dysfunctions of repro-
ductive organs. Genital ridges, made up of thick-
ened mesodermal epithelium of the coelom in the
mesonephric area (Fig. 2.5), give rise to the go-
nads. The basal membrane underlying such epi-
thelium gets fragmented and the quick prolifera-
tion of the coelomic epithelium results in cellular
cords immersed completely in the mesonephric
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mesenchyme. At this point in development, a
second type of cell appears, the primordial germ
cells (PGCs; gonocytes).

These cells seem to originate in the dorsal
wall of the yolk sac near the developing allantois,
and are therefore of endodermal origin. The cells
subsequently migrate to the posterior wall of the
hindgut and midgut. At a later stage they migrate
through the dorsal mesentery to the gonadal ridge
[1]. Crests in the inner part of the mesonephros,
having shorter caudo-cranial length, become
more visible. In the XX female, the undifferen-
tiated gonad will begin to differentiate into an
ovary. The male mesonephric (Wolfian) ducts
and testes will not begin to develop at week 7 due
to the lack of testosterone and the female parame-
sonephric (Miillerian) ducts and ovary will begin
to develop during week 11 of embryonic growth.

The adrenal gland develops suprainternally to
the ipsilateral gonad, which explains the mixture
of both tissues in some disorders.

The ovary develops its final structure at the
end of the somitic period. The more central part
of the mesenchyme turns into the medulla of
ovary containing no PGCs. The cords fragment
into small groups, each of which is completely
separated and covered by a layer of cells of the
mesodermal cords, giving rise to the “primor-
dial follicle.” Whether mesodermal cells also
give rise to either “follicular cells” or “granulosa
cells” remains unknown (Fig. 2.6). Nonetheless,
mesonephric mesodermal cells are responsible
for creating the secretory “interstitial” cells of the
ovarian medulla [2].

In both genders, the Miillerian ducts (parame-
sonephric ducts) start to develop at the 10 mm
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embryo stage, but in males, the Miillerian inhib-
iting hormone (MIH) produced by Sertoli cells
arrests their development. In females, their cra-
nial ends have a central lumen, the uterine orifice
of the uterine tube, surrounded by fimbriae. The
caudal ends form a thick solid structure which
enters the mesenchyme, elongates cranio-caudal-
ly, while a lumen appears in its center. The caudal
ends approach the embryonic median line, giv-
ing rise to the urorectal septum. This develops
into the definitive “urogenital canal” and has a
unique central cavity (except in cases of malfor-
mations, which are not uncommon), of which the
more cranial two thirds develop into the uterine
tubes. Its caudal part, which is also the largest
and known as Miiller’s tubercle, gives rise to the
fornix, body, and cervix of the uterus. The cervix
enters the urogenital sinus differentiating into the
vagina.

During the development of the mesoderm of
both the ligamentous (mesosalpinx) and solid
parts (uterus) of the Miillerian ducts, the Wolfian
ducts persist. If the Wolfian ducts start to develop

beyond their embryonic stage due to elevated tes-
tosterone, disorders can result. A neoplasm his-
togenesis can occur, of which the most common
example is the hydatid of Morgagni. In the male,
this is an appendix testis; in the female, it forms a
paratubal cyst at the most cranial end of the ovary.
These ducts can also develop abnormally at the
level of the medulla of the ovary, forming the rete
ovarii. In the male, MIH, mentioned above, and
testosterone will inhibit the development of the
Miillerian ducts through their paracrine effects.

Histology

Ovaries

A longitudinal section of a functional ovary
shows a poorly delineated division into peripher-
al cortex and central medullary zones (Fig. 2.7).
The medulla is rich in blood vessels and nerves
and is thus mainly stroma while the cortex con-
tains the follicles and is thus mainly parenchyma.
From a histological and functional perspective,
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the cortex is the most important part with the
oocyte-containing follicles. Ovarian follicles are
surrounded by cortical CT, which is cellular and
has trophic functions.

The ovarian surface, except at the hilum, is
covered by a simple flat epithelium, whose un-
derlying CT is thickly condensed as the tunica
albuginea (Fig. 2.8, #1).

The ovarian follicles are different sizes and
have different cellular compositions according to
their stage of maturation. Developed below the
tunica albuginea during histogenesis, there are
approximately 1-2.5 million follicles per ovary
by the end of the fifth intrauterine month, and at
birth only approximately 250,000-500,000 re-
main per ovary. Of these, in a normally cycling
female, only about 260 in each ovary will reach
complete maturity and release an ovum. This
computation is approximate for a woman who
has 40 years (10-50 years of age) of reproduc-
tively active ovaries ovulating every 28 days
(13 times a year) with no pregnancies. Follicles
do not ovulate during pregnancy and ovulation
is also often reduced during nursing depend-
ing somewhat on frequency and genetics of the
woman. The remaining follicles will undergo
atresia (degeneration), which begins in the sixth
month of intrauterine life resulting in the vast
majority of ova being lost to this process.

Ovarian Follicles

There are two main types of follicles, namely
primordial follicles (PF) and maturing follicles
(MF). MFs can in turn be further divided into
primary (PMF), secondary (SMF), and tertiary
(TMF) or Graafian follicles.

PFs are in close proximity to each other under
the tunica albuginea. Their number and devel-
opment is not dependent on hormones. PFs are
spherical, with a large eccentric nucleus (50 pm)
and a small nucleolus. They also have a wide
and acidophilic cytoplasm, which appears finely
granular under the electron microscope (EM;
Fig. 2.8, #4). Inside the cytoplasm are collections
of Golgi cisternae, smooth endoplasmic reticu-
lum (SER), mitochondria, lysosomes, and reticu-
lar membraniform structures (annulate lamel-
lae). PFs are surrounded by a layer of squamous
epithelial cells, follicular cells, which in turn are
surrounded by the basement membrane that sepa-
rates the follicle from the rest of the cortical pa-
renchyma and stroma (Fig. 2.8, #2, 3).

PMFs develop from PFs after gonadotropin
stimulation. The PFs undergoing a maturation
process show changes in both oocyte and fol-
licular (granulosa and theca) cells. The PFs be-
come polyhedral or cuboidal and acquire several
concentric layers. The oocyte begins increasing
its volume from approximately 60 to 80 um and
the zona pellucida (ZP) develops between the
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Fig. 2.8 Histology of the ovary. (Courtesy of Ricardo Vaamonde-Lemos)

oocyte and the follicular cells. The ZP is a highly
refringent, homogeneous, acidophilic membrane
rich in polysaccharides and three proteins (ZP
1, 2, and 3). An EM micrograph shows multiple
digitiform and irregular elongations of the ovular
cytoplasm (Fig. 2.8, #5, left upper side: granular
ectoplasm of the oocyte; right upper side: ZP).
The layer of cuboidal follicular cells is termed
the granulosa layer. This stage shows increasing
ribosomes, Golgi complex, mitochondria, mi-
crovesicles, lipids, liposomes, peroxisomes, and
proteases. The vesicles are released during fer-
tilization (cortical granule reaction; Fig. 2.8, #6).

During the maturation process of the ovarian
follicles, the CT of the stroma, which is outside
the basement membrane of the primary follicle,
undergoes both morphological and functional
differentiation to form two concentric layers
called thecae. The inner layer is the theca in-
terna, which is loose and vascular. Its cells have

receptors for luteinizing hormone (LH) and fol-
licle-stimulating hormone (FSH) and produce
androgens as precursors of follicular estrogen.
The blood vessels of the theca do not pierce the
basement membrane to reach the layer of follicu-
lar cells except at the moment of ovulation and
subsequent luteinization. The outer theca externa
is less visible, more fibrous and dense, with dis-
persed smooth muscle cells, and it is gradually
merged into the cortical stroma (Fig. 2.8, #7).
Follicular cells are multiplied in response to
the action of FSH and insulin-like growth factor
(IGF), giving rise to the SMFs. A cohort of 4-6
follicles increases their size and move toward
the medulla. Gradually the vacuolated spaces
(Call-Exner bodies), rich in hyaluronic acid and
containing the follicular fluid, begin to appear
among the follicular or granulosa cells of which
there are two types: secretory and dense cells.
The fluid-filled spaces increase in volume and



34

coalesce to form the follicular antrum. The ZP of
the oocyte is surrounded by follicular cells called
the cumulus oophorus. Some of these cumulus
oophorus cells form cylindrical spikes that have
the appearance of a radiating crown around the
zona called the corona radiata (Fig. 2.8, #7). Nor-
mally, as serum levels of FSH decrease, one of
the follicles from the cohort will greatly upregu-
late its FSH receptors and outstrip the growth of
the rest of the cohort and become the dominant
follicle and the other follicles will become atret-
ic. This dominant follicle will not grow to more
than 10 mm (containing a 120 um oocyte) until
stimulated by LH. At the time of the LH surge,
this dominant follicle will turn into the TMF or
Graafian follicle and the abovementioned struc-
tures will reach their greatest development.

The LH surge will result in vasodilation and
congestion of the blood vessels of the theca in-
terna. Moreover, increasing LH will have three
effects: (1) a sharp rise in antral progesterone
(P4), (2) the end of meiosis I with the appearance
of the metaphase 11 oocyte, and (3) the rupture of
the mature follicle (ovulation) with the release of
the gamete ready to be fertilized. This rupture in-
volves a hemorrhage that fills the antrum which
has expelled the follicular fluid with the ovum.

Corpus Luteum

Due to the action of LH, cells from the ruptured
empty follicle and the internal theca are convert-
ed into big polyhedral elements with a clear vac-
uolar cytoplasm called Iuteal cells which form
the yellow body called the corpus luteum. These
cells will secrete P, and estradiol (E,), which in-
creases ciliary action in the fallopian tubes (ef-
fect of E,) to transport the zygote to the uterus,
and induces and regulates the secretory phase of
the endometrium (effect of P,) in order to enable
the implantation and early nutrition of the em-
bryo. The corpus luteum ranges from 2 to 5 cm
in diameter (Fig. 2.8, #8). Initially it has a cen-
ter containing a blood clot which is quickly or-
ganized, fibrosed, and finally reabsorbed. It also
has a wide peripheral undulating yellow band
made up of “luteinized” granular cells (Fig. 2.8,
#9; HE, 24x y; #10: MET 3500x). Inside these
cells, there are typical mitochondria with tubular
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transversal crests and lipidic granules. Without
implantation and pregnancy, the hormonal mi-
lieu changes, leading to decreasing LH secretion
thereby causing endometrial shedding. Some
subtle histological differences, not discussed in
this chapter, occur, which distinguish those fol-
licles having undergone atresia from those hav-
ing undergone luteinization becoming corpora
albicantia, if more than one follicle ovulates or
corpus albicans (singular).

Uterine Tube
The uterine tubes or oviducts are funnel-shaped
structures located on either side of the fundus of
the uterus, each one reaching its ipsilateral ovary
(Figs. 2.3, 2.9). They are 10 cm long and can be
divided into four parts as already mentioned in
the anatomy section: (1) intramural, (2) isthmus,
(3) ampulla, and (4) infundibulum with fimbriae.
The entire tube has the same basic pattern
from external surface to the lumen: (1) outer se-
rous peritoneal layer with some CT; (2) muscular
layer, with two divisions, (a) outer circularly ori-
ented layer and (b) inner longitudinally oriented
thinner layer; (3) mucous layer developing from
a simple cylindrical epithelium with correspond-
ing basement membrane and two types of cells.
The number, appearance, and transition of these
two cell types from one to the other vary de-
pending on the cycle stage. One type of cell is
ciliated, moving fluid and ovum/embryo toward
the uterus and the other is secretory, producing a
fluid rich in carbohydrates (uterine milk) for the
early nutrition of the embryo. The fallopian mu-
cosa is not smooth but has numerous longitudinal
and transversal folds (Fig. 2.9) thereby creating a
maze within the lumen of the tube (fimbriae). E,
increases the length, number, and activity of the
cilia, while P, increases the number and activity
of the secretory cells, similar to what occurs in
the endometrium. The function of the tubes is to
transport, protect, and nourish the embryo dur-
ing the first stages of its development. If embryo
transport to the uterus does not progress, implan-
tation might take place in the fallopian tube with
an ectopic pregnancy developing. This event will
lead to tubal rupture, acute abdominal pain, and
emergency surgery.
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Fig. 2.9 Histology of the uterus. (Courtesy of Ricardo Vaamonde-Lemos)

Uterus

The uterus is a pear-shaped, single, central, thick
muscular organ (Figs. 2.3, 2.9) that develops
from the fusion of the Miillerian (paramesoneph-
ric) ducts. Divided into fornix, body, and cervix,
the uterus protrudes into the vagina, as previ-
ously detailed in the anatomy section. The uterus
has three histological layers: (1) the internal mu-
cosal layer, endometrium; (2) the middle muscu-
lar layer, myometrium; and (3) the outer layer,
perimetrium.

Endometrium

The endometrial mucous membrane is the most
histologically complex part of the uterus. Mu-
cous membranes are lined by a simple cylindri-
cal secretory epithelium attached to a basal mem-
brane lying on a chorion where the endometrial
glands reside. These glands vary in size, mor-
phology, and function depending on the stage

of the menstrual cycle. Mobile cells (WBCs)
are present, including the stromal granulocytes
which produce relaxin. Immunohistochemical
techniques show that these cells are hemato-
lymphoid in origin and represent either a sub-
population of T lymphocytes or macrophages.
Neutrophils are typically present in the normal
menstrual and premenstrual endometrium. A
rich vascular net displays the characteristic spi-
ral arteries and autonomic nerves. The endome-
trium has a deep basal layer, stratum basale,
adjacent to the myometrium, which is not shed
during menstruation and serves for replenishing
the functional layer, stratum functionalis. The
basal layer is irrigated by straight arteries. The
endometrial glands are simple, funnel shaped,
and occasionally ramified, and their ducts are
lined with epithelial cells that are secretory and
can be cubic or cylindrical.
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Myometrium

The myometrium is the thickest layer of the uter-
us and its contractions deliver the fetus. This is
accomplished by its fibrillar bundles being lon-
gitudinally oriented both in the outer and inner
muscular layer. The middle muscular layer is
very vascular with arcuate arteries and the smooth
muscle cells are circularly or spirally arranged.
The smooth muscles of the uterus are highly de-
pendent on E, stimulus and are thought to pro-
duce prostaglandins which are important, with
oxytocin, in stimulating contraction at the time of
delivery. The nuclei of myometrial cells are posi-
tive for E, and P, receptors (Fig. 2.10a, b).

Perimetrium

The perimetrium is a serosal layer covering the
uterine body and fundus. This adventitia is con-
tinuous with the mesothelium in the area attached
to the urinary bladder and rectum.

Uterine Cervix

The uterine cervix is the lower fibromuscular
portion of the uterus at the point where it joins
with the superior end of the vagina. A central
lumen, the cervical canal, is lined by a cervical
mucosa consisting of simple cylindrical mucus
secreting epithelium. The lumen is invaginated,
invested with ramified endocervical glands and
retains some of these secretions as a defensive
barrier or mucous plug. This plug is thicker dur-
ing pregnancy, under the influence of P,, and pre-
vents pathogens from entering the uterine cavity.
The plug becomes thinner during ovulation, en-
abling sperm to more easily enter the cervical
lumen. The ectocervix, also called exocervix,
is the part of the uterine cervix exposed at the
superior aspect of the vagina with a speculum
inserted. The ectocervix is lined with stratified
squamous epithelium and subject to hormonal
variations. These variations can be used for stag-
ing the female hormones in the reproductive cy-
clic (Papanicolaou staining test and cell cultures
using the Wied or similar techniques, Fig. 2.8,
#7). The characteristics of the ectocervix also
allow screening for cervical cancer and detection
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of papillomavirus which can transform this
epithelium into premalignant lesions. The area
where endocervical and ectocervical epithelium
join is the zone most susceptible to these patho-
logical changes. The rest of the cervix consists
of connective and smooth muscular tissue. As in
the uterus, the stromal cells (both smooth muscle
and myofibroblasts) are positive for E, and P, re-
ceptors which are also present in the ectocervical
epithelium (Fig. 2.10c, d).

Vagina

The basic structure of the vagina is similar to
other Miillerian duct-derived structures. The va-
gina has a muscular, funnel-shaped arrangement,
which measures 10 cm in length and connects the
vulva with the uterine cervix. The vaginal lumen
is wide and its mucosa has folds, most of which
are transverse on the anteroinferior aspect, lined
by an epithelium similar to the ectocervix. The
mucosa has the same kind of hormonal response
as the cervix depending on the phase of the re-
productive cycle. Cells in this epithelium, as in
the skin, include Langerhans cells, which are an-
tigen-presenting cells (APCs) for the numerous T
lymphocytes (T cells) crossing the epithelial bar-
rier, especially during the P, stage of the cycle.
Estrogens stimulate the synthesis of glycogen
which is subsequently converted by Ddderlein’s
bacilli, into lactic acid, thus helping to regulate
the acidic pH involved in the control of vaginal
pathogens. In the chorion, there is a network of
elastic and capillary fibers. The vagina has no
glands; therefore, lubrication originates from the
plasma transudate of the chorion blood vessels,
the cervical mucus, and from the greater (Bartho-
lin’s) and lesser vestibular glands. An important
fold in the most caudal portion of the vagina,
which is only present in virgins, is the hymen.
The muscular coat is poorly organized and dif-
ferentiated in the external longitudinal and inter-
nal circular portions which, in the vaginal orifice
(introitus), are combined with striated muscular
fibers. The vaginal adventitia has no special fea-
tures except for its rich venous network and im-
portant innervations.
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Fig.2.10 Estrogen and progesterone receptors. a, b Uterus: smooth muscle. Endometrial glands—arrows: Nucleus (es-
trogen receptor) RE+. ¢, d Cervix: exocervical epithelium and cervical stroma. (Courtesy of Ricardo Vaamonde-Lemos)

Reproductive Physiology
Female Gametogenesis

Gametogenesis is the production of haploid sex
cells or gametes known as oocytes and sperma-
tozoa in humans. Each gamete carries one half of
the genetic material from the male or female par-
ent. Gametogenesis is divided into four phases:
(1) extra-gonadal origin of PGCs; (2) prolifera-
tion of germ cells by mitosis; (3) meiosis; and (4)
structural and functional maturation of the oocyte.

Primordial Germ Cells

Cells that are destined to become male or female
germ cells can be identified during the fourth
week of gestation within an extraembryonic
membrane called the yolk sac. This sac contains
precursor cells arising earlier in gestation during
the phase of gastrulation and are known as PGCs.
Most of the PGCs populate the region of the body
wall at the level that will form the gonads. These
precursor cells continue to multiply by mitosis
during their migration and once these arrive in

the presumptive gonad region, they stimulate
cells of the adjacent coelomic epithelium to pro-
liferate and form somatic support cells. Somatic
support cells invest PGCs and give rise to tissues
that will nourish and regulate development of
maturing gametes. These support cells become
the ovarian follicular cells in the female. PGCs
undergo further mitotic divisions and give rise to
female gametes (gametogenesis).

The PGCs differentiate into oogonia, and by the
fifth month of fetal development all oogonia enter
into meiosis, after which they are called primary
oocytes. At this time, these primary oocytes will
be housed in PF with squamous-shaped granulosa
cells surrounding them. During the early phase
of meiosis, all female germ cells enter a state of
dormancy, and they remain in meiotic arrest (pro-
phase of the first meiotic division) as primary
oocytes until sexual maturity. Primary oocytes
reach their maximum development at 20 weeks (5
months) of gestational age when 2—5 million total
primary oocytes will have been created. However,
at birth, this number will have been reduced by
atresia to 0.5—1 million total oocytes.
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At the onset of puberty, occurring at about
9-13 years of age, each month a few ovarian fol-
licles (a cohort) resume development in response
to the monthly surge of pituitary gonadotropic
hormones. However, usually only one primary
oocyte in the dominant follicle matures into a sec-
ondary oocyte and is ovulated in each individual
ovarian cycle. This oocyte enters a second phase
of meiotic arrest, metaphase II, and does not ac-
tually complete meiosis unless it is fertilized by
the male gamete. These monthly cycles continue
until the onset of menopause at approximately 50
years of age. The process of gametogenesis in the
female is called oogenesis. On average, only one
oocyte matures during each cycle, which occurs
at approximately 28-day intervals. Therefore, the
total number of oocytes to be ovulated in a fe-
male’s lifetime is about 500.

As described previously, oogenesis already
begins in early fetal life. Therefore, all oocytes
to be ovulated by females are produced during
fetal life. Many of them degenerate with time and
at birth the ovaries contain only about 0.5—-1 mil-
lion total oocytes. However, two studies have
challenged the belief that a finite number of oo-
cytes are set around the time of birth in lower
mammals. The renewal of ovarian follicles from
germline stem cells (originating from bone mar-
row and peripheral blood) has recently been re-
ported in the postnatal mouse ovary [3, 4].

Meiosis

Meiosis is the type of cell division that allows
sexual reproduction since it reduces the number
of chromosomes of the species to one half, mak-
ing possible the combination of two gametes to
form a new individual with the same number of
chromosomes as each parent. Even though the
timing of meiosis is distinct in the male and fe-
male, the basic chromosomal dynamics of the
processes are the same in both sexes. Like all
normal somatic cells, PGCs contain 23 pairs of
chromosomes for a total of 46. One chromo-
some of each pair is obtained from the maternal
gamete and the other from the paternal gamete.
These chromosomes contain deoxyribonucleic
acid (DNA), which encodes the molecular infor-
mation required for development and functioning
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of the organism. Of the total complement of 46
chromosomes, 22 pairs consist of matching,
homologous chromosomes called autosomes.
The remaining two chromosomes are called sex
chromosomes because they determine the sex
of the individual and they are heterologous. The
two sex chromosomes are designated X and Y.
Individuals with one X chromosome and one Y
chromosome (XY) are genetically male while
individuals with two X chromosomes (XX) are
genetically female. One of the X chromosomes in
the female genome is randomly inactivated, leav-
ing only one active X chromosome in each cell.

In females, the two meiotic cell divisions are
dramatically unequal and yield a single, massive,
haploid (one copy of chromosome) definitive
oocyte and three minute, nonfunctional, haploid
polar bodies. The first meiotic cell division pro-
duces a secondary oocyte and a first polar body
in the female. DNA replication does not occur
during the second meiotic division; thus, when
these double-stranded chromosomes divide, they
yield four haploid daughter cells (IN), one of
which will be the oocyte plus three polar bodies.

In the female, the second meiotic division,
like the first, is completely unequal, producing
a large definitive oocyte and another tiny polar
body. The first polar body may concurrently
undergo a second meiotic division to produce a
third polar body. In the female, the oocyte enters
a second phase of meiotic arrest during the sec-
ond meiotic metaphase (M-II) before replication
of the centromeres. Meiosis does not resume un-
less spermatozoa fertilize the cell.

Functional Maturation of Oocytes

As described earlier, female germ cells undergo a
series of mitotic divisions after they are invested
by somatic support cells and then differentiate
into oogonia. By 12 weeks of development, oo-
gonia in the genital ridges enter the first meiotic
prophase and then almost immediately become
dormant. The nucleus of each of these dormant
primary oocytes contains the partially condensed
chromosomes and is referred to as a germinal
vesicle. The swollen state of the germinal vesicle
is thought to protect the oocyte’s DNA during the
long period, potentially decades, of meiotic arrest.
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A single-layered, squamous capsule of epithe-
lial follicular cells derived from the somatic sup-
port cells tightly encloses each primary oocyte.
This capsule and its enclosed primary oocyte
constitute a primordial follicle. By 5 months,
the number of PF in the ovaries peaks at about
2-5 million total. The vast majority of these fol-
licles subsequently degenerate by apoptosis, a
process called atresia. During ovum maturation,
there is a great increase in ribosomal RNA to
handle the escalation of translation for protein
synthesis required in the rapid cellular divisions
that follow fertilization and thereby embryo de-
velopment during the preimplantation period.

Abnormalities in meiosis may give rise to
numerous chromosomal abnormalities. Nondis-
junction is the usual mechanism by which abnor-
malities in chromosome number may occur.

Prior to a particular cycle, and independent of
gonadotropin release by the pituitary, the follicu-
lar epithelium of a cohort of PF thickens, convert-
ing the single-layered follicular epithelium from
squamous cells to cuboidal cells. These follicles
are now called primary follicles. The follicular
cells, called granulosal cells (the granulosum),
and the oocyte jointly secrete a thin layer of acel-
lular material, composed of only three glycopro-
tein, onto the surface of the oocyte. Although this
layer, called the ZP, appears to form a complete
physical barrier between the granulosum and the
oocyte, it is actually penetrated by thin exten-
sions of granulosal cells that are connected to the
oolema by intercellular junctions known as gap
junctions [5]. These extensions and their inter-
cellular junctions remain intact until just before
ovulation. They permit passage of amino acids,
glucose, and metabolites for growth of the oo-
cyte. The functions of the ZP include presentation
of species-specific receptors to spermatozoa and
induction of the acrosome reaction before fertil-
ization. The granulosal cells secrete a Miillerian
inhibiting hormone (MIH) that is responsible for
the first meiotic arrest.

The granulosum of 5-12 of these primary fol-
licles then proliferates to form a multilayered
capsule of granulosal cells around the oocyte.
The follicles are now called growing follicles. At
this point, some of the growing follicles cease to
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develop and eventually become atretic, whereas
in response to rising levels of FSH, a few con-
tinue to enlarge mainly by taking up fluid and
developing a central fluid-filled cavity called
the antrum. These follicles are called antral fol-
licles. At the same time, the CT of the ovarian
stroma surrounding each of these follicles differ-
entiates into two layers, an inner layer called the
theca interna and an outer layer called the theca
externa. These two layers become vascularized,
in contrast to the granulosum, which resides on
its basement membrane and remains avascular,
which is common to all epithelial membranes.
As E, synthesis increases from the growing
follicles and produces a negative feedback on
FSH production, FSH plasma concentration falls
precipitously. One of the growing follicles now
becomes dominant. This dominance is achieved
by its increasing the insertion of FSH receptors
into the membranes of the granulosal cells. Thus,
the dominant follicle continues to enlarge by mi-
totic increase of granulosal cells and by produc-
ing more antral fluid. The remainder of the fol-
licles recruited during the cycle undergo atresia
since FSH is plummeting and the dominant fol-
licle is binding all available FSH due to the in-
crease in FSH receptors. The oocyte in the domi-
nant follicle, surrounded by a small subset of
granulosal cells called the cumulus oophorus, in-
creasingly projects into the expanding antrum but
remains connected to the layer of granulosal cells
that line the antral cavity and underlie the base-
ment membrane of the follicle. This multilayer
of granulosum is called the membrana granulosa
while the cumulus oophorus begins to send out
radiating arms of granulosal cells that look like a
crown. The large, swollen follicle is now called
a mature vesicular follicle or mature Graafian
follicle. The Graafian follicle is distended with
protein-rich fluid and protrudes at the surface of
the ovary like a blister. Rupture of the follicle oc-
curs at ovulation, releasing the secondary oocyte
through a raised area called the stigmata. At the
time of ovulation, the second meiotic division is
still not completed; the oocyte is still in the M-II
phase. After ovulation, the secondary oocyte is
surrounded by the cumulus oophorus and the co-
rona radiata. The ability to mature, be fertilized,
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and finally to develop into a viable embryo is ac-
quired gradually by the oocyte during progressive
differentiation throughout folliculogenesis [6].

Menstrual Cycle

The reproductively functional time in the human
female is characterized by the menstrual cycle.
This cycle involves the uterine endometrium and
the ovarian follicles. We will divide these two
areas into ovarian and endometrial cycles. How-
ever, both occur in unison and in parallel and are
highly coordinated through mutual interaction.

The Ovarian Cycle

In females, the normal reproductive years are
characterized by monthly rhythmic changes in
the rates of secretion of sex hormones and cor-
responding changes in the ovary. This rhythmic
pattern observed in the ovaries is called the ovar-
ian cycle. The ovarian cycle is most easily un-
derstood by describing it as an idealized 28-day
cycle. In reality, the ovarian menstrual cycle has
a range and varies from 21 to 35 days. In rare
cases, some women cycle with an ovulation only
once every few months or even once every few
years. The ovarian cycle is driven by the dynamic
changes in the concentrations of a few hormones.
Gonadotropin-releasing hormone (GnRH), pro-
duced by the hypothalamus, stimulates the glan-
dular cells of the anterior pituitary to synthesize
and release LH and FSH. GnRH is released in
a pulsatile manner, with peak concentrations at
60-90 min intervals. LH and FSH act on thecal
and granulosa cells, inducing them to produce P,
E,, and some androgens. The thecal cells syn-
thesize P, and androgens, whereas the granulosa
cells synthesize E,. The reason for the differ-
ence in the location of these steroid hormones is
that the thecal cells lack the enzyme aromatase,
which means that they cannot convert androgens
to estrogens, and the granulosa cells lack the en-
zyme 17a-hydroxylase, which means that granu-
losa cells cannot convert P, to androgens. Also,
the thecal cells only have LH receptors.
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The ovarian cycle has two phases, follicular
phase and luteal phase, which are separated by
ovulation (Fig. 2.11).

The follicular phase is the period between the
first day of menses and ovulation (usually the
first 14 days of the ovarian cycle). At the begin-
ning of the follicular phase, the developing co-
hort of follicles are stimulated by rising FSH to
undergo rapid mitosis and start to produce steroid
hormones. This rise in FSH occurs due to action
potentials (APs) in the hypothalamus. A group of
neurons in the hypothalamus produces microvolt
APs that end on the GnRH-producing cells and is
called a pulse generator. This pulsatile electrical
activity stimulates the GnRH cells to synthesize
and release GnRH in a pulsatile manner, which
stimulates the anterior pituitary to release FSH
and LH (first arrow for number 1, Fig. 2.11) Thus,
the rise in FSH stimulates the granulosa cells and
developing thecal cells to synthesize steroids and
proteins and release increasing amounts of E, as
seen with the second arrow from the FSH apex
to the rising E, line (Fig. 2.11). Not shown on
Fig. 2.11 is the release of the homodimer, inhibin
A (also called activin), which can further increase
the synthesis and release of FSH. Initially, the ris-
ing E, has a negative feedback effect on the pulse
generator. GnRH release and consequently FSH
and LH release thus begins to fall, giving rise to
the atresia of all cohort follicles except for the
dominant follicle (arrow 2, Fig. 2.11). As day 12
of the cycle approaches, E, blood serum levels
reach a value of about 600 pg/mL (Fig. 2.11),
and this very high E, level switches the nega-
tive feedback loop to a positive feedback loop on
the pulse generator and thus produces a massive
pulsatile surge in the FSH and LH gonadotropins
from the anterior pituitary (arrow 3, Fig. 2.11).
The high levels of E, are thought to stimulate the
GnRH cells and gonadotropin cells to synthesize
a second E, receptor protein into their cytosol that
has positive feedback properties on mRNA tran-
scription for GnRH, FSH, and LH. At about 18 h
prior to ovulation, this LH surge stimulates the
theca interna cells to synthesize and release large
amounts of P, (arrow 4, Fig. 2.11). This rising P,
initially has its major effect on the follicular cells
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causing the normal steroid-induced transcription
of mRNA and resultant protein synthesis from
both the theca interna and granulosum. Among
the proteins produced are proteolytic enzymes
that remove or degrade two items: (1) removal of
the ovum maturation inhibiting (OMI) hormone,
allowing the restart of oocyte meiosis from the
germinal vesicle arrest stage to proceed to the
M-II arrest stage; and (2) degrading the intracel-
lular matrix of the follicular wall and the tunica
albuginea at the ovarian surface. In addition, the
level of antral proteins concomitantly increases
so that there is a slight rise in colloid osmotic
pressure within the follicular antrum. These three
events produce a mature ovum ready to be fertil-
ized and an expansion and rupture of the Graaf-
ian follicle allowing the release of this mature
ovum (Fig. 2.7).

Ovulation marks the end of the follicular
phase and the beginning of the luteal phase. The
LH increase elicits luteinization, in other words,
it causes the granulosa and the thecal cells in the
remainder of the follicle to become a corpus lu-
teum. During the early luteal phase, the corpus
luteum synthesizes both P, and E,. The P, and
E, diffuse in and out of the cells throughout the
body, but are retained by target cells and specifi-
cally bind to them with high affinity. Once bound
to a P, or E, receptor in the cytosol, the receptor
will undergo a conformational change allowing
the receptor to move into the nucleus and bind
with high affinity to chromatin and modulate
transcription of target genes. Therefore, P, and
E, by their modulation of genetic machinery of
cells regulate many cellular activities through
downstream production of effector molecules.
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The corpus luteum is maintained by LH. Due to
the high concentrations of P, and E,, synthesis
and release of FSH and LH are inhibited. FSH is
further inhibited by inhibin B, a heterodimer with
specific receptors in the anterior pituitary. During
the late luteal phase, if an embryo is not produced
and implanted, the low LH concentrations trigger
luteolysis (luteal degeneration). This results in
decreasing P, and E, levels, which in turn causes
an increase in FSH and LH (Fig. 2.11), trigger-
ing a new cohort of follicles to develop for the
succeeding cycle. The luteal phase lasts about 14
days and is the most consistent phase of the en-
dometrial cycle.

Endometrial Cycle

The endometrium is crucial for embryo implanta-
tion and development and one of the most sen-
sitive organs to ovarian steroid hormones. The
composition of the functional endometrium is
divided in two layers: (1) stratum functionalis,
which is extremely responsive to steroids, and
(2) the stratum basale (Fig. 2.12) [7].

During a normal and regular menstrual cycle,
the first day of menstruation is considered day 1
of the menstrual cycle [8].

During the menstrual phase, the endometri-
um undergoes modifications mainly due to sex

Ovulation

‘Menstrual Proliferative

Endometrial Lining
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steroids (P4 and E, action) [7, 9]. Both hormones
act by binding to their corresponding receptors:
Progesterone receptor A (PRA) (P, type A), Pro-
gesterone receptor B (PRB) (P, type B), and
estrogen receptor ER (E,) [7, 10, 11].

Estrogenic action is responsible for cellular
proliferation and differentiation. E, causes the
endometrial lining to thicken, transforming it
into a proliferative pattern. Furthermore, E, acts
in both the stroma and glands thereby causing
elongation of the spiral arteries, and prepares, by
an increase of P, receptors, the endometrial cells
to be receptive to P, action [7, 12].

The secretory phase is defined as postovula-
tion to onset of menstruation. After ovulation, the
corpus luteum will produce and secrete a large
amount of P, that causes the endometrium to se-
crete glycogen and mucus. In the mid-secretory
phase (implantation window), the endometrium
becomes decidualized and receptive to a fertil-
ized embryo. This mid-secretory endometrium
expresses several molecules, genes, and even
some anatomical structures that are used for en-
dometrial dating [13, 14]. In the late secretory
phase, if pregnancy does not occur, there is a drop
in P, and E, causing an immediate constriction of
spiral arteries. Reduced blood flow leads to invo-
lution of the endometrium and, consequently, a
bleeding breakdown [3, 4].

Window of
Receptivity

— |

Secretory

1 ' 14

LH+7-10 28

Days

Fig.2.12 Schematic representation of the endometrial cycle. This figure depicts the endometrium throughout the men-
strual cycle. (Reprinted from [8] with permission from John Wiley & Sons)
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Menopausal Transition

Menopausal transition was classified according
to the Stages of Reproductive Aging Workshop
(STRAW) [15].

A summary of STRAW classification table with
some additional notes.

Summarizing the data gives the following picture
of this period and the physiological implications
of menopause during these years.

In the female’s reproductive phase, the pubertal
girl starts out with variable menses transitioning
into regular monthly cycles. She will have nor-
mal GnRH, LH, FSH, AMH (anti-Miillerian hor-
mone) and inhibin B levels, and between six and
ten antral follicles with no vasomotor symptoms
or urogenital atrophy. In the late period of the re-
productive phase, the woman will begin to see
subtle changes in the amount and length of the
menstrual flow accompanied by lower hormone
levels and there will be fewer antral follicles de-
veloping each month. No vasomotor symptoms
or urogenital atrophy should be apparent during
the late reproductive phase and pregnancy can
occur with increased chances of birth defects that
increase over time. This normally takes place be-
tween the age of 35 and 45 years but can be quite
variable.

As a woman transitions into menopause, gen-
erally called perimenopause, the length of time
between the first day of menses will be extended
by at least 1 week (35-day cycles) and continue to
increase over time to more than 60 days between
cycles. Although less likely, some cycles can
still produce ova and pregnancy can occur. This
change will be accompanied by increasing lev-
els of GnRH, LH and FSH, and continuing lower
levels of AMH and inhibin B. In addition, vaso-
motor symptoms, sometimes called hot flashes,
are likely to be experienced and are thought to be
in response to spiking levels of P,. The time for
this transition can vary from less than a year up
to about 3 years.

Finally, the woman will transition into the
postmenopausal phase which will generally sta-
bilize out to a constant state within 3—6 years.
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This time will be characterized by the highest
GnRH and its responding gonadotropins (due to
the nadir in negative feedback from steroids and
inhibin) along with very low AMH and inhibin B.
Vasomotor symptoms will peak early during this
time and then eventually cease while increasing
symptoms of urogenital atrophy reach their max-
imum for the remainder of the woman’s life span.

Several cohort studies with a large number of
subjects have been published so that comprehen-
sion and description of menopausal transition can
be summarized as follows: (1) all stages have a
vast variability in terms of duration and age of
onset; (2) the decline of ovarian reserve starts 15
years before the complete cessation of menses
(menopause) and is more pronounced after the
age of 35; (3) clinically, one of the most impor-
tant symptoms is the shortened follicular phase
(and, consequently, the menstrual cycle length);
and (4) the length of menopause is dependent on
demographic characteristics of ethnicity, race,
smoking, genetic background (family medical
history), fat composition, and body mass index
[15-21].

Menopausal transition starts physiologically
when the inter-cycle FSH secretion increases
and luteal P, decreases [22]. These events will
decrease the follicular phase of the menstrual
cycle. Consequently, older patients present with
a shorter menstrual cycle interval [23, 24]. This
observation occurs several years prior to the
complete establishment of the post-climacteric
stage (defined 12 months after the last menstrual
period). Furthermore, anti-Miillerian hormone is
a good marker of ovarian reserve but not an accu-
rate marker for ovarian menopausal transition as
a predictive test for the start-day of menopause.

Several investigators have defined some im-
portant demographic and social characteristics
to better understand and predict pre- and post-
climacteric events. Smoking habits are directly
related to menopausal transition [20], while body
mass index is associated only with hormonal
markers (anti-Miillerian hormone and the num-
ber of antral follicles). Alcohol consumption as
well as menarche age was also linked to meno-
pausal transition [20].
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Conclusion

The anatomical development of the female re-
productive system involves a large and diverse
number of structures. The primary gland begins
as the undifferentiated gonad that develops into
the ovary in the female and testis in the male. Ex-
cept for the external genetalia, the remainder of
the female reproductive system develops from a
completely different set of tissues than the male
structures. The orchestration of this interacting
network of far-flung configurations that reside
in brain, abdomen, pelvis, and perineum requires
hundreds of specific enzymatic proteins to direct
the construction and function of the system and
requires thousands of specific structural proteins
as the actual building blocks for the system. The
complexity for the male is just as intricate as for
the female. In this chapter, we have not even ad-
dressed the more difficult question of how these
two very different male and female sexual sys-
tems developed in a synchronous way for the
first male and first female of some reproductively
competent species to actually mate for the first
time and have all the parts fit together and func-
tion properly to produce a viable offspring. That
topic will have to wait for another treatise.

The number of tissues, cell types, and mol-
ecules needed for the system to function prop-
erly are also multilayered and range from skeletal
to smooth muscle, simple to pseudostratified to
stratified epithelium, neurons and neuroendo-
crine cells, many types of CT cells and mole-
cules, hormones, neurotransmitters, and the list
could go on and on. The photographs as well
as light and transmission electron micrographs
of these different structures are fascinating and
give an artistic perspective to the whole system
at every level. The microscopic details that have
been left to other publications will excite the in-
terests of all interested in delving further into this
amazing subject.

As described in the physiology section, the
normal function of the cycling female reproduc-
tive system is even more remarkably complicated
than the gross and microscopic structure of the
organs and tissues involved. This complexity be-
gins at the zygote stage where very specific genes
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must be turned on to start differentiation in the
preimplantation embryo while at the same time
the majority of mRNAs directing later stages of
embryo, fetal, neonatal, toddler, pubertal, and
adult development must be turned off. As the fe-
male develops in utero, the DNA-derived mRNA/
protein units that were needed initially have to be
inactivated with histones while inactivated genes
have to become activated. This change would
involve hundreds to even thousands of activat-
ing/inactivating steps every week for the embryo
and fetus. In addition, the development must
include the instructions for which cell type and
what molecular synthesis is to go to the various
endpoints in the body. The functional picture out-
lined in this brief overview barely scratches the
surface of all the steps necessary for the female
side of the reproductive unit (male and female to-
gether) to work normally to produce a viable ex
utero person. One might be moved to ask how
humans succeed in reproducing themselves at
all. We have presented a concise summary of the
anatomy and physiology of the normal female
reproductive organization that should stimulate
you to dig further into this topic and also give
you an appreciation for the beautifully complex
design of this very important system.
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Sergio Oehninger, R. James Swanson and

Roberto Matorras

Introduction

An overview of fertilization, gestation, and par-
turition at the most basic level involves sperma-
tozoa, ova, and a uterus. While many other ana-
tomical areas of the body could be considered,
we will concentrate on (1) fertilization, with
emphasis on the sperm and its interaction with
the egg’s membrane (the zona pellucida, ZP) and
cytoplasm; (2) oocytes and the preparatory steps
to ovulation and fertilization; and (3) gestation of
the embryo and fetus, and eventually, parturition
of the neonate.

Overview of Fertilization: The Male
and Female Gametes

The human spermatozoon contributes, at least,
three components during fertilization: (1) the pa-
ternal haploid genome, (2) the signal to initiate
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metabolic activation of the oocyte, and (3) the
centriole, which directs microtubule assembly
leading to the formation of the mitotic spindles
during the initial zygote development. Clinical
evidence derived from the use of assisted repro-
ductive technologies points to the fact that defec-
tive sperm contributions may extend beyond fer-
tilization, highlighting the fact that early and late
paternal effects may be determinants of abnormal
development.

Sperm-0ocyte Interaction

In order to fertilize the egg, ejaculated sperma-
tozoa must undergo capacitation, recognize and
bind to the ZP, and undergo the acrosome reac-
tion (AR) [1]. The most significant changes expe-
rienced by sperm during capacitation are plasma
membrane changes, increase in certain intracel-
lular messengers, and increased phosphorylation
of a set of proteins by different kinases [2—4]. In
the murine species, a well-characterized model
of gamete interaction, tight gametes binding
is probably achieved through interaction of the
zona pellucida protein 3 (ZP3) and yet uniden-
tified complementary sperm-binding protein(s)
present in the plasma membrane. ZP3 triggers
the AR followed by a secondary binding process
involving the zona pellucida protein 2 (ZP2) and
the inner acrosomal sperm membrane leading to
zona penetration. Glycosylation appears manda-
tory for murine ZP3-ligand function. It has been
demonstrated that O-glycosylation, and particu-
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larly terminal galactose residues of O-linked
oligosaccharides, are essential for maintaining
mouse gamete interaction. Others have provided
evidence that the amino sugar N-acetylglucos-
amine (NAG) is the key terminal monosaccha-
ride involved in sperm—zona interaction in the
mouse. In contrast, AR-triggering activity of ZP3
seems to depend upon the integrity of the protein
backbone [5-7].

For the past two decades, investigators have
sought to identify an individual protein or car-
bohydrate side chain as the “sperm receptor.” In
earlier work performed in nonhuman models,
diverse candidates were postulated as primary
sperm receptors for ZP3: (i) a 95 kDa tyrosine-
kinase [8], (ii) sp56 [9], (iii) trypsin-like protein
[10], (iv) P14 galactosyltransferase [11], and
(v) spermadhesins [12]. However, none of these
molecules have been unequivocally established
as an active receptor and physiological relevance
of these candidates is still debated.

In more recent experiments performed in
knockout mice with absence of either ZP2 or
ZP3 expression, in the event that the ZP failed to
assemble around growing oocytes, and females
were infertile; on the other hand in the absence of
ZP1 expression, a disorganized zona assembled
around growing oocytes and females exhibited
reduced fertility. These and other observations
led to speculating a model for ZP structure in
which ZP2 and ZP3 form long Z-filaments cross-
linked by ZP1 [13].

The identity of the sperm-binding proteins
remains a subject of active investigation and the
most recent data indicate that many different
proteins are likely involved. There has been re-
cent progress in functionally characterizing other
promising candidate proteins that interact with
ZP3, including among others zonadhesin and
polycystic kidney disease and receptor for egg
jelly-related protein (PKDREJ) [14-17].

Previous reports suggested that murine ZP2
mediates secondary binding of spermatozoa
and that cleavage of ZP2 by proteases released
through cortical granule reaction causes zona
“hardening” and thus prevents polyspermy.
Using an elegant approach, an observed post-
fertilization persistence of mouse sperm binding
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to “humanized” ZP was shown to correlate with
uncleaved ZP2. These observations are consis-
tent with a model for sperm binding in which
the supramolecular structure of the ZP necessary
for sperm binding is modulated by the cleavage
status of ZP2 [18-21]. To test the alternative
hypothesis that the protein sequence of murine
ZP3 (mZP3) glycoproteins mediates sperm—egg
binding, transgenic mice were created in which
mZP3 was replaced with human ZP3 (huZP3).
If initial gamete binding were protein mediated,
such mice would bind human sperm. However,
murine but not human sperm were found to bind
to mouse eggs expressing huZP3 [18].

During fertilization, the acrosome-reacted
spermatozoa fuse with the oolemma and the
whole spermatozoon (with the exception of part
of the sperm membrane, most of the outer acro-
somal membrane and the acrosomal components)
is incorporated into the oocyte [22]. The ZP binds
to at least two different receptors in the sperm
head plasma membrane. One is a G;-coupled re-
ceptor that can activate phospholipase CB1 and
regulates adenylyl cyclase to increase cyclic-
AMP (cAMP) levels. The cAMP activates pro-
tein kinase A (PKA) to open a calcium channel
in the outer acrosomal membrane, resulting in a
relatively small rise in cytosolic Ca’*. Calcium
activates phospholipase Cy, which is coupled to
the second tyrosine kinase receptor. The products
of phospholipase C (PLC) activity, diacylglycer-
ol and inositol-3-phosphate (IP3), lead to activa-
tion of protein kinase C (PKC) and IP3 receptor,
PKC opens a calcium channel in the membrane
and IP3 activates the calcium channel in the outer
acrosomal membrane leading to a higher increase
in cytosol calcium, which results in membrane
fusion and completion of the AR [23-25]. Re-
sults of recent studies indicate that components
that are essential for intracellular membrane fu-
sion in somatic cells, such as Rab3A, GTPase,
and SNAREs, may be present in mammalian
sperm and may also participate in membrane fu-
sion during the AR [26].

Compelling evidence has now demonstrated
that carbohydrate-binding proteins on the sperm
surface mediate gamete recognition by binding
with high affinity and specificity to complex gly-
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coconjugates of the ZP [27-32]. A group of in-
vestigators has recently reported a series of stud-
ies that suggest that (i) the binding protein(s) on
human spermatozoa recognize selectin ligands or
molecules alike on the ZP to ensure recognition
and attachment; and (ii) the human ZP expresses
glycans structurally (and probably function-
ally) linked to natural killer (NK) cell inhibition
[30, 32-36]. A new molecular model for human
sperm—egg interaction has been proposed based
on these observations [32, 35, 37-41].

In the human, native solubilized ZP triggers
the AR. Cross et al. [42] were the first to report
that treatment of human sperm in suspension with
acid-disaggregated huZP (2—4 ZP/ul) increased
the incidence of acrosome-reacted sperm. Lee
[43] demonstrated that pertussis toxin treatment
of human sperm inhibits the (solubilized) ZP-
induced AR. In contrast, acrosomal exocytosis
induced by the calcium ionophore A-23187 is not
inhibited by pertussis toxin pretreatment. Studies
by Franken et al. [44] showed a dose-dependent
effect of solubilized human ZP on the AR in the
range of 0.25—1 ZP/ul and also confirmed the in-
volvement of G; protein during ZP-induced AR
of human sperm. Schuffner and colleagues [45]
reported that: (i) acrosomal exocytosis of capaci-
tated human sperm triggered by the homologous
ZP is dependent on the activation of G; proteins
(pertussis toxin sensitive) and the presence of
extracellular calcium; and (ii) progesterone and
follicular fluid exert a priming effect on the ZP-
induced AR. Recent studies have revealed that
human ZP is made of four glycoproteins desig-
nated as human ZP1, ZP2, ZP3, and ZP4 [46, 47].

Sperm-0Oocyte Fusion

Sperm—oocyte fusion is a cell-cell membrane fu-
sion event. The inner and outer acrosomal mem-
branes and the plasma membrane of the equato-
rial region remain intact after the completion of
the AR and zona penetration [48, 49]. Acrosome-
reacted sperm bind to and fuse with the egg
plasma membrane at the postacrosomal region of
the sperm; this region is capable of fusion only
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after acrosomal exocytosis has taken place [28].
Several candidate binding molecules have been
reported.

Binding of sperm to the egg plasma mem-
brane appears to be mediated by members of the
cysteine-rich secretory protein family (CRISP1
and CRISP2), and a member of the A Disintegrin
And Metalloproteinase (ADAM) family of trans-
membrane proteins on sperm, and the integrin
alpha B, receptor on eggs [50]. Sperm binding
to an egg integrin (1) is a prerequisite adhesion
step for sperm—egg membrane fusion in mam-
malian fertilization [51]. The oocyte integrin is
required for membrane fusion and its activity ap-
pears to be related to a sperm surface protein fer-
tilin (termed PH-30) that was implicated in gam-
ete fusion based on antibody inhibition studies.
Although some ADAM proteins act to block or
to promote protease activity, fertilin has no such
roles [52].

P-selectin is expressed on the oolemma of
human and hamster oocytes following sperm
adhesion and is also detected on the equatorial
region of acrosome-reacted human spermatozoa,
suggesting that this selectin might be involved
in gamete interaction [53]. In addition, epididy-
mal protein DE or CRISP1 and testicular protein
Tpx-1 also known as CRISP2, are cysteine-rich
secretory proteins also apparently involved in
gamete fusion through interaction with egg-
binding sites [54]. Other candidates have been
proposed, including equatorin and CD9 [55-57].
Inoue et al. [58] identified a mouse sperm fusion
related antigen and showed that the antigen be-
longs to a novel immunoglobulin superfamily
protein. The authors termed the gene Izumo and
produced a gene-disrupted mouse line. Izumo2/2
mice were healthy but males were sterile. They
produced normal-looking sperm that bound to
and penetrated the ZP but were incapable of fus-
ing with eggs. Human sperm also contain Izumo
and addition of the antibody against human Izumo
left the sperm unable to fuse with zona-free ham-
ster eggs. However, glycosylation appears not to
be essential for the function of Izumo [59]. The
specific roles of all these molecules need to be
further validated [60].
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Oocyte Activation

The signaling mechanism utilized by the sperma-
tozoa to initiate and perpetuate oocyte responses
is unclear, and three theories have been proposed:
(a) the fusion theory that suggests the presence
of active calcium releasing components in the
sperm head [61, 62]; (b) the receptor theory that
proposes a receptor-mediated signal transduction
localized on the oocyte plasma membrane [63];
and (c) the “calcium bomb” theory that proposes
that upon fertilization Ca>" enters the egg either
from stores in the sperm itself or through chan-
nels in the sperm’s plasma membrane [64].

A cytosolic sperm factor containing a protein
called “oscillin,” which is related to a prokary-
ote glucosamine phosphate deaminase and is lo-
cated in the equatorial segment, appeared to be
responsible for causing the calcium oscillations
that trigger egg activation at fertilization in mam-
mals [65]. However, experimental evidence has
now shown that oscillin is not responsible for the
mammalian sperm calcium oscillations [66].

Present evidence supports the concept that
an IP3 receptor system is the main mediator of
calcium oscillations in oocytes [67]. The soluble
sperm factor that triggers calcium oscillations
and egg activation in mammals is a novel form
of PLC referred to as PLC zeta [67]. This trigger-
ing was demonstrated by injection into eggs of
both c-RNA encoding for PLC zeta and recom-
binant PLC zeta [67, 68]. According to a pres-
ent hypothesis, after fusion of the sperm and egg
plasma membrane the sperm-derived PLC zeta
protein diffuses into the egg cytoplasm giving as
a result the hydrolysis of phosphatidylinositol 4,
5-bisphosphate (PIP2) from an unknown source
to generate IP3 (inositol 1,4,5-trisphosphate) [69,
70].

The earliest visible indications of the transi-
tion of mammalian eggs, or egg activation, are
cortical granule extrusion (CGE) by exocyto-
sis and resumption of meiosis. Although these
events are triggered by calcium oscillations the
pathways leading to the intracellular calcium re-
lease are not completely understood. The Ca?*
transients stimulate the resumption of the cell
cycle by decreasing the activity of both a M-

S. Oehninger et al.

phase promoting factor (MPF) and a cytostatic
factor [71] and either the Ca®" transients and/or
PKC lead to CGE [72]. Therefore, the calcium
transients and/or activation of PLC zeta lead to
CGE by yet an undefined mechanism. Src family
kinases (SFK) have been recently suggested as
possible inducers of some aspects of egg activa-
tion, though a role for SFK upstream of calcium
release remains plausible [73].

Recently, two sperm-borne proteins that in-
duce formation of pronuclei in eggs have been
described: (a) the truncated c-Kit tyrosine kinase
(tr-kit), that activates the dormant egg by elicit-
ing intracellular Ca" oscillations, which serve as
a secondary messenger for downstream effectors
of zygotic development [74, 75], and (b) the pro-
tein postacrosomal sheath WW domain binding
protein (PAWP). PAWP exclusively resides in the
postacrosomal sheath (PAS) of the sperm perinu-
clear theca (PT). Microinjection of recombinant
PAWP or alkaline PT extract into metaphase II-
arrested porcine, bovine, macaque, and Xenopus
oocytes induced a high rate of pronuclear forma-
tion, which was prevented by co-injection of a
competitive peptide derived from PAWP but not
by co-injection of the point-mutated peptide. In-
tracytoplasmic sperm injection (ICSI) of porcine
oocytes combined with co-injection of the com-
petitive peptide or an anti-recombinant PAWP
antiserum prevented pronuclear formation and
arrested fertilization [76].

Pronuclear Interaction and Nuclear
Fusion

In primates, the male pronucleus is tightly asso-
ciated with the centrosome, which nucleates mi-
crotubules to form the sperm aster whose growth
drives the centrosome and associated male pro-
nucleus from the cell cortex towards the center
of the oocyte. Structural abnormalities or incom-
plete junctioning of the centrosome have been
identified as a novel form of infertility [77]. In
contrast, the female pronucleus has neither as-
sociated centrosome nor microtubule nucleating
activity. Nevertheless, the female pronucleus
moves along microtubules from the cell cortex
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towards the centrosome located in the center of
the sperm aster. The current model for the move-
ment of the female pronucleus involves its trans-
location along the microtubule lattice using the
minus-end directed motor dynein in a manner
analogous to organelle motility [78—80].

Mammalian fertilization requires dynein
and dynactin to mediate genomic union; dynein
concentrates exclusively around the female pro-
nucleus, whereas dynactin localizes around the
pronuclei and associates with nucleoporins and
vimentin, in addition to dynein [81, 82]. The
findings that a sperm aster is required for dynein
to localize to the female pronucleus and that the
microtubules are necessary to retain dynein, but
not dynactin, at theirs surface, suggest that nu-
cleoporins, vimentin, and dynactin might associ-
ate upon pronuclear formation, and that subse-
quent sperm aster contact with the female pronu-
clear surface allows dynein to interact with these
proteins [80—82].

Delivery of Sperm mRNA Transcripts
into the Egg

New evidence has challenged the traditional view
of the transcriptional dormancy of terminally dif-
ferentiated spermatozoa. Several reports indicat-
ed the presence of mRNAs in ejaculated human
spermatozoa [83, 84]. Hypothetically, these tem-
plates could be critically involved in late sper-
miogenesis, including a function to equilibrate
imbalances in spermatozoal phenotypes brought
about by meiotic recombination and segregation,
but also they could be involved in early postfer-
tilization events such as establishing imprints
during the transition from maternal to embryonic
genes. Others have instead proposed that mature
spermatozoa are a repository of information re-
garding meiotic and postmeiotic gene expression
in the human and are likely to contain transcripts
for genes playing an essential role during sper-
miogenesis. The use of the whole ejaculate as
a wholly noninvasive biopsy of the spermatid
should therefore be evaluated [85]. The mRNAs
accumulated in the sperm nucleus are possibly
not residual nonfunctional materials but might be
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viewed as the male gametes contribution to early
embryogenesis [86]. Thus, human spermatozoa
could act not only as genome carriers but also as
providers of specific transcripts necessary for zy-
gote viability and development before activation
of the embryonic genome [87].

Overview of Ovulation: The Female
Gamete

Steps to Ovulation of a Mature Ovum

For a fertilizable ovum to be released from the
ovarian follicle, several events must be complet-
ed in a carefully orchestrated sequence involving
the ovum and the follicle: (1) The ovum must be
stimulated to progress from the dictyate stage of
the germinal vesicle and undergo the first meiotic
division. This ovum, uninterrupted, will enter into
the second meiotic division and arrest at the ma-
ture metaphase stage of meiosis two (MII-stage
ovum). The MII ovum will remain at this stage
until ovulated and fertilized. Immediately upon
sperm—egg fusion, the ovum being fertilized will
undergo the cortical reaction, sometimes referred
to as the zona reaction, and will complete the
second meiotic division, as outlined in the pre-
ceding section. (2) The follicular wall must thin
and weaken in order for the stigma to form and
rupture, allowing the ovum to be released. At the
same time, the follicular volume must increase
to gently pressure the thinning follicular wall to
rupture for ovulation. This process is outlined in
Hall [88] on the basis of unpublished research
done in Dr. Harry Lipner’s laboratory at Florida
State University by one of the authors, Swanson.

FSH, LH, and Estradiol-173

The well-known hormonal control of ovulation
begins with the secretion of follicle stimulating
hormone (FSH). As its name implies, this hor-
mone stimulates a crop of primordial or primary
follicles to begin developing. The follicular an-
tral fluid contains proteins and proteoglycans,
steroids, ions, and a liquid that is an ultrafiltrate
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of the capillaries outside the basement membrane
which surrounds the granulosa cells (GC), ovum,
and antrum. No blood vessels or neurons pass
through the basement membrane into the granu-
losa layer, which is an epithelium. These cells
must be fed by diffusion. The antral contents in-
clude (1) products of the GCs and (2) other sub-
stances which diffuse through both the basement
membrane and the GCs. As a cohort of several
follicles responds and begins to grow through
the secondary, tertiary, and eventually mature or
Graafian stages, one follicle will begin to insert
more FSH receptors into the GC plasma mem-
branes. This more aggressive follicle normally
outstrips the other members of the cohort, be-
comes the dominant follicle, and results in the
release of only one egg per menstrual cycle. The
remaining cohort of follicles become atretic and
form a microscopic scar called a cicatrix. Rarely
in the natural cycle, multiple follicles, growing at
the same rate simultaneously, result in multiple
dominant follicles and produce multiple embryos
and multiple births. With in vitro fertilization
(IVF), multiple dominant follicles are induced
via hormonal treatment (called superovulation),
so that a large number of eggs can be collected
for the assisted reproductive technology (ART).
The ability to drive the system by ART superovu-
lation, with its copious egg production, illustrates
that the dominant follicle number is closely regu-
lated by the woman’s endogenous hormones in
the natural (non-superovulated) menstrual cycle
and results in only one egg normally being re-
leased. The one follicle outstripping the others to
become the dominant follicle in a normal men-
strual cycle contains the GCs that produce ste-
roids. The main steroid at this stage (follicular
phase) is estradiol-178 (E,). Because E, has a
negative feedback on the production of FSH and
luteinizing hormone (LH), the level of the driving
hormone for follicular development, FSH, de-
creases as the follicles grow and produce an ever
increasing amount of E,. Only the follicle that
rapidly responds to the decreasing FSH levels
by producing and inserting many FSH receptors
on the GC membranes survives and continues to
grow. This upregulation of receptors keeps the
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FSH level within those GCs at a sufficient level
to maintain continued growth and division while
the remaining cohort follicles become atretic.

As the dominant follicle continues to grow, E,
blood levels continue to increase. At some point
the E, reaches a value (approaching 1 nanomol/
mL) that, by some as-yet-unknown mechanism,
triggers a positive feedback release of both FSH
and LH. Prior to this peak level of E, few ifany LH
receptors are present on the GC membranes. But
at the same time, LH is stimulated to be released
from the anterior pituitary, and the GCs synthe-
size and insert the necessary LH receptors into
their plasma membranes. This LH rise triggers
two events in the GCs: (1) the GCs change their
steroid production from producing primarily E,
to producing progesterone (P,), and (2) the GCs
begin undergoing a radical change in both struc-
ture and function to become corpora luteal cells.
This morphological change produces the corpus
luteum (CL), or “body of yellow,” and the CL be-
comes a steroid factory eventually synthesizing
large amounts of P, and E,. The initial change
from E, to P,, which produces enough P, to cause
antral levels to be very high (2-4 nanomol/mL),
profoundly affects the GCs. All steroids function
by passing through the cell membrane and bind
to an intracellular receptor protein. This complex
then couples to a very specific receptor on the
DNA in the nucleus. This binding process allows
P, to initiate transcription of a number of mMRNA
strands that are transported through nuclear pores
to bind to ribosomes in the cytoplasm of the GCs.
The proteins being translated from those mRNAs
are enzymes that: (1) degrade the extracellular
matrix, made up of collagen and several pro-
teoglycans like chondroitin sulfate and polysac-
charides like hyaluronate; (2) degrade the ovum
maturation inhibitor (OMI) protein that keeps the
egg arrested in the dictyate stage of development
and allows it to develop to the MII stage; and
(3) increase the colloid osmotic pressure in the
follicular antrum by inserting proteins into this
cavity. Figure 3.1 summarizes these hormonally
interacting events with a graphic cartoon, based
on data from Dr. Lipner’s lab ([88], p. 988).
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1. Rising levels of FSH stimulates follicular growth
which allows follicles to produce increasing E: levels.

2. Increasing E: levels initially negatively feedback on
FSH and LH.

3. Continuing increase in Ez levels causes a positive
feedback on LH.

4. Increased LH levels causes P, release thus initiating
synthesis of new mRNA for enzymes to weaken the
follicular wall, degrade OMI and increase colloid
osmotic pressure in the follicular antrum.

(Text: RJ Swanson)

Fig. 3.1 Hormonal events of the menstrual cycle show-
ing the direct ovulatory stimulus to be P,. FSH follitro-
pin, LH leuteotropin, E2 estradiol-17f, P, progesterone.

Progesterone and Ovulation of a
Mature Ovum

The importance of progesterone for (1) creating a
secretory endometrium that accepts the fertilized
ovum and (2) maintaining pregnancy has been
understood for many decades. The assessment of
serum progesterone in normal pregnancy was ac-
complished from 1950 through 1970, while most
of the assessment of pregnancy complications
relating to progesterone was between 1963 and
the early 1980s. The first use of progesterone as
a contraceptive was reported by C. J. Andrews
from Norfolk, Virginia, in 1936 [89]. However,
the importance of progesterone in ovulation
has not been conclusively confirmed in the lit-
erature, although this role has been implied over
the past several decades. As seen in Fig. 3.1, the
observation of high P, levels in the preovulatory
follicle hinted at a role in ovulation but did not
spark much interest in the research community.
The importance of its role as the direct mediator
of ovulation becomes evident when reading the
effects of exercise on P, levels with a negative
[90-95] or positive [96-97] effect on the men-
strual cycle, which can be linked to the secondary
effect of LH release from the anterior pituitary
[98]. One author, in a review article [99], cred-
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its ovulation induction exclusively to P, while
rejecting any role of a positive feedback mecha-
nism for E, on LH as the primary cause of ovula-
tion. The mistake of failing to factor in this E,
feedback mechanism has been addressed in hun-
dreds of articles that clearly link rising E, as the
primary stimulus for the LH surge, rising LH as
the primary stimulus for P, secretion, and rising
P, in the follicular antrum as the primary causal
factor for ovulation. The effect of this P, produc-
tion, while not initially great enough to give a
large increase in blood serum levels, is seen later
as the GCs become luteal cells. However, early
P, production is clearly high enough to cause the
GCs to produce the enzyme milieu to bring about
the events necessary for ovulation to take place.

LH works through the second messenger sys-
tem to initiate P, synthesis. LH and FSH are both
potent stimulators of steroid synthesis and thus
control E, and P,. One major role of steroids is
to bind to the nuclear receptors on DNA and tran-
scribe mRNA molecules for protein transcription
in the cytoplasm. Over the space of 5-10 h these
proteins will produce the necessary thinning of
the follicular wall, degrade the ovum maturation
inhibitor (OMI), increase the antral colloid os-
motic pressure, and begin the transition of GCs
to luteal cells of the CL.
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In Dr. Swanson’s lab a total of 56 rabbits were
mated with a buck to elicit ovulation in this co-
itus-induced ovulator species. The ovaries were
then exposed with a flank incision and Graafian
follicles were divided randomly into equal num-
bers of experimental anti-P, antiserum (a-P,,) or
control normal rabbit serum (NRS) follicles to be
injected with 2 pL of one or the other compounds.
Rabbits ovulate predictably approximately 12 h
after coitus. When injected with a-P,, within 4 h
postcoitally, only 20% of injected follicles ovu-
late and have entrapped MII ova in the antrum
(Fig. 3.2a). When injected after 5 h postcoitally,
there is no difference between a-P,, and normal
rabbit serum (NRS) injected follicles; 80% ovu-
lation (Fig. 3.2b).

These results illustrate the driving force of
P, in the ovulatory event (Fig. 3.3). This high-
lights the importance in recognizing the effects
of strenuous exercise on the female reproduc-
tive cycle. Not only can perturbation of P, have
a detrimental effect on embryo implantation and
pregnancy maintenance, but low P, can negate
the release of an egg on any cycle so that there
would be no chance for fertilization. When the
normal female reproductive cycle is clearly un-
derstood, a person can play a major controlling
role in monitoring and managing her reproduc-
tive health in relation to exercise regimens, diet,
and ingested recreational substances, all of which
can improve or ravage the body with devastating
effects on the reproductive system.

Beginning of Pregnancy

Human pregnancy starts with embryo implanta-
tion into the uterine wall at approximately day 6
or 7 postfertilization and is a very delicate mech-
anism that requires embryo—endometrium dia-
log. The time period during which implantation
can occur (the implantation window) generally
ranges from day 6 to day 10 post-ovulation (days
20-24 in a 28-day cycle). By day 10, the blasto-
cyst has become totally encased within the en-
dometrium and embryo development has started.

S. Oehninger et al.

The Placenta

The human placenta is a highly specialized organ
which plays a number of important roles, includ-
ing embryonic/fetal nutrition and growth, endo-
crine function, and acting as a physical and im-
munological barrier. Furthermore, during gesta-
tion, the human fetus depends on the placenta for
its pulmonary, hepatic, and renal functions.

Placental Barrier

During the early stages of pregnancy the placen-
tal barrier comprises four layers, namely the syn-
cytiotrophoblast, the cytotrophoblast, connective
tissue, and the endothelium of the capillary ves-
sels, whereas at term only a hemo-monochorionic
structure comprising the trophoblast and the fetal
endothelium remains. Although the placental
barrier separates fetal blood from maternal blood,
this separation is not absolute, and a number of
substances are able to either passively or actively
cross the placental barrier.

Placental Transfer

The placenta plays a pivotal role in providing
the fetus with the oxygen, water, and nutrients it
needs while transporting the CO, and other me-
tabolites resulting from fetal catabolism from the
fetus to the mother. These different compounds
cross the placenta by a number of mechanisms,
including simple diffusion (gases, water, and the
majority of electrolytes), facilitated diffusion
(glucose and lactate), active transport (some cat-
ions, water-soluble vitamins, and amino acids),
pinocytosis (lipoproteins and phospholipids), or
by direct passage through a placental barrier’s so-
lution of continuity (for example red blood cells
under both normal and abnormal conditions, such
as placental abruption) [100].

The exchange of substances between the
mother and the fetus depends on the character-
istics of the exchange membrane, the hydrostatic
or oncotic pressure on both sides of the mem-
brane, the dynamics of placental maternal and
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Fig. 3.2 Illustrates the results of microinjecting either (a) antiprogesterone antiserum (a-Pas) or the diluent (b), normal
rabbit serum (NRS), into the rabbit Graafian follicular antrum. (From unpublished research; R.J. Swanson)
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Fig. 3.3 Antiprogesterone antiserum injected into Graafian follicles 1-8 h postcoitally. Normal rabbit serum-injected
follicles ovulated at 80 % for all hours of injection postcoitally. (From unpublished research; R.J. Swanson)

fetal circulation and its spatial configuration, the
concentration of the different compounds on both
sides of the placental membrane, and the placen-
tal metabolism [100].

Placental Respiration

Although the placenta is the first lung for the
fetus, its respiratory efficiency is considerably
lower than in the lung (1/5 per tissue weight
unit). Both O, and CO, cross the placenta by
simple diffusion, and the fact that the maternal
blood reaching the intervillous space has a higher
pO, than that in the villous capillaries results in a
flow of O, to the fetal circulation. The direction
of flow for CO, is the opposite since the pCO, is
higher on the fetal side. Moreover, various unique
characteristics of fetal blood favor O, uptake by
the fetus: (a) higher hemoglobin concentration
than in maternal blood, (b) the higher O, affinity
of fetal hemoglobin, (c) the fact that O, transfer
is facilitated by CO, transfer, (d) CO, transfer is

20 times quicker in the placenta and is facilitated
by O, transfer [100].

Placental Endocrine Function

The placenta synthesizes a number of molecules,
the function of many of which is still not well
understood. These include:

1. Human chorionic gonadotropin (hCG)

This is a glucopeptidic hormone produced by the
syncytiotrophoblast that comprises two subunits
(o and B). The o unit is very similar to the o unit
of LH, TSH, and FSH, whereas the j unit bears
some resemblance to the  unit of LH, thus mean-
ing that they share some of the same biological
functions. Its main role is to maintain the CL dur-
ing the first weeks of pregnancy. hCG levels are
detectable soon after implantation and increase
sharply up until the 10th week of gestation, at
which point they begin to decrease.
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2. Human placental lactogen (hPL)

This single-chain polypeptidic hormone is also
produced by the syncytiotrophoblast and is very
similar to the growth hormone (GH) produced by
the anterior pituitary. hPL levels increase steadi-
ly throughout pregnancy, reaching a peak at the
end of pregnancy, and correlate with placental
weight. The biological role of this hormone is to
guarantee the availability of glucose as an ener-
getic substrate for the fetus. In the event of mater-
nal fasting, the resulting hypoglycemia induces
hPL production, which in turn triggers lipolysis
in the mother, thereby increasing the level of free
fatty acids, which cross the placenta and can be
used as an energetic substrate. It also increases
amino acid placental transfer by restricting pro-
tein use by the mother [100, 101].

3. Steroid hormones

The placenta produces huge amounts of proges-
terone and estrogens from precursors obtained
from the mother. Progesterone is mainly synthe-
sized from maternal cholesterol. However, since
placental tissue lacks 17-hydroxylase activity, it
is not able to synthesize estradiol or estrone from
progesterone or pregnenolone. As a result, the
aforementioned estrogens are synthesized from
the dehydroepiandrosterone sulfate (DHEA-S)
synthesized by the adrenal glands of both the
mother and the fetus. Placental sulfatase reacts
with DHEA-S to form DHEA, which is convert-
ed into androstenedione and testosterone, and
subsequently into estrone and estradiol by pla-
cental aromatization.

The Amniotic Fluid

The embryo/fetus is immersed in the amniotic
cavity, which is filled with amniotic fluid. The
main functions of this fluid include protecting the
fetus and the umbilical cord from external injury
and the pressure resulting from uterine contrac-
tions, allowing the fetus to move freely (at least
during the first part of pregnancy), which is nec-
essary for normal fetal development, contribut-
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ing to fetal thermoregulation, participating in
fetal lung development, and, at labor, promoting
cervical dilation. The mean volume of amniotic
fluid at term is 800 mL, although this value can
vary over a wide range (400—-1200 mL).

The Fetus

Intrauterine life can be considered to comprise
three stages: (a) the differentiation period (con-
ception to week 12 of amenorrhea), during which
organogenesis takes place, (b) the growth period
(weeks 12-28), which is characterized by cell
proliferation, and (c) the weight increase period
(week 28 until the end of pregnancy), during
which functional maturation of the organs oc-
curs. The mean newborn weight at term is 3200 g
(normal weight ranging from 2500 to 4000 g).

Fetal Circulation

Maternal/placental circulation begins once uter-
ine spiral arteries penetrate the intervillous space.
From that moment, these spiral arteries inject ox-
ygenated blood into this space, where exchange
with the chorionic plate occurs, and then this
blood returns to the maternal circulation via the
veins located in the placental septa [101]. Fetal
blood reaches the placenta through two umbilical
arteries that branch into the dividing villi.

Fetal oxygenation occurs via the placenta,
which receives a significant proportion (close
to 40%) of cardiac output, whereas the lungs,
which lack a respiratory function, receive only
8%. Another peculiarity is that oxygenated and
less oxygenated blood circulates through the
same vessels in the fetal circulation. Oxygenated
blood from the placenta reaches the abdominal
wall of the fetus via the unique umbilical vein
from where it penetrates into the liver. The ma-
jority of this blood passes to the inferior vena
cava via the ductus venosus, with the remainder
passing into the left hepatic lobule, which subse-
quently drains into the inferior vena cava via the
left hepatic vein. The inferior vena cava contains
two different blood flows, namely less oxygen-
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ated blood from the lower extremities and the
abdomen (O, saturation 40 %) and more oxygen-
ated blood from the ductus venosus (O, satura-
tion 83 %) and the left hepatic vein (O, saturation
73 %). These two blood flows almost do not mix
[100, 101].

Blood from the inferior vena cava flows into
the left atrium very close to the interauricular
communication, where a septum allows differ-
ential conduction of the flow, with oxygenated
blood (from the ductus venosus and left hepatic
vein) flowing to the left atrium and then on to the
left ventricle and less oxygenated blood, together
with blood from the superior vena cava, flowing
directly to the right ventricle. The oxygenated
blood leaving the left ventricle flows into the as-
cending aorta, from where it reaches the fetal en-
cephalon. In contrast, the majority of the less ox-
ygenated blood leaving the right ventricle flows
into the descending aorta (via the ductus arterio-
sus), with a small proportion reaching pulmonary
circulation. This means that whereas the fetal en-
cephalon is only irrigated with more oxygenated
blood, the lower part of the body receives a mix
of oxygenated and less oxygenated blood.

Maternal Changes During Pregnancy

Pregnancy leads to a number of changes in al-
most every maternal organ and tissue. Although
the majority of these changes are more evident at
the end of pregnancy, many of them can also be
detected in its earlier stages.

Gynecological Changes

Uterus

Perhaps the most remarkable of the local changes
is the enlargement of the uterus, which increases
progressively in size mainly due to the hypertro-
phia and hyperplasia of uterine smooth-muscle
cells. At term, the uterus has a weight of 1100 g
and a capacity of 5000 mL compared to its nor-
mal weight of around 70 g and capacity of 5 mL
outside pregnancy. This increase in uterine size
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and weight is partially responsible for some of
the compression-related effects on neighboring
structures. Throughout pregnancy some irregu-
lar and painful contractions (known as Braxton-
Hicks contractions) can occur, which are fre-
quently misinterpreted as the beginning of labor
at the end of pregnancy.

Cervix

Immediately after conception, the cervix is closed
by a mucous plug, which forms a protective bar-
rier against microorganism.

Ovaries

The CL enlarges during early pregnancy and
remains active for 8-10 weeks, producing huge
amounts of estrogens and progesterone.

Breasts

There is a remarkable increase in breast size as
a consequence of adipose tissue hypertrophy,
acini neoformation, and dilation of the lactifer-
ous ducts during pregnancy. Breast vasculariza-
tion also increases. Colostrum is produced from
around week 12.

Systemic Changes

Cardiovascular Changes

A number of cardiovascular modifications,
which are depicted in Table 3.1 [102], occur as a
consequence of the need to irrigate a larger area
(placenta, larger uterus, and breasts). Likewise, a
number of symptoms and signs, such as asthenia,
dyspnea, mild systolic murmurs, and peripheral
edema, which outside pregnancy would suggest
heart disease, can be completely normal during
pregnancy [103]. Similarly, when the woman lies
in the supine position, especially at the end of
pregnancy, the enlarged uterus can obstruct blood
flow to the inferior vena cava, thereby decreasing
cardiac output, causing hypotension, and result-
ing in “supine hypotensive syndrome” or “aor-
tocaval compression syndrome.” This condition
can affect fetal well-being and produce maternal
lipothymy.



3 Overview of Fertilization, Gestation, and Parturition

59

Table 3.1 Cardiovascular changes during pregnancy—Stages of labor and relationship between fetal descent and

cervical dilation pattern
Start (week)

Blood volume 8
Plasma volume 8
Erythrocyte volume 8
Cardiac output 10
Heart rate 12
Respiratory rate 8
Oxygen consumption 14

Blood pressure Ist trimester
3rd trimester

Vascular resistance 8

Venous varicosities are also common, es-
pecially in the legs, vulva, and rectum (hemor-
rhoids).

Hematological Changes

Pregnancy results in an increase in maternal
erythropoiesis. However, the increase in plasma
volume is higher than the increase in total eryth-
rocyte volume, thus leading to a decrease in
hematocrit values and resulting in the so-called
“physiologic anemia of pregnancy” or “pseudo-
anemia of pregnancy.” As a result, the cutoff for
defining anemia in pregnancy is a hemoglobin
level of 10.5 g/dL instead of the 12 g/dL used
outside of pregnancy. A number of changes in the
coagulation system, including a 50 % increase in
fibrinogen values, an increase in clotting factors
VII, VIII, IX, X, and XII, a decrease in factor XI,
and a 50% decrease in factor XIII, also occur
[100, 101, 103].

Respiratory Changes

A number of changes occur in the respiratory
function [104], all of which are aimed at obtain-
ing a more efficient respiratory function in order
to provide oxygen supply to the fetus (Fig. 3.4
[104]). One common finding during normal preg-
nancy is dyspnea, although its cause is not well
established.

Nephro-Urological Changes
There is a 40 % increase in both renal blood flow
and the glomerular filtration rate, and anatomi-

Maximum (week) Increase (%)

32-35 +40
32 +50
40 +25
24-32 +40
40 +22
40 +45
40 +22

-20

+40
22 —45

cal changes, such as an increase in renal size and
urethral dilation, also occur.

Digestive Changes

The main digestive changes result from the re-
laxant effects of progesterone on the smooth
muscle as well as the compressive effects of the
gravid uterus on neighboring structures. The
consequences include heartburn and esophageal
reflux, risk of Mendelsohn’s syndrome (chemi-
cal pneumonitis caused by aspiration of gastric
contents), especially during general anesthesia,
constipation, and hemorrhoids. The changes in
liver function that occur result in alterations to
the levels of many biochemical blood parameters
(Table 3.2 [102]).

Musculoskeletal Changes

Lumbear lordosis develops progressively as a con-
sequence of the increased weight in the anterior
part of the body due to the enlarged uterus. More-
over, the feet of pregnant woman tend to be more
widely separated than usual when standing.

Metabolic Changes

One of the most evident changes during pregnan-
cy is the increase in maternal weight. Thus, the
mean increase in maternal weight at the end of
pregnancy is 11 kg, with 5.1 kg of this being due
to the intrauterine contents (3.5 kg for the fetus,
1 kg the amniotic fluid, and 0.6 kg the placenta),
1.1 kg the uterus, 1.6 kg the blood, 0.5 kg the
breasts, and the remainder to general storage. Nu-
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Fig. 3.4 Respiratory changes during pregnancy. (Based on data from Ref. [104])

tritional requirements increase during pregnancy
up to an additional 20 % at term.

A remarkable volume of water is retained dur-
ing pregnancy: 3.5 L for the fetus, amniotic fluid,
and placenta, and a further 3 L for the increase in
plasma volume, the increase in extracellular and
extravascular water, and the water accumulated
in the breasts and uterus.

The increased concentration of estrogens,
progesterone, and especially hPL results in an in-
crease in circulating insulin levels whose biologi-
cal significance is to ensure a continual supply of
glucose to the fetus. Pregnancy is a diabetes-en-
hancing condition and, as such, aggravates previ-
ously existing diabetes.

Labor

Term delivery in humans occurs at between 37
and 42 completed weeks. The mean gestational
age is 280 days (40 weeks) after the last men-
strual period if ovulation occurs 14 days after the
onset of menstruation. Normal labor takes be-
tween 3 and 18 h.

The Elements of Labor

The Birth Canal

During delivery, the fetus must descend through
the birth canal, which comprises a skeletal and a
nonskeletal portion. The skeletal passageway of
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Table 3.2 Effect of normal pregnancy on liver function tests—Stages of labor and relationship between fetal descent

and cervical dilation pattern

Test Effect
Alkaline phosphatase 2-4x
Cholesterol 2%
Fibrinogen 1.5%
Ceruloplasmin 1
Transferrin 1
Alpha-globulin St
Beta-globulin St
Lactate dehydrogenase S1
GGT St
Bilirubin NorS?
BSP NorS 1
Prothrombin time =
SGOT =

SGPT =
Gamma globulin NorS |
Albumin 0.8x

Trimester of maximum change
3rd
3rd
2nd
3rd
3rd
3rd
3rd
3rd
3rd
3rd
3rd

N no change, S slight change, GGT gamma-glutamyl transpeptidase, BSP bromsulphthalein, SGOT serum glutamic
oxaloacetic transaminase, SGPT serum glutamate pyruvate transaminase

labor is constituted by the pelvis which is com-
posed of four bones: the sacrum, coccyx, and
two innominate bones. Each innominate bone is
formed by the fusion of the ilium, ischium, and
pubis. The innominate bones are joined to the
sacrum at the sacroiliac synchondroses and to
one another at the symphysis pubis [101]. The
nonskeletal portion comprises the uterine cer-
vix, the vagina and its opening, the vulva, and
the surrounding structures (rectum, bladder, and
levator ani and perineal muscles). The birth canal
follows an anterior curve rather than a straight
line. Likewise, whereas the transversal diameter
is larger than the anteroposterior diameter at the
beginning of the birth canal, this situation is re-
versed at the end.

The Object of Labor (the Passenger)

During normal delivery, the fetus is in a longitu-
dinal lie and in cephalic presentation. In this de-
livery, fetal presentation has an ovoid form, with
the anteroposterior diameter being larger than the
biparietal. In contrast, in the larger part of the re-
maining fetal body (the shoulders) the transversal

diameter is much larger than the anteroposterior
diameter.

The Power of Labor

The main power during labor is generated by the
uterine contraction, which is helped by the vol-
untary pressure of abdominal muscles at the end
of labor. Uterine contractions are produced by
the uterine muscle, which is composed of smooth
muscle fibers with some highly specific charac-
teristics. During normal delivery, the contraction
activity of the different muscle cells is synchro-
nized, thus generating the normal uterine contrac-
tion. This type of contraction starts in the uterine
fundus and progresses to the lower portions of
the uterus, is more intense in the fundus, and ends
later in the fundus. The characteristics of uterine
contractions change throughout delivery, becom-
ing more intense, more frequent, and lasting for
longer as labor progresses. Thus, the contraction
intensity is usually less than 30 mmHg at the be-
ginning of labor, but more than 50 mmHg at the
end. Although it is traditionally stated that uterine
contractions become painful once their intensity
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exceeds 30 mmHg, there is great individual vari-
ability in this respect. As far as the duration is
concerned, the length of the perceived contrac-
tion is 30-35 s at the beginning of labor and 60 s
towards the end. However, the real length of
contraction is considerably higher in both cases.
On average, one uterine contraction occurs every
10 min at the onset of labor, with this value rising
to three (or more) contractions every 10 min at
the end [100-103].

Voluntary contraction of the diaphragm and
of the muscles of the abdominal wall during the
last part of the second period of labor increases
the intra-abdominal pressure. This, together with
uterine contractions, favors expulsion of the fetus
once cervical dilation is complete.

Phases of Labor

Prodromal Labor

The mechanisms that trigger labor are complex
and not yet fully understood. However, prior to
the onset of labor there is an imprecise period,
called prodromal labor, which is characterized by
symptoms that include an increased uterine con-
traction frequency, descent of the uterine fundus,
fixation of the fetal presentation, cervical plug
expulsion, and changes to the cervix.

First Stage

The following phenomena occur during this
stage: (1) cervical effacement (the length of the
uterine cervix before starting labor is 3—4 cm,
whereas when it is fully effaced it is paper-thin),
(2) cervical dilation (from 0 to 3 cm at the onset
of labor to 10 cm at the end), (3) an increase in
the frequency and intensity of the uterine con-
tractions, (4) rupture of the membranes, and (5)
fetal descent.

According to Friedman [5], two different pe-
riods can be considered in the first stage of labor:
the latent phase and the active phase, which usu-
ally starts at a dilation of 3—4 cm cervical dilation
and is subdivided into the acceleration, maximum
slope, and deceleration phases (Fig. 3.5 [102]).
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Second Stage

The second stage starts at full dilation and ends
with delivery of the infant. This stage lasts for a
much shorter time than the first stage (average
duration of 50 min in nullipara and 20 min in
multipara). During this period the woman par-
ticipates actively by “pushing” when she expe-
riences (involuntary) contractions. Contractions
are frequent and intense, similar to those at the
end of the first period. Since fetal presentation
is descended, uterine contraction forces the fetal
head into the perineum, thus triggering the reflex
abdominal push.

Mechanisms of Labor in the Second Stage The
following processes take place during labor: (1)
inlet into the birth canal, (2) passage through the
birth canal (descent and engagement), and (3)
exit from the birth canal. As a result, the fetal
head experiences the following [100, 101]:

I. Engagement. In most cases, the vertex enters
the pelvis with the sagittal suture lying in
the transverse pelvic diameter, thus mean-
ing that the maximal diameter of the head
(anteroposterior) coincides with the maximal
diameter of the pelvis inlet.

II. Descent.
III. Flexion. This allows the fetal head to adapt
better to the birth canal, thereby presenting
the smallest diameter.
Internal rotation. This movement involves
the head turning by 90° in such a manner
that the occiput gradually moves toward the
symphysis. The fetus has now descended
and the presentation is in the pelvic outlet,
with the widest fetal diameter (anteroposte-
rior) coinciding with the widest diameter of
the pelvic outlet (also anteroposterior). The
fetal shoulders are located in the pelvic inlet,
where their larger, transversal (bisacromial)
diameter coincides with the widest diameter
of the pelvic inlet (also transversal).

V. Extension and expulsion of the head: The
change in direction of the birth canal causes
the fetal head to tilt forwards so that its crown
leads the way through the vagina.

Iv.



3 Overview of Fertilization, Gestation, and Parturition

63

Fig. 3.5 Stages of labor 10
and relationship between

fetal descent and cervical

dilation pattern. (Based on

data from Ref. [102])
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VI. External rotation (restitution) and delivery
of the shoulders: The bisacromial diameter
adopts the anteroposterior diameter of the
pelvic outlet and the fetal head rotates again,
placing itself in the same position as at en-
gagement. The remaining fetal body is then
easily expelled.

Although the aforementioned movements are
sequential, they also overlap to a large extent.
Furthermore, the fetal head may temporarily
undergo a marked change in shape (becom-
ing more elongated and decreasing its maximal
diameters) as it descends through the birth canal
(fetal head molding). At the same time, the pel-
vis increases its diameter due to distension of the
sacroiliac synchondroses, especially the pubic
symphysis, and backwards displacement of the
COCCYX.

Third Stage

The third stage of labor starts with the conclu-
sion of fetal expulsion and ends with delivery of
the placenta. The uterus contracts immediately
after delivery of the fetus, thus decreasing its vol-
ume and causing the placental detachment. The
resulting hematoma further increases placental

detachment, which is followed by membrane de-
tachment. A physiological hemorrhage (of up to
500 mL) occurs during delivery of the placenta
and the membranes as a result of the highly vas-
cularized area where the placenta was inserted
into the uterus. This hemorrhage is effectively
stopped by a number of mechanisms, the most
important of which is the continuing uterine con-
traction. Due to the specific disposition of the
uterine vessels and the uterine smooth fibers, this
contraction strangles the uterine vessels, thereby
preventing further hemorrhage. The other mech-
anisms involved include vascular contraction,
clotting, and return of the blood previously re-
tained in the uterus to general circulation [100,
101].

Conclusion

This chapter has presented an extremely com-
plex set of events outlining some of what is cur-
rently understood about the sequential events in
the roadmap to successful human reproduction.
We must emphasize the phrase “currently un-
derstood” because within a few short years, the
information in this chapter will be either con-
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firmed, modified, or corrected. In addition, many
more details about these processes will be dis-
covered. As deeper understanding of the repro-
ductive process is gained, we marvel at the mi-
raculous design contained in the DNA blueprint
that informs the events as a whole. Not only are
structural proteins put in place and regulated by
the enzymatic proteins for gamete-to-neonate
construction, but all of the ancillary molecular
machines for sequencing, organizing, and build-
ing the eventual human person are brought into
play and then removed at precise intervals. With
so many thousands of steps that are necessary to
go right, we are amazed that we exist at all.
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Introduction

The aim of this chapter is to introduce the reader
to some of the general aspects of the terminol-
ogy and basic concepts related to the practice of
physical exercise and sports training. A working
understanding of these concepts enables the prac-
tice of physical exercise and its relationship to
fertility in men and women to be placed in the
correct context.

Such knowledge is fundamental for an in-
depth analysis of the adaptive responses that take
place as a consequence of training and their re-
lationship with performance, but it also enables
the relationships to be established between physi-
cal exercise and improvement in health, both in
a sportsperson and a physically active individual.
It is a well-established fact that an active life-
style has important benefits for people’s quality
of life [1], and that sedentary habits are associ-
ated with a deterioration of health in general [2].
Intense sporting activity, however, as opposed to
light exercise undertaken on a regular basis for
recreational purposes, entails by its very nature a
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certain level of risk that needs to be eliminated,
or at least reduced, if it is to become a healthy
and non-harmful occupation for the sportsperson.

In this chapter, certain aspects of these points
will be addressed that allow a new perspective
on all these concepts, from a point of view that
is more in line with the actual needs of health-
related interventions in the prescription of physi-
cal activity. Finally, some proposals will be put
forward, enabling improved oversight of the ex-
ercise “dose” as a fundamental factor for under-
standing the relationship between physical exer-
cise, health, and fertility.

What Are Physical Activity, Physical
Exercise, and Sport?

It appears to be common in popular culture to
use the word “sport” as a way of referring to any
“type” of physical exercise; even in other areas of
knowledge, the term is applied regardless of con-
text and without any truly objective benchmark,
which makes it essential to define this term at the
outset and specify the limits of its use even more
strictly in relation to others such as “physical ac-
tivity” and “physical exercise.”

Regrettably, many studies suffer from a de-
gree of confusion or lack of definition of some
of the parameters that determine the concept of
physical exercise, as well as its application. To
this end, the following are offered as operation
definitions to clarify potential misunderstand-
ings.
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Sport may be understood as “physical activity,
undertaken as a game or competition, the prac-
tice of which involves training and submission
to rules,” whether performed as a professional
occupation or as an activity oriented towards rec-
reation, pastime, pleasure, or diversion for those
who engage in it.

Sport

Sport may be defined as an activity that is played
(all sports start off as games, with a playful char-
acter); with specific motor requirements (they
entail physical and motor demands limited to the
selfsame determinants of the activity); is com-
petitive (there is a need to exceed or overcome a
score or one or more adversaries); and has codi-
fied and standardized rules and a high degree of
institutionalization (they are governed by official
institutions) [3].

Physical Activity and Physical Exercise
Physical activity is regarded as any bodily move-
ment generated by skeletal muscles that requires
the expenditure of energy [4]. Taking this defini-
tion as one’s starting point, it is important to dif-
ferentiate clearly between “physical activity” and
“physical exercise,” since the latter entails a physi-
cal activity with a goal (maintaining, improving,
or recovering physical condition and health) and
pays strict attention to questions of programming,
periodicity, and prescription to this end.

The term “physical exercise” (from the Latin,
exercitium) is defined as: “a set of bodily move-
ments that are carried out to maintain or improve
physical fitness.” A bodily “movement” may there-
fore only be considered as exercise when the act of
choosing it and its execution variables (the “dose”),
integrated into the context of a training program,
fulfill appropriate and attested criteria involving
sufficient stimulation to be able to maintain, im-
prove or recover physical fitness and health [4].

Classical Control Parameters for
Training Workloads

From the classical or traditional point of view, the
training “workload” has been defined in terms of
four fundamental variables: frequency, volume,
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intensity, and recovery. Although it may be nec-
essary to modify some of these parameters, what
follows is an attempt to give a brief description of
the parameters from the classical perspective [5—
12]. The appropriate management of these factors
will cause an adaptive response in the sportsper-
son’s organism, which should have direct reper-
cussions on sporting performance [13-15].

The variables of frequency, volume, and re-
covery are relatively easy to ascertain and quan-
tify (especially when dealing with endurance
events), whereas the intensity variable turns out
to be a more complicated parameter, despite
being a key determinant in the adaptations that
come from training [16]. Thus, it is necessary not
only to give a definition of these factors but also
relate them to the type of sport being undertaken
(endurance or resistance), given that this governs
the very definition and the means of ascertaining
the factors.

Volume

This is a training variable that proves to be rela-
tively easy to define and quantify from a classical
perspective, since it is related to mainly quantita-
tive factors [17-21].

* In endurance training, it is defined as the dis-
tance covered or the number of hours of train-
ing during a period or cycle of the planned
work program (session, microcycle, mesocy-
cle, macrocycle, or season);

+ Inresistance training, it is defined on the basis
of the number of tons, kilos, sets, or repetitions
completed during a period of time or cycles of
the training program.

Frequency

Frequency of training is a variable that refers to
the number of times a sportsperson trains within
a given period of time [17]. There is a close con-
nection between the variables of frequency and
volume, in that the latter can rise and fall owing
to variations in the former.

Intensity

Owing to the fact that intensity, in contrast with
volume, is a variable related to qualitative as-
pects, it has certain characteristics that make its
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definition and determination more difficult [17,
21].

* In endurance training, it is defined as speed
or a percentage (%) of the maximum value of
one of the following parameters: maximum
heart rate, heart rate reserve, maximum oxy-
gen uptake, oxygen uptake reserve, ventilator
thresholds, as well as on the basis of measures
of blood lactate concentration and maximum
heart reserve;

* In resistance training, it is common to refer
to values relative to a force applied against a
resistance that is impossible to move (maxi-
mum isometric force) or a resistance that is
possible to move only once (maximum rep-
etition) obtained through a specific test or by
applying indirect estimation formulas.

* Another possibility for establishing inten-
sity involves using various perceive exertion
scales of subjective perception of effort that
have been validated for both endurance (Borg
Scale) and resistance Omni-Resistance Scale
(OMNI-RES) events [20].

Recovery

This refers to the time that elapses between stim-
uli, with the character of the recovery also need-
ing to be taken into account, in other words the
activity that is carried out in this period (active
vs. passive). It is directly related to the capacity
to undertake or repeat activations of a certain in-
tensity [17, 21]. Similarly, the type of recovery
(active or passive) that is used needs to be con-
sidered. Recovery is a variable that is used in a
similar way, with regard to the physiological ob-
jective, for both endurance and resistance events.

Why Is It Necessary to Vary the Stimuli
to Acquire Adaptations?

The aforementioned training parameters and fac-
tors need to be used appropriately with the aim of
providing constant and sufficient levels of stimuli
to ensure the desired changes. It is advisable that
they are varied in form, intensity, and volume in
order to avoid standstills in the response being
sought. To this end, there exists a set of opera-

tional strategies that allow not only the stimulus
to be controlled and graduated, but also a suc-
cession of stimuli to be organized, enabling suit-
able synergies between them. These conceptual
approaches are relevant to understanding the re-
lationship between physical exercise or sport and
their impact on the psychobiological system and
especially how these activities affect the repro-
ductive system.

In this respect, it is necessary to be acquainted
with some of these methodological strategies,
which will be fundamentally defined on the basis
of organizational and functional parameters [22—
26].

Planning

“Planning” processes refer to the first phase of
drawing up a training program. This involves the
establishing of the general operative plan in re-
lation to the individual subject, his or her level
of physical fitness and health, the objectives and
considering the various organizational structures.

As far as training for sports performance
is concerned, the planning structures can span
multiyear and/or yearly cycles (seasons); in the
domain of training for health however, such
structures can only realistically and in practice
extend to monthly or multi-monthly cycles, an-
nual cycles being too difficult to arrange. The
aforementioned yearly period is usually divided
into smaller structures spanning various months,
known as “macrocycles.” These macrocycles
in turn contain various intermediate structures
known as mesocycles, which have a duration of
various weeks. Similarly, the mesocycles are op-
erationally subdivided into more elemental struc-
tures known as microcycle, the duration of which
normally corresponds to a number of days close
to a week.

Within the context of sporting performance,
it is also common to find another operational
process known as “periodization” and which is
related more to the sequencing and variation of
the training load.

Periodization

This is defined as the aspect devoted to sequenc-
ing the activities that make up the training cycle,
in particular periods of time, with well-estab-



72

lished objectives and contents. Similarly, the ex-
pression “periodize” refers to the systematic and
planned variation of specific components or vari-
ables in the training activity.

Reflections regarding a new proposal for the
definition and control of the variables in the
training dose.

As indicated above, in order to be able to inter-
vene appropriately with a training program, and
achieve the psychobiological adaptations sought,
it is necessary to differentiate between training
programs oriented towards high-performance
athletes and those applied to a health-seeking
population (on the understanding that in the latter
case the sole objective is to maintain suitable lev-
els of physical fitness, without being influenced
by the need to obtain a maximum level of perfor-
mance in a sporting specialty).

Correctly understanding the possible limita-
tions of this reality marks the step in being able
to put forward a more nuanced reflection on the
subject under study. The nonsporting individual
does not possess the same temporal availability,
aims, motivation, or potential capacity for re-
sponse-adaptation, or seek to achieve high levels
of fitness. All these factors significantly limit the
capacity to operate in relation to many of the or-
ganizational structures mentioned above.

Thus, it is difficult (not to say impossible) to be
able to operate with long-term structures (1 year
or longer) in populations that have as their aim
the maintenance or improvement of their health.
Neither their availability, nor their capacity or
motivation is comparable. As a consequence, the
dose—response relationship in training workloads
exhibits significant differences that should al-
ways to be taken into account in designing train-
ing programs and the possible effects that these
will have on the sportsperson’s organism.

From this perspective, the traditional defini-
tion of these variables is found to provide some-
what limited information, which is inadequate for
operating effectively or even properly comparing
different interventions to establish the most ap-
propriate in the context of health.

So with regard to the aforementioned vari-
ables, we propose the following definition:
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Frequency

Although sportspeople find this parameter easy
to manipulate (owing to their availability), it is
something that is often less flexible in health-
based programs, because the individuals involved
do not enjoy complete availability and it depends
upon the free time that they have at their disposal
in their daily lives. Despite this, its definition re-
mains broadly similar to the classical conception
of the number of training units or sessions during
a fixed period of time (normally a microcycle).

Volume
The authors find certain shortcomings and a lack
of value in the measures used to define this vari-
able. Considering only the number of kilos, tons,
sets, repetitions, or kilometers does not suffi-
ciently capture a variable that is so important for
periodization.

It is therefore suggested that the volume vari-
able be defined more concretely and operatively,
differentiating according to the type of training:

* In the case of endurance training: the duration
of this type of training, the total time of each
stimulus, and the number of stimuli should be
considered.

Total duration/number of blocks or sets X stimu-
lus duration

* In the case of resistance training: the duration
of this type of training, the number of exer-
cises, and the number of sets should be con-
sidered.

Total duration/number of exercises x number of
set

Intensity

In the case of this variable, it is necessary to
delve deeper into the method proposed for resis-
tance training, given that it has been developed
by estimating the hypothetical value of 1 repeti-
tion maximum (RM), and it is a parameter that
is too variable to be given such a specific value.
Similarly, with regard to endurance training, the
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ability to complement a suitable check by means
of other components that supplement measure-
ments of heart rate or maximal oxygen uptake is
indispensable. It is currently highly advisable to
define and monitor such a key variable in training
in a broader way.

* For endurance training, intensity may be
defined in terms of the classic values of
maximum heart rate, heart rate reserve, maxi-
mal oxygen uptake, oxygen uptake reserve,
breathing thresholds, as well as by using val-
ues for the concentration of blood lactate and
maximum heart reserve, complemented by the
use of perceived exertion scales. From a prac-
tical point of view, however, monitoring on
the basis of more accessible parameters is pro-
posed, such as percentages of heart rate (HR;
maximum or reserve) and the use of perceived
exertions scales (PES).

% HR,,, or VO,,.....+PES

* The resistance training variable could be
defined on the basis of estimating the number
of repetitions carried out against a resistance
with respect to a speed or cadence of execu-
tion and linking it to a perceived exertion
scale of the OMNI-RES type.

Number of repetitions X speed of execution +
OMNI-RES

Density
This would be defined as the relationship be-
tween the duration of the exertion and the length
(duration) of the break period for recovery or rest.
Although it is a key factor in determining
training workloads, this is a parameter that is
frequently overlooked or undervalued in studies.
The alteration of this relationship, lengthening
or shortening the duration of the recovery period
compared to the duration of the exertion will af-
fect the intense responses (metabolic, hormonal,
and cardiovascular) and the adaptations caused
by the training stimuli. Therefore, such a rela-
tionship (stimulus/break) will be dependent on

the physiological aim and the exercise training
level of the subject concerned.

Conclusion

In conclusion, these reflections and proposals for
the definition and determination of variables/fac-
tors is only a simplified version of the sugges-
tions developed by our research group to improve
the way in which the training dose is established
(quantified) in physical exercise programs used
for the improvement of health and quality of life.
For a more detailed proposal, in which the means
of establishing the variables are set out in greater
depth, we invite readers to consult the document
entitled “Reflection and new proposals for defin-
ing and controlling the dose in physical exercise
and health programs” [2].
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Anthony C. Hackney and Mehis Viru

Introduction

In the past few years, there has been a growing
realization that increased amounts of physical ac-
tivity and exercise training in an individual’s life
offers health benefits from both a preventative
and intervention perspective. To those unfamiliar
with the scientific discipline of Exercise Physiol-
ogy, the terms “physical activity” and “exercise
training” may seem mutually inclusive; however,
that is not entirely the case. Physical activity re-
fers to all forms of muscular activity encountered
in daily life, which could be as simple as walking
to the bus stop, working in a garden, cleaning in
one’s home, or going for a stroll with your dog
in the park. Exercise training, however, refers to
specific time set aside to perform muscular activ-
ity with the intent of improving one’s physical
performance or fitness by conducting such activ-
ity. Exercise training therefore can be associated
with individuals wishing to improve just overall
general health and well-being or for those desir-
ing to enhance sporting performance, that is, in-
dividuals who are athletes.
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Individuals involved with exercise for the
intent of improving health and well-being may
typically carry out a training “exercise prescrip-
tion” comprising 3—5 days a week of activity, for
30-60 min in duration at a moderate to moderate-
ly vigorous intensity [1]. This 1.5-5 h commit-
ment per week is challenging for many average
people to achieve. In the case of elite athletes,
this volume of activity might represent what they
typically do in a single day of their exercise train-
ing regimen. Such large dosages of exercise in
athletes, when administered chronically, bring
about large and substantial physiological adjust-
ment and adaptation, which many experts feel is
necessary to enhance sporting performance to the
highest levels [2, 3].

Achieving the highest levels of sport perfor-
mance is dependent on adjustments and adapta-
tions in a multitude of physiological systems
including: the cardiovascular, respiratory, meta-
bolic, muscular, and endocrine systems. The lat-
ter, the endocrine system, is critical and highly
influential in numerous capacities to induce and
regulate the responses being pursued through
exercise training. To this end, this chapter will
review the responses and adjustments/adaptation
of the endocrine system with respect to exercise
training in athletes involved in endurance train-
ing versus those involved in resistance training
sporting activities. Table 5.1 presents several ex-
amples of sporting activities that fit into each of
these categories.

To aid in the clear and concise discussion of
this topic, it is important to present some opera-
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Table 5.1 Examples of sporting activities that can be
categorized as endurance versus resistance based upon
the emphasis placed in the exercise training for an
athlete

Sporting activity
Resistance
Shot put
Discus throw

Endurance

5000-10,000 m run

Half marathon—marathon
20-50 km race walk
Olympic distance triathlon

Javelin throw
Hammer throw
Olympic style
weightlifting

Ironman triathlon

Cycling—road racing Power lifting

Cycling—individual time trial Wrestling

tional definitions of terms and concepts for the
reader. Sport physiology is the application of
the discipline of exercise physiology to the spe-
cial demands of sport. Specifically, it involves
applying the concepts derived from exercise
physiology to optimize the training of athletes
and enhance their physical performance (i.e.,
competition). Endocrinology is that branch of
physiological-medical sciences that deals with
the endocrine-related activities of glands and tis-
sues that release hormones. In turn, a hormone is
a chemical substance, formed in one gland/tissue
of the body and carried in the blood to another
gland/tissue where it exerts functional effects
(i.e., endocrine function). Additionally, this defi-
nition of hormones has been recently broadened
to include chemical substances formed by cells of
the tissue, which in turn act on neighboring cells
(i.e., paracrine function) or the same cells that
produce them (i.e., autocrine function). In assess-
ing and quantifying exercise training, it is criti-
cal to understand the concept of exercise dosage.
Exercise dosage consists of “how much” exercise
an individual is being exposed to in their training
regime. The components which are manipulated
to modulate the dosage are the duration (volume)
of an exercise session, the frequency of exercise
sessions per day—week, and the intensity of effort
within a respective exercise session. The first two
components of dosage are self-explanatory, but
intensity is somewhat more complex. Classically,
the perception of how difficult intense exercise
is has been linked to cardiovascular responses,
usually expressed as a percentage of maximal
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heart rate (HR,,,,) or maximal oxygen uptake
(VO,,,ax» Which represents the amount of oxygen
being utilized by body tissues which is propor-
tional to overall energy expenditure; VO, =(heart
rate X stroke volume) x arteriovenous oxygen
content differential; [4, 5]). For endurance-based
sport activities (e.g., 10,000 m distance run),
there is a high reliance on the cardiovascular sys-
tem and aerobic energy metabolism to determine
performance capacity. This means for such activ-
ities, the expressing of intensity relative to VO-
smax OF HR .« 1 appropriate, although VO, .. is
recognized as the “gold standard.” On the other
hand, resistance-based sport activities are highly
explosive in muscular force—power output (e.g.,
shot put, hammer throw) and performance is far
less dependent upon cardiovascular functioning
and much more so on anaerobic energy produc-
tion pathways. For such activities, the expression
of intensity based upon VO, or HR ., are far
less valid (although, in some situations the in-
tensity of some such activities is still expressed
relative to VO,,.,.; [5]). In the latter sporting ac-
tivities, since resistance exercise training is a pre-
dominant component, the expression of exercise
intensity is based upon percentage of maximal
performance relative to a resistance task (i.e., the
lifting of a specific amount of weight). The refer-
ence criterion here is the 1 repetition maximum
(1 RM). This represents the maximal weight—
force that can be generated for that task and
signifies an intensity capacity of 100%. Thus,
submaximal intensity efforts are a percentage of
the maximal weight—force generated (e.g., task,
bench press — 1 RM=120 kg; therefore, 60%
effort=72 kg; [6]).

Table 5.2 presents some examples, explana-
tion and terminology to aid in understanding the
intensity concept and how this aspect of dosage
is quantified in the sport physiology research
literature [1, 7, 8]. On reviewing the table, it is
obvious that team sport activities such as foot-
ball (soccer) or field hockey are not represented.
These sports activities are multidimensional in
the demands that are placed on the physiology of
the athlete and the intensity of their efforts (i.e.,
highly variable)—influenced by the position of
play of the athlete, the competitiveness of the
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Table 5.2 Examples of endurance and resistance exercise actives classified by different levels of intensity
Category term | Effort Relative Energy pathway | Representative | Other Sporting
perception | intensity predominating | duration (minute) | terminology examples
Endurance
Light exercise | Easy <35% Aerobic >30 Short term, Warm-up
VO,ax submaximal activities
Moderate Modest <70>35% Aerobic 30-180 Submaximal, | Cycle-run
exercise difficulty | VO, prolonged training
Heavy exercise | Difficult <100>70% | Aerobic—anaer- | <120 Submaximal, 10,000 m,
VO,max obic prolonged, mara-
high intensity | thon run,
triathlons
Maximal Strenuous | 100% VO, | Aerobic—anaer- | <15 Maximal or 1500-
exercise obic max, high 5000 m runs
intensity
Supramaximal | Extremely |>100% Anaerobic <1 All out, power | 100-400 m
exercise strenuous | VO, sprints
Resistance
Submaximal Modest— | <70>35% Aerobic—anaer- | >1 Submaximal Circuit resis-
exercise difficult 1 RM obic tance training
Maximal Extremely |~100% 1 RM | Anaerobic <0.1 All out, power | Shot put,
exercise strenuous javelin,
Olympic lifts
Supramaximal | Extremely |>100% 1 RM | Anaerobic <0.1 Negatives Eccentric
exercise strenuous resistance
training

game, and action-events in the game. Thus, quan-
tifying intensity in such sports gaming activities
is extremely difficult. This difficulty makes it a
highly complex area to study in sports physiol-
ogy, and far more research is needed in the area
of team sports.

Endocrine Responses
Acute Exercise

The acute responses of the major physiological
systems to a single bout of exercise (training) or
a sporting event (competition) can be large and
robust and are usually proportional to the inten-
sity of the exercise (most certainly for endurance
events), although it is important to recognize that
the relationship of this proportional response(s)
is not always linear in nature [7]. Table 5.3 pres-
ents the major physiological systems and some
of the key parameters reflective of the respective
systems and how these parameters change in re-
sponse to an exercise session/sports event based

upon the emphasis of the activity being either en-
durance or resistance based in nature.

As noted earlier, the primary focus in this
chapter is the endocrine system responses to ex-
ercise. Table 5.3 illustrates the general changes
for a variety of hormones in response to endur-
ance-resistance exercise. It is important to rec-
ognize, however, that many of these hormonal
responses are and not independent of one another
but highly interrelated. To illustrate this point,
Dr. Henrik Galbo devised an explanatory model
of the hormonal responses to exercise consisting
of three interactive phases [9, 10]. The first phase
of this model deals with the hormonal response
immediately at the onset of exercise, with these
responses taking just seconds to occur. These re-
sponses revolve around the increased sympathet-
ic nervous system (SNS) activation that occurs
with the onset of body motion. This increased
SNS activity can also be a result of anticipation
to the stress of the ensuing exercise, which is
most certainly the case in sport competition sce-
narios. This increased SNS activity results in cat-
echolamine (norepinephrine) release at target tis-
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Table 5.3 Physiological responses to an acute exercise session based upon whether the activity is predominating
involved with endurance or resistance forms of exercise activity. It is important to note that the changes in measure/
parameter denoted here are relative to before versus immediately after the activity. It is well documented that as an
athlete moves into the recovery period from exercise measure/parameter changes can be different from those observed
at the completion of exercise [8, 9, 77]

Physiological systems Measure/parameter Exercise-sport activity
predominating training component
Endurance Resistance
Cardiovascular Heart rate 1 1
Stroke volume 1 1
Cardiac output i 11
Arteriovenous O, difference 1 Tl
Respiratory Tidal volume " 1
Breathing frequency " 1
Minute ventilation " 1
Metabolic ATP — ADP + Pi + energy 1 1
CP — creatine + phosphate + energy 1 "
Anaerobic glycolysis 1 "
Aerobic glycolysis " 1
Tricarboxylic acid cycle " 11, nc
B-oxidation cycle " 11, nc
Muscle Force 1 1
Power T ™
Endurance " 1
Endocrine Adrenocorticotrophic hormone (ACTH) 1 1
Aldosterone 1 1
Angiotensin 1 1
Antidiuretic hormone (ADH) 1 11
Cortisol 1 1
Dehydroepiandrosterone (DHEA) 1 T
B-Endorphin T 1
Epinephrine (adrenaline) " 1
Estrogens 1 1
Follicle-stimulating hormone (FSH) 11, nc 11, nc
Glucagon 1 1
Growth hormone (GH) 1 i
Insulin l 1], nc
Insulin-like growth factor-1 (IGF-1) , nc , nc
Leptin 11, nc 11, nc
Luteinizing hormone (LH) 11, nc 11, nc
Norepinephrine (noradrenaline) ™" 1"
Progesterone 1 1
Prolactin (PRL) T 1
Testosterone 1 1
Thyroxine (T4) 1 1
Triiodothyronine (T3) 1 1
Vitamin D i ?

ATP adenosine triphosphate, ADP adenosine diphosphate, CP creatine phosphate, Pi phosphate, 1 increase, 11 large
increase, | decrease, 1| possible increase or decrease, nc no change, ? unresolved
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sues directly as well as elevations in circulating
catecholamine from so-called sympathetic spill-
over effects [9—11]. This effect is further ampli-
fied by the sympathetic connection to the adrenal
medullary gland, which in turn adds to the circu-
lating catecholamine (epinephrine) response [10,
12]. Concurrent with these sympathetic—adrenal
actions, pancreatic insulin secretion begins to
be inhibited while glucagon secretion becomes
stimulated [10]. This entire process involves a
feed-forward mechanism of the central nervous
system to drive these initial responses, although
the events are also modified by peripheral affer-
ent neural input from sensory receptors in par-
ticular those of skeletal muscle [12, 13].

The intermediate or secondary phase takes
slightly longer to develop but is still typically
very fast, beginning usually in much less than a
minute from the onset of exercise. In this stage,
the hypothalamus begins the process of releasing
its hormones such as thyrotropin-releasing factor,
corticotropin-releasing factor (CRF), and growth
hormone-releasing factor (GHRF) in an attempt
to provoke changes at the anterior pituitary gland
to stimulate the release of select hormones. As
the pituitary begins to respond to the hypotha-
lamic stimulus, its “trophic hormones” begin to
be added to the circulation, and these hormones
begin to act upon their specific peripheral target
glands to stimulate additional hormonal release.
One of the most rapidly acting in this cascade of
events is the hypothalamic—pituitary—adrenocor-
tical interaction where CRF brings about adreno-
corticotrophic hormone (ACTH) release and that
in turn brings about cortisol release [8, 13, 14].

If the duration of an exercise session contin-
ues, there is a transition beyond the intermedi-
ate phase into a third phase of response which is
a more prolonged state. In this third phase, the
responses of the sympathetic—adrenal axis are
being augmented by other hormones from the
anterior and posterior pituitary (e.g., ADH, GH,
PRL; see Table 5.3 for hormonal abbreviations)
and the peripheral endocrine glands subordinated
to pituitary regulation (testosterone, T4, T3, IGF-
1; [7, 8]). Additionally, during this phase, the
skeletal muscle begins to release select cytokines
(e.g., interleukin-6, IL-6), hormonal-like agents,

into the circulation, which affect other hormones
to be released (IL-6 = cortisol; [15]).

Phase one and two of the model propose that
neural factors are the primary stimuli regulating
the hormonal responses to exercise; however, in
the third phase of response, there is an ever-in-
creasing influence of the humoral and hormonal
factors that regulate the overall responses due to
the changes in the “internal milieu” [10]. This
shifting of primary regulatory factors allows an
increasing reliance upon feedback rather than
feed-forward control mechanism to determine
the magnitude of the hormonal response. The
influence of humoral and hormonal stimuli in
modulating the hormonal levels are magnified
as the exercise duration is extended, and energy
substrate availability issues cause shifts in en-
ergy fuel usage (i.e., | carbohydrate =1 lipid)
or hydration issues (i.e., hemoconcentration and/
or dehydration), which begin compromising the
thermoregulatory ability and lead to greater heat
storage within the body affecting hormonal re-
sponses (e.g., T heat storage =1 norepinephrine,
epinephrine; [4, 12, 13]). A need for conciseness
does not allow for a more extensive discussion of
all of the intricate details of hormonal responses
to exercise, but the model of Galbo does illustrate
that endocrine actions are highly interactive and
complex [9, 10].

Chronic Exercise

The general responses of the body’s various
physiological systems to an exercise bout/session
after performing a progressive exercise training
regime (chronic exposure) are similar to those
as before such training. In other words, an acute
bout of exercise after chronic training is still a
stimulus to the physiology of the body. However,
at all exercise intensities, less than the maximal
level, such responses are typically attenuated to
some extent. The greater the training adaption in-
curred due to the training regime, the greater is
the attenuation of the response. The exception to
this occurrence is maximal or supramaximal ex-
ercise. In such situations, the training adaptations
result in a great level of workload performed at
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maximal/supramaximal efforts, for example, the
athlete can run further or run faster over a fixed
distance or lift a greater maximal amount weight,
etc. The greater absolute maximal workload
achievement in turn produces a greater physio-
logical stimulus and thus comparable (or greater)
maximal responses in the measures/parameters
of the physiological systems, in other words,
typically not an attenuation of responses. A noted
allowance to this generalization is HR ,,, as it is
common for this parameter to be slightly lower or
unchanged after a well-executed training regime
even when there is substantial and further cardio-
vascular adaptation [4, 5, 13].

Relative to the endocrine system, typically
after an adaptation and physical improvement to
a training program, an exercise session (endur-
ance or resistance based) still provokes a hor-
monal response. But, just as noted above, the
responses tend to be attenuated. These attenuated
responses come about by a greater sensitivity of
target tissue to the hormonal stimulus and be-
cause the level of neural, humoral, and hormonal
stimuli disturbances in the blood that influence
the various endocrine glands become far less
[13]. Also, relative to the former point (i.e., sen-
sitivity), in response to an exercise training re-
gime, many target tissues increase the expression
of functional hormone receptors, receptor affin-
ity for hormones become increased, and post-
receptor amplification mechanisms in the cells of
target tissues are typically increased. Essentially
all these changes result in a target tissue needing
less amount of a hormone to bring about a physi-
ological outcome/change.

Maladaptation in the Exercise Training
Process

Many athletes have met stagnation or decline of
their performance in their career though they are
training hard and pushing as much as possible.
Athletes, especially elite athletes, wish to en-
hance their performance by constantly increasing
their training loads. It has been estimated that the
exercise training loads of athletes have increased
on average by 20-25% over the past decade
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[16—18]. The result of such training approaches
is that sooner or later an athlete reaches the limit
of his/her individual abilities. When this occurs,
there are two possibilities, first an athlete’s train-
ing plan prescribes adequate amount of rest and
the athlete develops due to supercompensation.
Secondly, the athlete keeps on training with high
loads and loses an optimal balance between train-
ing stressors (plus non-sport stressors affecting
them) and recovery. The second way pushes the
athlete in the direction of developing a state of
overreaching and/or the overtraining syndrome
(OTNS).

Because there is a lack of common and consis-
tent terminology in this research field, the follow-
ing definitions are presented to aid the reader, as
they are somewhat widely used definitions [19]:

Overreaching—an accumulation of training and/

or non-training stress resulting in short-term dec-

rement in performance capacity with or without

related physiological and psychological signs and
symptoms of maladaptation in which restoration

of performance capacity may take several days to

several weeks.

Overtraining—an accumulation of training and/

or non-training stress resulting in long-term dec-

rement in performance capacity with or without

related physiological and psychological signs and
symptoms of maladaptation in which restoration

of performance capacity may take several weeks or
months.

These definitions emphasize that the difference
between overreaching and overtraining is the
amount of time needed for performance resto-
ration and not the type or duration of training
stress or degree of impairment. This opinion was
recently updated by leading sports science orga-
nization American College of Sports Medicine
(ACSM) and European Congress of Sport Sci-
ence (ECSS) Joint Consensus Statement [20].
According to the consensus statement, over-
training is used as a process of intensified train-
ing with possible outcomes of short-term over-
reaching (functional OR (FOR)), extreme over-
reaching (nonfunctional OR (NFOR)), or OTS.
Overreaching is often used by athletes during a
typical training cycle to enhance performance.
Intensified training can result in a decline in per-
formance; however, when appropriate periods



5 Sports Physiology and Endocrinology (Endurance vs. Resistance Exercise)

81

Table 5.4 Development Process Training Intensified training | >
of functional overreach-
ing (FOR), nonfunctional Outcome Acute fatigue | Functional Non — functional | Overtraining
overreaching (NFOR), and overreaching (FOR) overreaching syndrome
overtraining syndrome (short-term) (NFOR)
(OTS) Recovery Days Days — weeks Weeks - months | Months - ...7
Performance Increase Temporary Stagnation Decrease
performance Decrease
decrement
? Unknown

of recovery are provided, a supercompensation
effect may occur with the athlete exhibiting an
enhanced performance compared with baseline
levels.

This form of short-term OR can also be called
FOR. When this intensified training continues,
the athletes can evolve into a state of extreme
OR or NFOR, which will lead to a stagnation or
decrease in performance that will not resume for
several weeks or months. At this stage, the first
signs and symptoms of prolonged training dis-
tress such as performance decrements, psycho-
logical disturbance (decreased vigor, increased
fatigue), and hormonal disturbances will occur,
and the athletes will need weeks or months to re-
cover. Several confounding factors such as inad-
equate nutrition, illness, and sleep disorders may
be present. All of these factors combine to add
to the total stress placed upon the athlete and in
doing so can impact the effect of training pro-
cess (Table 5.4 illustrates and summarizes these
points).

The distinction between NFOR and OTS is
very difficult and will depend on the clinical out-
come and exclusion diagnosis. The athlete will
often show the same clinical, hormonal, and other
signs and symptoms. Therefore, the diagnosis
of OTS can often only be made retrospectively
when the time course can be overseen. The phys-
iological cause to OTS is known—the exercise
training load placed upon an athlete is too great,
the stress level exceeds their ability to adapt [9,
18, 20]. Still it is difficult to determine on an indi-
vidual basis how much is too much stress.

Some researchers have proposed there may
be two discrete neuroendocrine varieties [21,
22], that is, OTS consists of a hyper-arousal
and/or a hypo-arousal form. This conclusion
is based upon the finding that in certain physi-
ological parameters, diverging symptomology

exists. The hyper-arousal form is also referred
to as the “sympathetic” or “Basedow’s” OTS. It
is commonly observed in “power” athletes (e.g.,
sprinters, jumpers, weight lifters) and occurs less
frequently than the hypo-arousal disorder. The
hypo-arousal form is more common and is also
referred to as “parasympathetic” or “Addison’s”
OTS. This form of the disorder is frequently ob-
served in endurance-trained athlete (e.g., long-
distance runners, rowers, cross-country skiers,
cyclists, swimmers). Each form of the disorder
has some similar characteristics and symptoms
(i.e., in particular declining physical perfor-
mance), but there also are obvious psychophysi-
ological differences (see Table 5.5; [22]).

OTS reflects the attempt of the human body to
cope with physiological and other stressors. Sev-
eral studies have revealed that OTS represents
the sum of multiple life stressors, such as physi-
cal training, sleep loss, exposure to environmen-
tal stresses (e.g., exposure to heat, high humidity,
cold, and high altitude), occupational pressures,
change of residence, and interpersonal difficul-
ties. Thus, OTS can be understood partly within
the context of the General Adaptation Syndrome
of Selye [23]. Concomitant to this “stress distur-
bance,” the endocrine system is called upon to
counteract the stress situation. The primary hor-
mone products (adrenaline, noradrenaline, and
cortisol) all serve to redistribute metabolic fuels,
maintain blood glucose, and enhance the respon-
siveness of the cardiovascular system [20].

The endocrine system is one of the major sys-
tems involved in the responses to acute stress and
the adaptation to chronic stress. A great diversity
of mechanisms is involved in such adaptation,
acting at potentially all levels in the cascade of
physiological events, leading to the biological
events regulated by hormones. A keyword in the
recognition of OTS might be prolonged malad-
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Table 5.5 Pathophysiologic findings in hyper-arousal versus hypo-arousal forms of the overtraining syndrome (OTS)

Parasympathetic, hypo-arousal

Decrease in physical performance

Easily fatigued

Depression

Normal sleep

Normal constant weight

Low resting HR

Hypoglycemia during exercise

Loss of competitive desire
Gonadal-reproductive function normal (?)

Increased incidence of infections
Decreased maximal lactate response to exercise
HR heart rate, BP blood pressure, ? inconclusive findings

aptation of the athletic performance and several
biological, neurochemical, and hormonal regula-
tion mechanisms. Most of the literature agrees
that FOR, NFOR, and OTS must be viewed on
a continuum with a disturbance, an adaptation,
and finally a maladaptation of the hypothalam-
ic—pituitary—adrenal (HPA) axis, resulting in an
altered hormonal response to intense training and
competition.

The hypothalamus is under the control of sev-
eral higher brain centers, and several neurotrans-
mitters are known to play a major role in vari-
ous neuroendocrine and behavioral functions,
for example, activation of the HPA axis, feeding,
and locomotion. Therefore, the typical HPA-axis-
related hormones—cortisol, testosterone, ACTH,
prolactin (PRL), and human growth hormone
(hGH)—are usually followed in overtraining
studies [24]. Besides basal hormone levels, hor-
monal responses to one or two bouts of test ex-
ercise are followed to better distinguish between
FOR, NFOR, and OTS.

The clinical patho-phenomena related to ei-
ther adrenal cortex or thyroid gland disorders in
clinical meaning have been never evidenced in
overtrained athletes. Nonetheless, the dysfunc-
tion of endocrine system is usual [25]. According
to Lehmann and coworkers [26-29], the first step
to NFOR, inducing OTS, is depressed adrenal re-
sponsiveness to corticotropin (i.e., another term
used to refer to ACTH), obviously caused by
downregulation of corticotropin receptors on ad-
renocortical cells. They interpreted this change as

Sympathetic, hyper-arousal

Decrease in physical performance

Easily fatigued

Hyperexcitability

Disturbed sleep

Weight loss

Increased resting HR and blood pressure
Slow recovery of HR and BP after exercise
Loss of competitive desire

Amenorrhea in women

Hypogonadism in men

Increased incidence of infections
Decreased maximal lactate response to exercise

a protective mechanism against chronic overload
[28, 29]. The positive feedback influence or other
mechanisms increase the secretion of corticotro-
pin. Increased corticotropin level has been found
at the influence of overload exercise. However,
the increased corticotropin release fails to over-
come the depressed adrenal responsiveness and
cortisol secretion decreases, particularly during
an exercise. In an advanced stage of overtrain-
ing, the pituitary corticotropin and GH responses
reduce [30].

The possibility of disbalance in endocrine
control has been supported by the fact that after
the intensive training stage, the release of cor-
ticotropin caused by exogenous administration
of corticotropin-releasing hormone (CRH) was
60% higher but the increase in blood cortisol
level 30 % lower than before the strenuous train-
ing stage [22]. Several studies have indicated that
high-workload training period for several weeks
increased serum cortisol basal level. Some scien-
tists consider this change as a response to hard
training, the others as an indication of overtrain-
ing [31, 32]. In these studies, the training situa-
tion appears to resemble more overreaching than
overtraining. On the other hand, overtraining has
been associated with decreased cortisol basal
level [22, 33] and/or reduced or inversed cortisol
responses in exercise tests [34—36].

A typical overtraining effect is low testoster-
one levels in the blood [31, 35, 37]. Some sci-
entists have focused on the associated increase
in cortisol levels to overtraining. Therefore, the
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resultant testosterone/cortisol ratio is also low in
this situation. Adlercreutz and coauthors [38] rec-
ommended using the ratio between free testoster-
one and cortisol as an indication of the overtrain-
ing if the ratio decreases more than 30 % or if the
ratio is <0.35x 1073, However, even if the ratio
decreases more than 30% or it is <0.35%x 1073,
there may be no indications of overtraining [16,
35, 39]. The physiological meaning of the altered
ratio is different if it is by decrease in testosterone
or a lack of cortisol increase, by less pronounced
increase of testosterone than increase of cortisol,
or by more pronounced decrease of cortisol than
of testosterone. Instead of the expected testos-
terone decrease and cortisol increase, Urhausen
et al. [40] found decreased testosterone/cortisol
ratio due to reduction in testosterone concentra-
tion while cortisol level remained unchanged.
Thus, in NFOR and OTS, the cortisol increase
appears as an exception. Therefore, the usage
of ratio testosterone/cortisol for overtraining di-
agnostics appears meaningless. Mostly, the de-
crease in testosterone level in conjunction with
the increase in the cortisol level takes place dur-
ing intensive training stages. These changes indi-
cate overreaching but not overtraining. The con-
clusion of Urhausen and coauthors [35] is that
the behavior of testosterone and cortisol is rather
a physiological indicator of the current training
load, but it does not necessarily indicate OTS sta-
tus. Furthermore, Lane and associates [41] have
noted the ratio is highly sensitive to diet. They
demonstrated that as little as 3 days of low di-
etary carbohydrate intake during intensive FOR
training substantially lowered the ratio than simi-
lar intensive FOR training with moderate—high
carbohydrate intake (~60 % daily caloric intake).
Hug et al. [42] followed hormonal changes
in male elite cyclists during intensive training
period at high altitude. The levels of free testos-
terone, testosterone and testosterone/serum sex
hormone-binding globulin (SHBG) ratio were
reduced—in contrast to the normoxia training
group. ACTH responsiveness seemed to be re-
duced in the subjects as cortisol responses de-
creased. In trained runners, 10 days of twice-daily
interval training sessions resulted in a significant

fall in performance and several mood changes
that persisted at least for 5 days. Cortisol level
began to decrease for the end of the 10-day ex-
ercise period, and the low level persisted during
5 days into recovery. Testosterone, luteinizing
hormone (LH), and follicle-stimulating hormone
(FSH) levels did not change significantly [43].
Recently, Taskanen et al. [44] showed that
SHBG and cortisol concentrations were associ-
ated with overreaching during 8-week strenuous
military training. Basal SHBG increased, and
insulin-like growth factor-1 (IGF-1) and cortisol
decreased. Furthermore, submaximal exercise-
induced increases in cortisol, maximum heart
rate, and postexercise increase in blood lactate
were blunted. Suppressed adrenocortical ac-
tivity reflects a general disbalance induced by
overtraining either on the level of hypothalamic
neurosecretion or in function of anterior pituitary.
In overtrained distance runners, the responses of
cortisol, corticotropin, growth hormone (GH),
and PRL to insulin-hypoglycemia were reduced
[30]. Overtrained weight lifters exhibited a mod-
erate increase in testosterone response and pro-
nounced decrease in cortisol response to test ex-
ercise in conjunction with 1-RM strength decre-
ments [45]. Keizer and collaborators [46] found
that exhaustive running training reduces the B-
endorphin response to an incremental treadmill
running and also blunted B-endorphin response
to human CRH. Other changes, typical to over-
training, are decreased B-adrenoreceptor density
and, thereby, diminished sensitivity to catechol-
amines and decreased intrinsic sympathetic ac-
tivity [28, 29]. These changes are also considered
as a part of mentioned protective mechanism
against chronic overload [29]. Altered autonomic
balance is expressed by low nocturnal catechol-
amine excretion [26]. In male middle- and long-
distance runners, an exhaustive training stage in-
creased norepinephrine levels at rest and during
submaximal but not during maximal exercise;
epinephrine and dopamine levels did not change
[26]. Uusitalo et al. [47] found decreased epi-
nephrine level in blood at maximal and decreased
norepinephrine level at submaximal exercises in
overtrained female athletes. However, the rest-
ing catecholamine level and exercise-induced re-
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sponses were found increased in overtrained ath-
letes in several other studies [28]. Increased nor-
epinephrine level was confirmed in overtrained
swimmers, whereas high norepinephrine level
remained when usual training was substituted by
tapering [48]. The decreased sensitivity to cat-
echolamines and altered responsiveness of vari-
ous links in pituitary—adrenocortical system has
been demonstrated in several studies. Increased
catecholamine level may point on the hyper-
adrenergic type of overtraining. The exaggerated
drop in insulin during an exercise has also been
linked with this type of overtraining [34]. Keizer
and associates [46] studied LH secretion in fe-
male amenorrheic athletes before and after a test
exercise. When training volume or intensity was
promptly increased during an ovarian-menstrual
cycle, LH pulse frequency was not altered, but
the amplitude of secretory bursts was decreased.
These results support the suggestion that men-
strual disorders in endurance female athletes are
caused by overload training. Possibilities to fol-
low changes in ghrelin, leptin, adiponectin, and
IL-6 levels as biomarkers for training monitoring
were tested. The authors concluded that although
some of these parameters may provide informa-
tion about energetic regulatory mechanisms and
may change after intensive training or in OR,
there are no studies supporting the possible suit-
ability of these variables as markers of training
stress or for the prevention or diagnosis of OR
and OTS [49].

According to the review by Purvis et al. [50],
the hormonal biomarker for detection of OR and
OTS might be the decrease in maximal cortisol
responses in OR. They pointed out that the find-
ings in total and free testosterone levels during
OR were contradictory; the testosterone/corti-
sol ratio was unchanged in OR; reports of rest-
ing ACTH levels were highly variable (increase,
decrease, and no change). Purvis et al. [50] con-
cluded that there is a great need for further re-
search in this field.

Viru and Viru [13] concluded that the main
hormonal indicators of the overtraining status
are the suppressed productions of cortisol, tes-
tosterone, and GH and of nocturnal excretion
of catecholamines as well as decreased tissue
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sensitivity to hormones. They suggested that the
hormonal indicators of overtraining have power
only in conjunction with the decrease in perfor-
mance level and mood changes. When hormonal
indicators appear without performance and mood
alterations, they inform about the high risk of
the appearance of overtraining. Detection of this
situation gives a great value to hormonal moni-
toring because it timely informs coaches about
the necessity to decrease the training workload
and increase the time for recovery. This situation
requires special attention if it appears in associa-
tion with stagnation in training progress.

Meeusen et al. [20] explained that conflicting
results in resting hormone concentrations were,
at least partly, because of a lack of standardiza-
tion in both the way overtraining was measured
and in the hormone measurement protocols used
among studies. Therefore, Meeusen and associ-
ates concluded that resting hormone concentra-
tions are not sensitive enough to diagnose unex-
plained underperformance in athletes [20]. How-
ever, that view is not shared by all researchers
who study overtraining [21, 51].

Many factors affect blood hormone concen-
trations and that may complicate the interpreta-
tion of hormonal data. These factors are linked
to sampling conditions and storage of samples;
techniques used to measure hormone levels;
intra- and interassay coefficient of variability;
food intake of an athlete; pulsatility of the secre-
tion of some hormones, which modulates the tis-
sue sensitivity to these hormones; the phase of
the menstrual cycle in female athletes; diurnal
and seasonal variations of the hormones; type
of test protocol (aerobic and resistance protocols
typically elicit different endocrine responses)
[20].

In addition to the need to study different hor-
monal axes in parallel, it is also important to con-
sider the dynamics of hormonal responses. The
hormonal responses during exercise influence
the hormonal responses during exercise recovery,
and it is therefore important to study both phases
of exercise. For this reason, a multiple exercise
test that not only gives the opportunity to measure
the recovery capacity of the athlete but also can
assess the ability to normally perform the second
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bout of exercise could be useful to detect signs of
OTS and distinguish them from normal training
responses or FOR. According to Meeusen et al.
[52], a hallmark feature of OTS is the inability to
sustain intense exercise and recover for the next
training or competition session. Therefore they
used a test protocol utilizing two bouts of maxi-
mal work to establish the difference in hormonal
responses between the training statuses of trained
and OR athletes. Performance decreased by 6 %
between the first and the second exercise test in
the OR group. The hormonal responses (cortisol,
ACTH, PRL, GH) to the second exercise test
were different between the trained and OR ath-
letes (the increase in the T group was higher than
in the OR). In 2010, in a similar study by Meeu-
sen and associates [24], the subjects were under-
performing athletes who were diagnosed with the
suspicion of NFOR or OTS. Resting concentra-
tions of cortisol, ACTH, and PRL concentrations
were higher. However, sensitivity of these mea-
sures was low. The ACTH and PRL reactions to
the second exercise bout were much higher in
NFOR athletes compared with OTS and showed
the highest sensitivity for making the distinction.
Meeusen et al.’s conclusion was that this proto-
col could be a useful tool for diagnosing NFOR
and OTS; however, it is advisable that more data
should be collected before this test can be used as
the gold standard [24, 52].

Drug Abuse

Since ancient times, some unethical athletes have
attempted to gain an unfair competitive advan-
tage through the use of doping substances. The
use of enhancement substances for sporting
events dates back to the ancient Greeks. A list of
doping substances and methods banned in sports
is published yearly by the World Anti-Doping
Agency (WADA) [53]. A substance or method
might be included in the list if it fulfills at least
two of the following criteria: enhances sports
performance, represents a risk to the athlete’s
health, or violates the spirit of sports. Among
the substances included are steroidal and pep-
tide hormones and their modulators, stimulants,

glucocorticosteroids, B,-agonists, diuretics and
masking agents, narcotics, and cannabinoids.
From all these, hormones constitute the highest
number of adverse analytical findings reported
by anti-doping laboratories. Although to date
most are due to anabolic steroids, the develop-
ment of molecular biology techniques has made
recombinant peptide hormones also available for
misuse. Peptide hormones, such as hGH or GH,
IGF-1, insulin, and erythropoietin (EPO), are
presumed to be widely abused for performance
enhancement [54].

The prohibited substances have different ori-
gins—endogenous or exogenous in nature. The
endogenous substances are naturally produced by
the body (e.g., testosterone, dehydroepiandros-
terone (DHEA), GH, insulin, IGF-1, and EPO).
The members of other group are exogenous sub-
stances that are not ordinarily produced by the
body (e.g., synthetic anabolic androgenic ste-
roids (AAS), stimulants, diuretics and narcotics).

AAS

AAS are related to the male hormone testoster-
one. These compounds enhance athletic perfor-
mance by promoting increase of muscle mass and
strength and enhance recovery during training
process. Anabolic steroids are believed to exert
their effects by binding to androgen receptors at
the cellular level, which translocate to binding
sites on chromatin, promoting gene transcription,
stimulating production of mRNA, and ultimately
increasing protein synthesis [55]. AAS are mis-
used by competitive but also by recreational ath-
letes.

The therapeutic use of AAS is limited and
may vary between steroids. The most important
indications are endocrine dysfunction of the tes-
tes and of the hypothalamus—pituitary—gonadal
axis (i.e., male hypogonadism and growth re-
tardation). AAS are used to treat disturbances of
nitrogen balance and muscular development and
several other non-endocrine diseases, including
several forms of anemia, hereditary angioneu-
roticedema, breast carcinoma, male infertility,
and osteoporosis. Additionally, AAS stimulation
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of protein nitrogen balance is used in treating
polytrauma patients, after abdominal surgery and
burn injury, in chronic obstructive pulmonary
disease and in HIV patients [56].

Effects of AAS

AAS exert essential effect on the sex hormones
and reproductive system. AAS disturb the endog-
enous production of testosterone, LH, and FSH
as they suppress the hypothalamic—pituitary—
gonadal axis. According to Bhasin et al. [57],
a close dose-response relationship exists be-
tween the administered dose of testosterone and
serum level of testosterone. Administration of
high weekly doses of intramuscular testosterone
(>300 mg) increase serum levels of free and total
testosterone, whereas 50 mg per week resulted
in lower serum levels. Serum concentrations of
androstenedione, estradiol, and dihydrotestoster-
one follow the same pattern of response [58, 59]
that can be explained by peripheral conversion of
AAS [60].

Altered glucose tolerance with increased in-
sulin resistance, increased GH levels, as well as
decreases in thyroid hormones and ACTH and no
change in cortisol levels have also been reported
with anabolic steroid use in male athletes [61—
63]. Another study showed decrease in serum
pregnenolone, progesterone, SHBG levels, and
no change in cortisol-binding globulin (CBG)
levels in power athletes during 26 weeks of ste-
roid self-administration [59].

In women using anabolic steroids for a pro-
longed period of time, masculinization may be
manifested as hirsutism, deepening of the voice,
and menstrual irregularities that are caused by
steroid use, but which may be irreversible once
the drugs are discontinued [55].

AAS Administration Effects
System

on Endocrine

+ Testosterone | (low dose)
+ Testosterone 1 (high dose)
* Androstenedione 1

» Dihydrotestosterone 1

- DHEA |

+ SHBG |

* Pregnenolone |
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* Progesterone |

» Estradiol and estrone 1

« LH|

« FSH |

* Thyroid hormones (TSH, T3, T4) |
« EPO?

« GH?

+ ACTH]

* Cortisol—no change

¢ CBG—no change

Glucocorticosteroids

Athletes have misused glucocorticosteroids for
many decades to enhance performance by stimu-
lation of gluconeogenesis and mobilization of
amino acids and fatty acids. Except for the be-
lieved performance enhancement, athletes may
also take glucocorticosteroids to alleviate pain
and reduce tiredness, ignoring the possible ad-
verse effects, such as diabetes mellitus, myopa-
thy, and growth retardation [64].

Glucocorticosteroids Administration Effects
on Endocrine System

« CRH|
ACTH |
» Testosterone |

Peptide Hormones

Several endogenous peptide hormones with po-
tential performance-enhancing properties are
listed in WADA'’s List of Prohibited Substances
[53]. The following substances are the most well
known and most widely spread: EPO, GH, IGF-
1s and mechano-growth factors (MGF), gonado-
tropins (e.g., LH, human chorionic gonadotropin
(hCQ)), insulins, and corticotrophins [65].

Erythropoietin
EPO was granted license in 1988 as a therapeu-

tic agent for correcting anemia of chronic kidney
disease or other similar type conditions. The hor-
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mone is a member of the type I cytokine family,
and it stimulates erythroid progenitors within the
bone marrow to mature into erythrocytes. The
main site of production of EPO is the kidney and
to a lesser extent liver. Some studies also suggest
the important role of proximal tubular cells in
this process [66]. Some athletes and their coaches
abuse recombinant EPO (thEPO) because it in-
creases the oxygen (O,) supply to the muscles
and boosts performance in endurance sports. The
most important recombinant EPO and analogues
misused in sport are thEPO, darbepoetin alpha,
and continuous erythropoietin receptor activator
(CERA).

Clinical applications of rthEPO are chronic
kidney disease, rheumatoid arthritis, HIV, hepa-
titis C, and cancer/chemotherapy-related anemia
[66]. The presence of EPO and its receptors in
several central nervous system regions indicates
additional functions beside its hematopoietic
role. A study by Markianos et al. [67] showed
that EPO administration caused a significant re-
duction in PRL levels, suggesting that EPO may
promote dopamine release in humans. Acute
EPO administration to cancer patients showed
no significant changes in serum levels of FSH,
LH and TSH, but both GH and IGF-1 levels be-
come significantly decreased [68]. This study
shows that EPO may inhibit GH secretion from
the pituitary gland and IGF-1 production. Since
GH would stimulate EPO release, the results of
this study may suggest the existence of feedback
mechanism operating between GH secretion and
EPO production, with inhibitory effect of EPO
on GH secretion, and stimulatory action of GH
on EPO production [68].

EPO Administration Effects on Endocrine
System

« PRL|

« GH]

+ IGF-1]

* FSH—no change
* LH—no change
* TSH—no change

GH and IGF-1

hGH is a protein synthesized, stored, and released
endogenously mostly from the somatotropes of
the anterior pituitary gland. GH is the most abun-
dant pituitary hormone and is secreted in a pulsa-
tile manner under the control of the hypothalamic
hormones, GH-releasing hormone, somatostatin,
and ghrelin. GH plays an important role in body
composition, well-being, physical performance,
and cardiovascular health. GH exerts its multiple
metabolic and anabolic actions through binding
to specific GH receptors that are found on every
cell of the body [65, 69].

GH Administration Effects on Endocrine Sys-
tem

« GH1

+ IGF-11

+ IGFBP-3 1
* Insulin 1

o freeT4 |

IGF-1 is a small single-chain polypeptide that
has shown anabolic effects on cytoskeletal mus-
cles. The actions of GH that interest athletes are
anabolic and lipolytic, leading to an increase in
lean body mass and reduction in fat mass. GH
exerts most of its anabolic actions through the
generation of circulating IGF-1. However, the
prevalence of IGF-1 abuse is probably much
lower than for GH because of its poor commer-
cial availability. Circulating IGF-1 reduces GH
secretion through classical negative endocrine
feedback [69].

IGF-1 Administration Effects on Endocrine
System

* IGF-11

« GH|

* Insulin |

* Glucagon |
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Insulin

Insulin is produced by [ cells in pancreatic islets
through a complex proteolytic process involving
the enzymatic cleavage of proinsulin into insu-
lin and C-peptide. Insulin is mainly used to treat
insulin-deficient patients suffering from type 1
diabetes mellitus. Due to its influence on many
metabolic processes, insulin is a potential perfor-
mance-enhancing agent. Insulin increases the rate
of glucose uptake into adipose and muscle tissues
and stimulates glycogenesis, thus increasing the
intramuscular energy reserves. Insulin works in
synergy with steroids. Steroids increase muscu-
lar mass and strength, whereas insulin inhibits
catabolism in muscle and liver by increasing the
synthesis of glycogen and proteins and promot-
ing the entry of glycogen and amino acids into
muscle cells. The combination of short-acting in-
sulin and high carbohydrate diets has an anabolic
effect on muscle mass through the inhibition of
protein breakdown. The use of insulin could also
improve post-competition recovery [54].

Insulin Administration Effects on Endocrine
System

* Glucagon |
« LH?
+ IGF-11

Leptin

Leptin, discovered through positional cloning
process approximately 15 years ago, is an adi-
pocyte-secreted hormone with pleiotropic effects
in the physiology and pathophysiology of energy
homeostasis, endocrinology, and metabolism.
Leptin is produced predominantly in the adipose
tissue but is also expressed in a variety of other
tissues, including placenta, ovaries, mammary
epithelium, bone marrow, and lymphoid tissues.
The release of leptin into the circulation is pul-
satile, and leptin concentrations follow a circa-
dian rhythm and are affected by sleep patterns.
Studies have shown that leptin contributes to the
regulation of energy homeostasis, neuroendo-
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crine function, metabolism, immune function,
and bone metabolism [70, 71].

Leptin Administration Effects on Endocrine
System

« LH?

« FSH1

* Gonadotropins 1

+ Estradiol 1

* Testosterone 1

+ Cortisol |

* T3and T4 1

* IGF-1 and IGFBP3 1

Gonadotropins

hCG is a glycoprotein produced at high con-
centrations by the placenta trophoblasts, during
pregnancy. The hormones hCG and LH exert the
same activity, through the LH receptor, which is
the stimulation of testosterone production in the
male testicles and progesterone and estradiol pro-
duction in the female ovaries, respectively. Par-
enteral administration of hCG or LH stimulates
the production of testosterone in males, and these
gonadotropins can therefore be used by athletes to
enhance muscle strength, although they are more
expensive and less efficient than testosterone and
anabolic steroids [65]. Therefore, their main use
is probably to stimulate gonadal testosterone pro-
duction during and after self-administration of
testosterone or anabolic steroids. In women, hCG
has not been shown to provide a clear beneficial
effect on athletic performance; furthermore, de-
tection of hCG is considered an intrusion on the
privacy of a pregnant athlete. Thus, the use of go-
nadotropins is therefore prohibited only in males
but not in females [64].

hCG and LH Administration Effects on Endo-
crine System

» Testosterone 1
* Progesterone 1
» Estradiol 1
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Fig.5.1 The sequence
of events and conditions
necessary for a change

(increase =1) in the circu-
lating hormonal concentra- TCONCENTRAT|0N
tion to induce an effect (hormone)

on a target tissue to result
in physiological process
changes [77]

N

Future—Conclusions

The area of exercise-sports endocrinology is one
in which there has been a constantly changing
body of knowledge. Technological advance-
ment and increasing rigorous experimental ap-
proaches have allowed for new discoveries in
the existence of new hormones, hormonal inter-
actions, and the hormonal-like effects of many
substances released from both glandular and
non-glandular tissues. For these reasons, the last
20 years have been an extremely exciting time
in this field of endeavor. That being said, there
is still a tremendous amount of uncertainty and
questions in need of addressing. In particular, the
scientists who work in exercise-sport aspect of
endocrinology need to focus on not just “what”
happens with exercise but “why” it happens,
and what are the “consequences” of it happen-
ing. Research studies have well defined what the
acute and chronic effects of exercise are to ei-
ther increase or decrease the presence of many
known hormones, but the specific regulatory
events to induce such actions and outcomes from
the hormonal change induced are not completely
resolved and are an issue of continued debate
[72-76]. This later point is illustrated by the
prevalent misconception within some exercise
researchers that an increase in the circulating
levels of a hormone(s) always leads to a resultant

Hormonal Effect - outcome

« #target cell expressing functional receptors
+ # functional receptors

- affinity level of receptors for hormone

\-post receptor amplification mechanisms

change in a physiological process, for example,
elevated concentrations of testosterone result in
increased protein synthesis rates in skeletal mus-
cle tissue [77]. Such a consequence is certainly
a possibility, however, Fig. 5.1 illustrates that a
number of conditions need to be met relative to
receptor functionality and post-receptor mecha-
nism (e.g., amino acid availability, endoplasmic
reticular functionality, etc.) before such an event
could occur. The new generation of scientists
working in exercise-sport endocrinology must
develop studies to address such points of “why,”
“how,” and the “consequences of” if we are to
gain a true understanding of how the integral and
interacting aspect of acute and chronic exercise
completely affects the endocrine system and
those process under its control. This approach to
future research presents challenges, but exciting
opportunities, for scientists.
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Michael I. Lambert

Introduction

A stressor is defined as anything that causes stress
or elicits the stress response. A common feature
of all stressors is that there is an acute phase, dur-
ing which homeostatic adjustments occur; a more
chronic phase, during which the stressor can be
accommodated by the adaptations; and finally a
phase of exhaustion, during which maladapta-
tions occur [1]. According to this definition, exer-
cise can be defined as a stressor, along with other
examples such as food deprivation, exposure to
hypo- or hyperthermia, or psychological and so-
cial challenges. The stress of exercise behaves in
a biological way similar to other stressors. For
example, at the start of exercise, there are acute
physiological, metabolic, and neuromuscular
changes that persist for the duration of the bout
of exercise. These changes are in proportion to
the increase in metabolic rate. During rest, oxy-
gen consumption, which is a measure of meta-
bolic rate, hovers around 3 ml oxygen/kg/min,
and coinciding with exhaustive exercise, oxygen
consumption may increase to around 50 ml oxy-
gen/kg/min in a moderately active person and to
around 70 ml oxygen/kg/min in a highly trained
endurance athlete. Almost immediately after ex-
ercise ceases, oxygen consumption decreases
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returning to baseline levels a few hours later.
These changes during exercise are transient. For
example, the metabolic state a few hours after
moderate exercise is indistinguishable from the
metabolic state before the start of the exercise.

However, if the bout of exercise is repeated
regularly, after a few weeks changes occur,
which persist for longer than the transient acute
changes. These more persistent changes, known
as training-induced adaptations, are associated
with an improvement in exercise performance.
For example, a trained person has an increased
capacity to resist fatigue, has stronger muscles,
can generate more muscle power, or has more re-
fined motor coordination or skill for a specific
task. The exact nature of the adaptations depends
on the type of exercise training. Consider, for
example, a typical endurance training session
where the active muscles are recruited several
thousand times to contract at a relatively low in-
tensity. Indeed the leg muscles of a jogger, at the
end of a 10-km run, would have had to sustain
over 6000 contractions. In contrast, a person un-
dergoing resistance training in a gym may only
contract a muscle 30 times at each training ses-
sion; the difference being that each contraction
is close to a maximal effort. It is therefore not
surprising that the training-induced adaptations
are different, considering the different types of
training stimuli.

Following each training session, recovery has
to occur before the next training session. The
time course of recovery after exercise varies de-
pending on the marker of recovery. For example,
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elevated heart rate, blood lactate concentrations,
and breathing rate return to baseline levels within
minutes after exercise, whereas metabolic rate
may take hours. If the bout of exercise caused
muscle damage, the changes may take weeks [2]
or months [3] to revert to the pre-exercise values.
Inadequate recovery between training sessions
results in maladaptations with the accompanying
symptoms of fatigue and impaired muscle func-
tion [4]. This is commonly known as overtraining
and is something that has to be carefully man-
aged, particularly with competitive athletes who
are continually striving to improve performance
by training hard with insufficient recovery be-
tween training sessions [5].

The principles of biology, particularly the
principle of “dose and response” can be applied
to exercise; the dose of exercise being the stimu-
lus of a training session, and the response being
the outcome from that training session. Coaches
have learnt to apply this principle to training.
Aligned to this principle is the concept of over-
load, which suggests that the biological stress
has to be gradually increased for adaptations to
occur. In practical terms, this translates to the
weight lifted getting heavier, the distance run
getting longer, or the intensity of the exercise in-
creasing in a gradual, systematic way. This prin-
ciple forms the basis of all training programs and
assists athletes in reaching peak performances
[6]. The next section will consider the biological
signal in more detail.

Biological Stimulus

At rest, the physiological, metabolic, and endo-
crine systems in the body are in a state of equilib-
rium. This equilibrium is disturbed as soon as the
muscles start contracting. This disturbance of ho-
meostasis evokes several responses, all designed
to meet the demands of the increased metabolic
rate or the need to produce muscle power. Ex-
amples of these transient changes are [7]:
Altered blood flow to the active muscles
Increased heart rate

Increased breathing rate

Increased oxygen consumption

M. I. Lambert

o Increased rate of sweating
Increased body temperature
e Secretion of stress hormones such as adreno-
corticotropic hormone (ACTH), cortisol, and
catecholamines
o Increased glycolytic flux
o Altered recruitment of muscles
In short, these responses or homeostatic adjust-
ments maintain the constancy of the body’s in-
ternal milieu during exercise. The magnitude
and type of responses to exercise are dependent
on the interaction of several factors such as the
type of muscle action, duration of activity, and
whether the person has been exposed to the activ-
ity. The ambient conditions, such as temperature,
altitude, and wind speed, also have an impact on
the homeostatic response. Finally, there are sig-
nificant intraindividual differences in responses
to the same exercise stimulus [8]. This explains
why some people seem to adapt at a much faster
rate than others, after exposure to the same train-
ing stimulus. The reasons for this can be ascribed
to pre-training phenotype and pre-training auto-
nomic function. There is also evidence that the
training response can be modulated by the timing
and composition of the nutritional intake [8].

The exercise-associated signal that induces
training-induced adaptations varies depending
on the type of muscle contraction and the dura-
tion, frequency, and intensity of the bout of ex-
ercise. This mechanical signal is converted into
primary and secondary messages for adaptation.
These messages activate the pathways involved
in protein synthesis or degradation, resulting in
the adaptations that are associated with changes
in performance. Also, the recovery period be-
tween exercise sessions can affect the signal.
For example, the training-induced expression of
messenger RNA (mRNA) of several oxidative
enzymes are upregulated at 24 h after the bout of
exercise [9].

A consequence of endurance training is that
the muscle becomes more resistant to fatigue
[10], whereas following resistance training, the
muscles become stronger, more powerful, and in
some cases bigger [11]. At the cellular level, the
primary stimulus for exercise-induced adapta-
tions is a combination of the load on the mus-
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cle, metabolic stress, and calcium flux [12]. The
load of the muscle is dependent on the tension or
strain and type of muscle action. For example,
the muscle can shorten or lengthen under tension
[13]. A muscle that lengthens under tension has
unique activation patterns [14], which impact
the mechanical signal. Increasing the load causes
muscle hypertrophy through the activation of the
pathways of protein synthesis and a suppression
of the protein degradation pathways. This results
in an increase in the amount of the myofibrillar
contractile proteins (actin and myosin), with an
increase in muscle cross-sectional area [11].

The metabolic stress stimulus varies depend-
ing on the intensity and type of exercise [15].
Metabolic stress is associated with a high rate
of adenosine triphosphate (ATP) utilization and
is influenced by the substrate availability in the
muscle cell. The biochemical signals that activate
adaptive cellular pathways include an increased
ratio of adenosine monophosphate (AMP) to ATP
(ATP), increased levels of reactive species of
oxygen and nitrogen, depleted levels of muscle
glycogen, and decreased oxygen tension [15].

The calcium flux refers to the rate at which
calcium is released from the sarcoplasmic retic-
ulum, binds to troponin C, and initiates muscle
contraction [ 16]. During a single-muscle contrac-
tion, there is a transient increase in sarcoplasmic
calcium concentration. However, as the rate of
muscle contractions increases, the sarcoplasmic
calcium concentrations are maintained at a higher
level. The latter scenario is associated with a sig-
nal that results in mitochondrial biogenesis and
an increase in the glucose transporter (GLUT 4)
[17]. The increase in mitochondrial content and
oxidative enzyme activity results in a reduced
rate of glycogen utilization during exercise and
an enhanced capacity to oxidize fat during sub-
maximal exercise. This results in an increased
capacity to resist to fatigue and is associated with
enhanced endurance performance.

In summary, these three stimuli (load on the
muscle, metabolic stress, and calcium flux) vary
depending on the circumstances of the exercise.
During endurance training, the load is low, the
metabolic stress is high, and the calcium flux
consists of short intermittent bursts for long peri-

ods. Under these conditions, there is an increase
in mitochondrial mass and oxidative enzyme ac-
tivity. During resistance training (i.e., few con-
tractions in a training session, but these contrac-
tions are close to maximal power output), the
load is high, the metabolic stress is moderate, and
the calcium flux is high. This stimulus results in
muscle fiber hypertrophy and neural changes. If
the person exposed to resistance is untrained, al-
most all the changes in strength can be attributed
to neural changes in the early phases of training.
However, after 4-6 weeks of training, the first
signs of hypertrophy become evident. This will
be discussed in more detail in the section on re-
sistance training.

Finally, there is evidence to suggest that a
slightly elevated intramuscular temperature is an
important part of the signal for inducing training
adaptations. This was concluded after an experi-
ment showed that training-induced adaptations
were blunted if the muscles were cooled immedi-
ately after each training session [18].

Maladaptations

For competitors striving to improve performance,
there is a fine line between doing insufficient
training or too much training, with both result-
ing in underperformance. Insufficient training
fails to induce appropriate adaptations necessary
for peak performances. In contrast, too much
training results in maladaptations or the failure
to adapt, causing symptoms of fatigue and poor
performance. This has been well researched and
it is known that training-induced fatigue occurs
on a continuum starting with “functional over-
reaching,” which is overcome with a few days of
rest [5]. Indeed some coaches will even induce
this state intentionally to capitalize on the re-
bound and possible super compensatory effect as
the athlete recovers. The next phase is “nonfunc-
tional overreaching,” which requires a longer
rest period. This is regarded as a negative phase,
which coaches try and avoid. If the training load
persists, without adequate recovery, the athlete
enters the overtraining phase [19]. A consistent
symptom of overtraining is impaired perfor-
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mance. However, beyond this, the symptoms of
overtraining are varied and may involve dysfunc-
tion in the neuromuscular, endocrine, metabolic,
and immune systems. A common characteristic is
the inability to accommodate the same training
load that was possible before the development of
the symptoms [20]. Symptoms of overtraining
can be avoided if the athlete adopts a more sys-
tematic approach to training, ensuring the correct
balance between training load and rest and recov-
ery [21]. To facilitate this process, it is important
to quantify both the training load and the fatigue
arising from each session, so that the “dose/re-
sponse” can be carefully manipulated [22]. This
approach will increase the chances of the athlete
peaking at the correct time coinciding with im-
portant competition. Researchers have attempted
to identify a specific marker of overtraining—at
present such a marker does not exist, possibly
because of the varied and inconsistent responses

[5].

Endurance Training

The main consequence of training-induced adap-
tations following endurance training is that resis-
tance to fatigue increases. This means that after
training more work can be done in the same time,
compared to before training, or at the same sub-
maximal intensity, the time to fatigue increases
after training. Although the adaptations after en-
durance training are loosely referred to as aerobic
adaptations, they have their origins in the skel-
etal muscle, in the cardiovascular system and in
metabolism. Aerobic capacity is represented by
the maximal oxygen uptake (VO,max). As men-
tioned previously, the VO,max of elite endurance
athletes (males) is usually above 70 ml oxygen/
kg/min, whereas it is about 10% lower in elite
females. Although VO,max increases following
endurance training, the changes are variable, pos-
sibly as a result of the athlete’s genotype [15].
There are two schools of thought explaining the
increase in VO,max after training. The first view
is that VO,max increases as a result of the cen-
tral adaptations that result in more oxygen being
delivered to the muscles. According to this view,
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the changes in performance are a consequence
of the increased oxygen delivery [23]. A second
view is that the properties of the muscle change
after training, enabling the person to achieve a
higher workload in a VO,max test. It follows
that VO,max increases as a consequence of the
increased workload [24]. The latter interpretation
seems to be the more popular and is supported by
basic principles of exercise physiology [25].

If one considers a situation where an inactive
person starts training systematically, there are a
number of changes that take place. One of the
first measureable changes is an increase in plasma
volume [26]. This adaptation can also explain the
increase in cardiac output and stroke volume and
the decrease in heart rate, which occurs during
submaximal exercise after training [27]. These
changes are lost as soon as the regular training
stops. Next, the capillaries in the active muscles
proliferate. The capillary-to-fiber ratio increases
by up to 20% in a matter of weeks [28]. Another
early adaptation evident after about 4 weeks of
training is the increase in the mitochondrial mass
with a concomitant increase in oxidative capacity
[29].

At a fixed submaximal workload, the percep-
tion of effort decreases as the training status im-
proves, or more work can be done at the same
perception of effort. Indeed, this can be related
to the reduced disturbance in homeostasis, which
occurs at a fixed submaximal workload (before
vs. after training). The athlete becomes more effi-
cient and uses less oxygen at a fixed submaximal
load [30]. This is supported by a slower breath-
ing rate, lower heart rate, and lower blood lac-
tate concentration. Also, more fat is used as fuel
during submaximal exercise after training. This
can be demonstrated quite easily in a laboratory
if one measures the volume of carbon dioxide
(CO,) produced and the volume of oxygen (O,)
consumed. This ratio of CO,/O,, known as re-
spiratory exchange ratio (RER), is close to 1.0
when glucose and glycogen are the main source
of fuel, and the ratio decreases to 0.7 when free
fatty acids are the predominant fuel during ex-
ercise [31]. An untrained person exercising at
a submaximal intensity will have an RER of
around 1.0, showing that they are using mainly
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glucose as fuel. This can be compared to an en-
durance-adapted athlete who will have an RER
of between 0.8 and 0.9 during submaximal ex-
ercise, showing that both fatty acids and glucose
are being oxidized for fuel. Under these condi-
tions, the rate of glycogen utilization decreases
during submaximal exercise. As a consequence,
it takes longer for the glycogen stores to become
depleted. This has important consequences for
endurance performance because fatigue during
such events is associated with glycogen depletion
[32]. It therefore follows that if the depletion of
glycogen can be delayed, the onset of fatigue will
also occur at a later stage.

Strength Training

Many athletes striving to get stronger and more
powerful practice strength training, also known
as resistance training [6]. More recently, the
health benefits of resistance training have been
recognized, particularly to treat or manage con-
ditions characterized by muscle weakness. Such
conditions are sarcopenia (loss of muscle mass
with ageing), neuromuscular skeletal disorders,
and immobilization of a muscle following injury
or following prolonged bed rest [33].

Muscle strength is defined as the ability of
that muscle to produce force. This characteris-
tic should be differentiated from muscle power,
which is reflected in the ability to do work over
time. In other words, muscle power is an interac-
tion between the force of contraction and speed
of contraction. Maximal power output usually
coincides with between 40—-70 % of the maximal
weight lifted, depending on the type of muscle
contraction. Normal daily activities require mini-
mal strength, while performance in certain sports
is dependent on high levels of strength. In par-
ticular, success in certain sports, such as weight
lifting, is directly related to the strength of the
muscle.

There are many forms of resistance training,
for example:

e Free weights (e.g., dumbbells, barbells, and
kettle bells)

e Machine weights (e.g., devices designed for
particular muscle groups with adjustable seats
using either weights on pulleys or hydraulics)

e Rubberized resistance bands

o Exercises using body weight

The overload, or specific resistance training stim-

ulus, is applied by manipulating the number of

repetitions, intensity (i.e., weight lifted), recovery
period between repetitions and sets, and the fre-
quency of training sessions [34]. The outcome of

a resistance-training program can increase mus-

cular endurance, hypertrophy, strength, or power.

The final outcome depends on the manipulation

of the variables associated with the overload

stimulus. The choice of the application of the
training load (free weight vs. machine weights)
can also influence the type of adaptation.

The capacity of the skeletal muscle to gen-
erate a high level of force is a complex inter-
play between several factors. For example, the
strength of a muscle depends on the muscle’s
fiber type, cross-sectional area, architecture, and
neural drive [35]. In the initial phase of resistance
training, strength can be increased without any
change in muscle size, but it is always dependent
on changes in the neural system. Sporting per-
formance can benefit from increases in strength.
The magnitude of the effect varies depending on
the sport. For example, following a resistance
training program in which the squat one-repeti-
tion maximum (1 RM) increased by 21 %, this in-
crease in strength was accompanied by improve-
ments in vertical jump performance (21 %) and
sprinting speed (2.3 %) [36].

An untrained person starting a resistance
training program will notice increases in strength
almost immediately. There is no change in mus-
cle size at this stage. Muscles only start showing
signs of increasing size (hypertrophy) after about
4 weeks of consistent training, with the change
in size being quiet significant after 8—12 weeks
of resistance training [33]. For hypertrophy to
occur, additional contractile proteins (actin and
myosin) have to be manufactured and incorporat-
ed into the existing myofibrils. This increases the
cross-sectional area of a muscle, which is directly
proportional to the force the muscle can produce.
Factors such as age, gender, and genotype af-
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fect the rate and size of muscle increases after
training [37]. The exact time course for muscle
fiber hypertrophy is not well documented but
appears to require at least 67 weeks of regular
resistance training at reasonably high intensity
[38]. Increases in muscle protein synthesis occur
following an isolated bout of resistance exercise
[38]. The increase in muscle protein turnover can
increase for up to 48 h after resistance training
exercise [33, 39].

The size of muscles in the upper body of a pre-
viously untrained person increases at a faster rate
after resistance training compared to the muscles
in the lower body [33]. This can be explained be-
cause the muscles of the lower limbs have to bear
weight continuously and are therefore recruited
more frequently than the muscles of the upper
body. Therefore, they can be considered more
adapted than the muscles of the upper limbs in an
untrained person.

Many shorter studies (6—10 weeks) report
preferential hypertrophy of type 2 muscle fibers;
however, the longer duration studies have also
found hypertrophy of type 1 fibers [33]. In the
early phase (2-3 months) following resistance
training, there are subtle changes in fiber type,
with an increase in type 2A fibers and a decrease
in type 2X fibers [33].

While the expression of voluntary strength de-
pends on the agonist muscles being maximally
activated, there also has to be minimal activation
of the antagonist muscles and appropriate support
from synergistic and stabilizing muscles [40]. An
untrained muscle cannot be activated fully [41].
A possible mechanism explaining this is that ac-
tivation of the Golgi tendon organs inhibit the
agonist muscle (via Ib inhibitory interneurons),
while the antagonist muscles are facilitated by
inhibition of the Ia inhibitory interneurons [41].
This inhibition seems to be overridden follow-
ing strength training, through a process known
as disinhibition. The increase in maximal volun-
tary contraction, particularly during the first 3—4
weeks after resistance training, is accompanied
by increases in the surface electromyographic
(EMG) activity of the agonist muscles, con-
firming a change in the neural drive to a muscle
[33]. This indicates that more muscle fibers can
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be recruited compared to a maximal contraction
before training. Once hypertrophy has occurred,
fewer muscle fibers are recruited during a sub-
maximal contraction—this is reflected in reduced
EMG activity. Further evidence of neural adapta-
tions after resistance training can be demonstrat-
ed by the “cross-over effect” where training one
limb causes strength increases in the contralateral
untrained limb [33].

Concurrent Strength and Endurance
Training

For a long time, it has been known that the adap-
tations following a training program, which in-
corporates both endurance and strength training
simultaneously, do not manifest to the same ex-
tent compared to when the training modalities are
done on their own. In particular, expected gains
in strength are reduced if additional endurance
training occurs at the same time. The reduced
gains in strength with concurrent training are par-
tially due to a suppressed hypertrophic response
in the muscle that may be related to an elevated
catabolic state induced by endurance training
[42]. It also appears that various molecular sig-
naling responses induced in skeletal muscle by
endurance exercise can inhibit pathways regulat-
ing protein synthesis and stimulate protein break-
down [43]. There is evidence, however, suggest-
ing that aspects of vascularization and oxidative
enzyme activity may be enhanced with concur-
rent training compared to either strength or en-
durance training alone. The practical application
of this change has not been fully explored.

Cessation of Training

Detraining has been defined as the partial or com-
plete loss of training-induced anatomical, physi-
ological, and functional adaptations, as a conse-
quence of training cessation [44]. The training-
induced adaptations, which develop earliest (i.e.,
blood capillary proliferation, increased plasma
volume), are usually the adaptations that revert
first when training is reduced or stopped [45].
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Athletes have to consider the loss of training
adaptations when they prepare for competition.
Their goal is twofold. First, they want to com-
pete without residual training-induced fatigue.
Second, they need to ensure they do not lose any
training-induced adaptations before competing.
This can be achieved by reducing the training
volume (tapering) while maintaining a high train-
ing intensity during 2—-3 weeks before the com-
petition. The important features of the taper are
the magnitudes of reduction in training volume,
training intensity, duration, and interaction of the
taper with the preceding phase of training [46].
The specifics of the taper vary according to how
the training volume load is reduced and may be
referred to as a linear taper, an exponential taper
involving a fast or slow constant of decay (re-
duction) in training load, and a step taper. This
approach reduces training-induced fatigue while
maintaining the training-induced adaptations.

Practical Applications

Exercise-induced adaptations are varied depend-
ing on the primary stimulus of training. Muscle
can be remodeled to be either fatigue resistant,
stronger, bigger, and more powerful or better co-
ordinated. These adaptations have application for
sporting performance, rehabilitation after injury,
and treatment of disease. The training adapta-
tions persist provided that the training stimulus is
applied consistently and systematically; howev-
er, they slowly regress to their pre-training state
when the stimulus is removed.
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Introduction

Physical inactivity is a modifiable risk factor for
cardiovascular disease and a widening variety of
other chronic diseases, including diabetes melli-
tus, cancer, obesity, hypertension, bone and joint
diseases, and depression [1-3]. Public health rec-
ommendations have evolved from emphasizing
vigorous activity for cardiorespiratory fitness to
including the option of moderate levels of activ-
ity for numerous health benefits [4].

Different international health organizations
warn about the elevated degree of sedentarism
in the general populations, especially in the most
developed countries [5-7].

Therefore, it seems necessary to promote pro-
grams of physical activity that improve health
and quality of life of citizens; however, not hav-
ing adequate knowledge on how to perform these
activities might, on occasion, lead to negative
side effects (lesions, pathologies, etc.). Many
subjects have different goals that, in some cases,
may lead to addiction and/or extenuation which
may lead to a wide variety of problems related to
several systemic processes such as osteomuscu-
lar injuries and blood pressure. On the contrary,
with an adequate knowledge, physical exercise
may promote many benefits when performed on
a regular and adequate basis.

Some inherent risks of physical activity and
sports practice are linked to fertility in female
and male athletes undergoing elevated and in-
tense training volume. This is particularly rel-
evant if we take into account that human fertility
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seems to have declined in subjects of fertile age
in recent years. Over the past decade, a number
of studies have been published on whether fertil-
ity has declined [8, 9]. It is known that the ef-
fects of lifestyle such as smoking, poor diet, al-
cohol abuse, obesity or psychological stress, and
sedentary habits are important factors affecting
male and female reproductive performance and
fertility, and may have an impact on the fertil-
ity of their offspring [10]. Little is known about
the beneficial and deleterious effects of physical
exercise and sports on reproductive performance
[11]. Indeed, exercise and physical activity could
be good or bad depending on the several param-
eters inherent to exercise: type, intensity, volume,
objective, organization, etc.

Many researchers have emphasized during
the past decade the deleterious effect of exercise
on reproductive functions, as in the case of elite
female athletes, with problems in the reproduc-
tive system that may derive or turn into a wide
range of pathologies such as delayed menarche,
oligomenorrhea, amenorrhea, inadequate luteal
phase, and, even, anovulatory cycles [12—15].
This association is obviously easier to assess in
female athletes due to the unequivocal symp-
toms already mentioned, especially in runners
[16, 17], cyclists [18], swimmers [19-21], gym-
nasts [22, 23], figure skaters [24], and ballet
dancers [25].

In men, several investigators have demon-
strated that prolonged exhaustive exercise may
lead to adverse effects on physiological systems
and, particularly, the reproductive system and
fertility: altered reproductive hormone levels
[26-36], atrophy of the testicular germinal epi-
thelium and adverse effects on spermatogenesis
[37-39], changes in semen parameters including
abnormal sperm morphology [26, 27, 31, 34, 35,
40], and reduced sperm motility during multiple-
stage bicycle race [40].

Some authors have postulated that there is
a parallelism between the harmful effects pro-
duced on the female reproductive system and
those produced on the male reproductive system,
especially the chronic, or the so-called long-term
effects [41], especially for exhaustive endurance
exercise. It has been recently demonstrated that
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intensified exercise can cause oxidative stress
and DNA damage in athletic male sperm [42—44].

In the early investigations, exercise volume
was regarded as the variable most related to the
negative effects on male reproduction, leading to
the hypothesis of a volume threshold for repro-
ductive disorders [26, 45]. However, it has been
reported that exercise intensity is at least, if not
more, equally deleterious for reproductive func-
tion [31, 46]. Inherent parameters linked to spe-
cific exercise modalities can also be responsible
for negative effects on the reproductive system:
friction from bike saddles [47] or from horserid-
ing [48], the use of androgenic anabolic steroids
[49, 50], abusive use of metals such as iron as an
ergogenic help [51], etc.

Some others just seem to consider exercise
as potentially harmful in the case of a previous
existing pathology related to reproductive system
[52, 53]. In Naessens’s opinion, the interrelation
in exercise—reproductive dysfunction may be-
come such that athletes may even present a wide
range of possibilities, from muscle recurrent le-
sions to loss of libido.

However, from a scientific standpoint, it is
extremely complex to establish a clear and un-
equivocal affirmation of this interrelation due to
the fact that male reproductive parameters are,
“per se”, the subject of ample variety [54, 55].
The reproductive system is, without any doubt, a
complex system on which many factors act upon.

There is a notorious lack of consensus about
the aforementioned relationship or interdepen-
dence, probably due to the fact that different pa-
rameters were used during the training sessions
that athletes underwent.

Research in relation to the effect of physical
fitness on reproduction is primarily focused on
athletes rather than sedentary people who have a
moderate level of fitness, independent of whether
they are female or male. Rich-Edwards and col-
leagues [56] found that each hour of vigorous
exercise per week was associated with a relative
risk reduction of 5% in ovulatory infertility; this
association was not observed with moderate exer-
cise. In contrast, when dealing with obese infertile
women, just losing weight, improving physical
fitness and psychological well-being resulted in
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significant improvement in ovulation and preg-
nancy rates [57]. More recently, in males, Vaa-
monde and colleagues have observed better semen
parameters and hormone levels in physically ac-
tive subjects when compared to sedentary males
[58]. As a result, it seems possible that exercise
does not only exert negative effects but may also
exert beneficial ones on the reproductive potential.

Therefore, the aim of this chapter is to review
the impact of physical exercise on reproductive
performance and fertility. The authors have tried
to summarize recent findings concerning the ef-
fect of physical activity and exercise on repro-
ductive function and human semen in sedentary
and sports practitioners.

Physical Activity and Exercise

In order to understand the relationship between
physical exercise and fertility, it is necessary to
have basic notions regarding physical activity
and exercise as well as the different parameters
and types of exercise so that the readers can more
easily follow the information offered in the chap-
ter. We must bear in mind that physical activity
and physical exercise and sports training have
different connotations, requirements, develop-
ment, and objectives.

All these important concepts have been amply
described in Chap. 4 (for more detailed informa-
tion, refer to that chapter). Nevertheless, some
basic notions are offered here for a more con-
venient understanding. Physical activity is any
type of movement that requires us to contract
our muscles. Exercise, although a physical activ-
ity, is a specific form of it. It is a purposeful and
planned form and we perform it with the inten-
tion of acquiring health benefits and increasing
our fitness level. Most of the papers to be dis-
cussed in this chapter will deal with sports train-
ing and, to a lesser extent, with physical exercise.
The main two types of exercise that differ in sev-
eral aspects are endurance exercise and strength
exercise.

Endurance training involves many systemic
processes and events as it induces many central
(e.g., systolic volume, heart rate, and cardiac
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output) and peripheral (e.g., vascularization and
mitochondrial density) physiological adapta-
tions. Catabolic and oxidation events are crucial
in these types of athletes so as to increase the ca-
pacity to use fat and glycogen to meet energetic
demands (e.g., glycogenolysis, glycolysis, and
lipolysis) as well as greater efficiency in oxygen
transport and distribution. Typical examples of
endurance sports are running events, cycling, and
swimming. Combinations of these sports such as
duathlon and triathlon are also endurance sports.

Strength training deals with using some sort
of resistance with the objective of producing
muscular contractions for increasing strength,
and muscle size. It involves systemic processes
that deal with bone and muscle metabolism and
hormonal responses. Typical sports based on
strength training are bodybuilding, weightlifting,
and powerlifting.

Parameters Determining the Character-
istics of Training Load

Load can be defined as a descriptive variable that

characterizes the efforts imposed on an athlete

during training and competition. It can be con-
sidered as physical, psychological, or cognitive.

For the purpose of this chapter, we will deal with

only physical load concepts because physical

load is the one that imposes greater influence on
the reproductive potential.

There are several parameters that are impor-
tant to take into account with regard to sports
training; although explained in detail in Chap. 4,
they will be briefly commented subsequently.
Training load is the quantitative amount of work
developed during training. It mainly implies the
degree of stimulation imposed on the body and
that will lead to a series of changes and adapta-
tions. Training load entails physical and mental
activities performed by the sportsman in order to
develop capacities and the addition of all training
effects on organism.

e Training volume is a key element and it clas-
sically represents the amount of work per-
formed (kilometers covered, kilograms lifted,
number of repetitions, etc.).
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e Training intensity, on the other hand, refers to
the qualitative element of physical work. It is
how “hard” the athlete will perceive the exer-
cise. It is normally expressed as percentage of
variables such as VO,,,.., HR and 1RM).

e Training density expresses the relation
between effort duration and recovery duration.
This applies to intrasession (taking recovery
times between repetitions) density or interses-
sion density (recovery time between different
training sessions). Training density will affect
both acute and chronic responses induced by
exercise.

Effect of Exercise on Male
Reproductive Performance and
Fertility

As mentioned before, exercise may affect male
fertility. Its practice influences sexual hor-
mones and the organs of the reproductive system
through several pathways. The hypothalamic—pi-
tuitary—gonadal (HPG) axis, which is regulated
by a negative feedback system, is central to male
reproduction. The testes are the male gonads and
are responsible for production of both steroid
hormones (mainly testosterone) and sperm pro-
duction. The hypothalamus releases in a pulsatile
manner a hormone known as gonadotropin-re-
leasing hormone (GnRH) which, in turn, stimu-
lates Iuteinizing hormone (LH) and follicle-stim-
ulating hormone (FSH) release from the pitu-
itary—LH is responsible for testosterone (major
regulatory hormone of the system) production
by stimulating the interstitial cells of Leydig and
FSH is pivotal in proper spermatogenesis. It is,
therefore, easily understandable that altering this
system somehow may affect fertility.

Hormonal Alterations

An intact hypothalamic—pituitary—testicular
(HPT) axis is essential for qualitatively and quan-
titatively normal spermatogenesis to occur as the
initiation and proper maintenance of process is
highly dependent on androgens.

D.Vaamonde et al.

Endurance Training

Negative Effect

Acute and prolonged physical exercise may sup-
press endocrine functions at the hypothalamic
and testicular levels. It has been reported that ex-
ercise induces suppression of both GnRH release
and serum testosterone [59]. Therefore, this may
alter the male reproductive system.

From the endurance point of view, training
volume seems to be the most influencing param-
eter and it has certainly been the variable most
used in the available literature. Many of the
studies found could be categorized into Jow-to-
medium volume or high volume of training; yet
because of scarce data, in some of the studies,
this categorization could be difficult. Thus, data
in some of the studies are rather controversial
as some report no alteration on the HPT axis or
changes only appear in some of the hormones
but not in others. If we deem, as previously men-
tioned, that testosterone is a major regulator of
the HPT axis, we may categorize the studies into
three categories: those that do not show changes
in either testosterone (FT or TT) or any of the
other HPT hormones [60—62], those that show
no changes in testosterone (FT or TT) but show
changes for any of the other HPT hormones [31,
63, 64], and those that show changes in testos-
terone (FT or TT) but there could be changes, or
not, for any of the others [26, 27, 34, 65-70].

In the first scenario, it could be hypothesized
that the training stimuli were not sufficient
enough to alter the axis. In the case of the studies
that do not detect changes in testosterone but de-
tect changes for other hormones (FSH and LH),
it can be noted that in McConnie’s study LH
values decrease but in Gutin’s study both FSH
and LH increase. It must be noted that in the Mc-
Connie study, a challenge test with human chori-
onic gonadotropin (hCG) resulted in an increase
in testosterone whereas in the Gutin study there
are two noteworthy characteristics: the low or
moderate performance level of the subjects (VO-
omax Of 51 vs. 39 ml/kg/min) and the low volume
used in the study (<40 km/week). Among works
detecting changes in testosterone independent
of changes, or not, in other hormones, the most
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habitual finding is changes in testosterone with-
out changes in FSH or LH [26, 27, 34, 64, 69].
These findings may indicate alterations at the
HPT axis at levels other than the hypothalamus
or pituitary, compensatory mechanism such as
less excretion, or even interrelations with other
axis such as the hypothalamic—pituitary—adrenal
or thyroid one. In fact, glucocorticoids directly
alter steroidogenesis by having negative effects
on LH receptor numbers in the interstitial cells
of Leydig [71]. By means of several mechanisms
(e.g., reduced excretion, adrenal-stimulated se-
cretion, or even lactic acid buildup-stimulated
secretion), testosterone could increase indepen-
dent of LH [72].

At any rate, it seems evident that changes in
testosterone take place when athletes undergo
a high volume of training. In fact, some of the
mentioned studies coined the “volume-threshold
hypothesis” for observing alterations in testoster-
one levels and the HPT axis.

Although most of the available literature deals
with runners, we cannot neglect other studies
done with other endurance disciplines. In cy-
clists, results have also offered controversial and
vague conclusions; while one study showed no
differences in hormonal profiles of cyclists [40],
other studies revealed that, in professional cyclist
assessed in one of the main races of the season
(Vuelta a Espaiia), competition period exerted a
negative influence on testosterone, resulting in
decreased values [73, 74]. Fernandez-Garcia and
colleagues highlighted that those cyclists who
came into competition with the greatest volume
had testosterone levels lower than those of other
cyclists. Other authors have suggested decreased
TT as a result of training [29, 75]. Moreover,
when comparing trained and untrained subjects
who were subjected to 4 h of road bicycling at a
performance level as high as possible, it was ob-
served that FSH levels were higher in the trained
subjects. Such findings may reveal a sign of com-
pensated hypogonadism which could be the re-
sult of intensive chronic training or of Sertoli cell
dysfunction [76].

In swimmers, there is also controversy re-
garding the effect of exercise on hormone levels.
While one study has not reported any differences
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in hormonal levels (T and C) after increased
training load during a period of 4 weeks [77],
another study has reported changes in testoster-
one (both in bound and unbound forms) during
exercise although these changes reverted back to
initial values during recovery [62].

Many physiological adaptations, both positive
(cardiovascular, cardiorespiratory, muscular sys-
tem, and body composition) and negative (neu-
roendocrine system and reproductive health) are
the result of ultraendurance exercise [29]. Mostly
the effects of exercise on reproductive poten-
tial have been assessed on endurance-trained
athletes. Nevertheless, recently, this effect has
been assessed in male ultra-endurance-trained
athletes. Hypogonadal states (low basal levels
of testosterone) have been observed as a result
of chronic ultraendurance training when athletes
undergo running or cycling for 10-20 h/week
[78]. Triathletes, whose normal training charac-
teristics impose high volume in the three sports
modalities composing this discipline, showed,
significantly lower levels of estradiol and testos-
terone when compared to cyclists and recreation-
ally active men [36]. Previous studies, however,
have not observed such differences [40].

Rowing is another sports commonly used in
assessing the effect of training on HPT. In most
of the rowers, heavy training results in decreased
free testosterone/cortisol ratio when compared
to basal levels; nevertheless, values never drop
below the threshold value of overstrain of
0.35% 1073 [79]. The same authors reported ob-
serving decreases greater than 30%. In a previ-
ous study, Urhausen et al. [80] observed that T,
T/SHBG, and T/C decreased during a 7-week
period; such decrease stopped with regenera-
tive training of only 1 week. Two of the rowers
had normalized values for T, T/SHBG, and T/C
within several weeks of training discontinuation.
Another study revealed that after a 2-week period
of high-training volume, testosterone was signifi-
cantly decreased 30 min after finishing a long-
distance rowing test; the hormonal changes ob-
served are indicative of decreased adaptivity [81].
Another work by Miestu and colleagues [82]
revealed also decreased adaptivity as evidenced
by reduced basal FT and FT: C ratio as well as
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testosterone response to exercise challenge after
a heavy training period of 3 weeks. Another study
by Vinther and colleagues evidenced in elite male
lightweight rowers values for serum TT, FT, and
dihydrotestosterone (DHT) that, even though
were within normal range, were in the lower part
of the spectrum [83]. Therefore, as reported by
some, testosterone and cortisol are altered as a
result of changes in training volume, and the val-
ues of such hormones related to weekly training
volume [84].

Skiing exercise has also proved that prolonged
exercise imposes heavy physical stress which is
evidenced by a significant drop in testosterone
and LH and increase in cortisol, despite a relative
stability in FSH. Therefore, the observed changes
suggest that exercise alters both the adrenal and
the HPT axes [85]. Also in skiers, a 75-km ski
race resulted in decreased FSH, LH, and T as
compared to values in a control day [76].

When taking intensity as the main differential
parameter, it can be observed that this variable
may also exert an influence on hormonal profiles.
In this regard, Safarinejad and coworkers ran-
domly allocated 286 subjects to either moderate-
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intensity exercise (60 % VO,,,,) or high-intensi-
ty exercise (80% VO,,,,) groups. Both groups
exercised for 60 weeks (running on a treadmill
for 120 min, 5 sessions/week) followed by a low-
intensity recovery period of 36 weeks. It was
observed that after 12 weeks of training, serum
TT and FT, as well as FSH and LH, began to de-
crease; conversely, sex hormone binding globu-
lin (SHBG) began to increase with both proto-
cols. Under a GnRH stimulation challenge, LH
and FSH responses were blunted [34]. Although
the response was similar in both groups, it was
more marked in the high-intensity group, signify-
ing that intensity has an effect on the hormonal
response. In this study, hormonal levels returned
to baseline after the recovery period.

In another study, maximal intensity exercise
during a short period of time imposed on physi-
cally active subjects resulted in alterations in
FSH, LH, prolactin (PRL), dehydroepiandros-
terone (DHEA), and cortisol values; on the con-
trary, testosterone, progesterone, or estradiol did
not vary significantly. Hormone values returned
to those observed before training after 3 days
during the recovery period (Fig. 7.1) [31]. Al-
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though both studies show the hormonal changes
are transient, returning to normal values, it must
be noted that changes may become nonreversible
under certain conditions (e.g., not enough recov-
ery periods, long-term training, and combination
with high volume). These may be especially true
for athletes starting heavy training at the pre-
or peri-pubertal years, when it is even ethically
controversial to control semen production and
development. More recently, Méestu et al. [82]
proposed that decreased resting levels of free
testosterone and lower maximal increases of the
same hormone induced by exercise are the first
sign for an athlete’s decreased adaptability.

The effect of exercise volumes and intensities
on male endocrine status is not well described in
the literature; nevertheless, it would be important
to know more precisely when the neuroendocrine
system and, thus, male reproductive potential
may be at risk.

The hormonal response to exercise is affected
by both intensity and volume. The complexity in
hormone feedback mechanisms and the disparity
in results shown in the available literature de-
mand that a consensus in study design and pro-
tocols be reached. The heterogeneity observed in
different studies with regard, but not limited, to
the type of athlete (sedentary vs. amateur vs. pro-
fessional), the type of intervention (observational
vs. modification of training or administration of
exogenous hormones), etc., should be minimized.

In soccer, Grandi and Celani [86] have ob-
served that both professional and nonprofes-
sional players exhibit similar hormonal responses
to training and to a gonadotropin-releasing hor-
mone—thyrotropin-releasing hormone (GnRH-
TRH) challenge test. Basal LH levels were higher
in players during resting period than in sedentary
men, but the response of LH to the challenge test
was less in the players than in sedentary subjects.
Although the training season did not seem to
induce important hormone alterations, a strenu-
ous soccer game induced an increase in prolactin
basal levels. In basketball, it has been observed
that TT increases during the season period while
FT and T/C initially increase to later on start de-
creasing from mid-season until the end of the
season [87].

107

Positive Effect

Most research have focused on the analysis of
the acute response of the endocrine system to en-
durance loads, and longitudinal studies in which
the long-term response to prolonged trainings is
sought are sparser. Though most studies show an
initial increase in levels of androgenic hormones
as acute response to imposed training loads, if
these are sustained in time and surpass the ha-
bitual training levels of the athletes, we could
easily find with decreased basal levels of these
hormones [88-91]. It is commonly accepted that
the long-term effects of moderate training vary
in relation to the characteristics of the used load,
time of application, and the profile of the assessed
athletes. Thus, it would be right to deal with the
long-term effects as most likely we would find
opposing results to those we find in short-term
conditions [92, 93]. Frequently, we can find re-
search concluding that middle-age subjects, or
even older subjects, that perform physical activ-
ity present with testosterone basal levels that are
higher than in sedentary subjects [94, 95]. How-
ever, it is necessary to understand that in order
to find a response like this, it is necessary that
the performed activity need not be either exces-
sively prolonged nor it provokes great fatigue on
the subject. It also has to be taken into account
that the hormonal response of older subjects is
not going to be as intense as in younger subjects;
therefore, we may conclude that the latter have a
more favorable anabolic response.

Moreover, securing a favorable hormonal re-
sponse can be fulfilled with healthy life habits in
which nutrition can be a key factor. In line with
this, Tymchuk et al. analyzed the hormonal re-
sponse to a light aerobic exercise along with a
low-fat diet observing changes in the HPT axis
that resulted mainly in increased SHBG [96].
Similar results have also been reported for men
engaging in long-term exercise [97]. Also, in a
12-month randomized clinical study with aero-
bic exercise, intervention of moderate intensity
in sedentary subjects resulted in increased serum
DHT and SHBG [98]. In sedentary subjects sub-
mitted to low-volume exercise for 5 weeks, an in-
crease in fT and decrease in SHBG was observed
[99]. Also, when comparing sedentary subjects



108

to physically active subjects, Vaamonde and col-
leagues have recently reported improved values
for FSH, LH, T, and the T/C ratio. These findings
further support that aerobic exercise can lead to
an improved hormonal environment [58].

Resistance Training

Among the potential effects that can often be
found in practitioners of resistance sports mo-
dalities (e.g., weightlifting, powerlifting, body-
building, and crossfit), we should distinguish
those that depend on the activity itself and the
intensity at which is practiced from others that
are normally linked to nondesirable habits that
these athletes normally follow (e.g., use of dop-
ing substances).

Use of Anabolic Androgenic Steroids
We need to bear in mind that this modality of
exercise is specifically the one that we have to
be careful about anabolic steroid use. Despite
the fact the use of steroids significantly increases
sports performance in resistance sports and pro-
vokes important increases in muscle mass of
these athletes, we must not forget that the inten-
sive and prolonged use of these substances is also
linked to important androgenic effects that may
derive in risks for the health of these athletes.
Although it is not the purpose of this chap-
ter to discuss the use of anabolic steroids (for
detailed information, refer to Chap. 10), due to
the fact that their use is extensive among many
athletes, we must note the dangerous side effects
they pose for fertility and reproductive potential.
High doses of exogenous steroids alter the
normal functioning of the HPT axis and inhibit
the production of endogenous testosterone. The
more prolonged the use of the synthetic steroid
is, the more time endogenous testosterone secre-
tion in suppressed and the longer the time for
recovery to normal endogenous production may
take. If the athlete wants to keep his performance
level, he will enter a vicious cycle of steroid use
with the risk for his own health and the possibil-
ity of being discovered and fined in an anti-dop-
ing control. When the functional situation is too
adverse, it may be necessary to get the aid of a
professional into trying to restore the organism’s
own capacities.
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Hormonal Adaptive Response to Resistance
Training

Hormonal responses constitute an essential part
of the mechanisms that are activated in the pro-
cesses of adaptation that take place with resis-
tance training [100-102]. Resistance exercise
elicits acute postexercise hormonal responses
whereas prolonged, long-term training has an ef-
fect on basal or resting concentrations [103].

An adequate anabolic—catabolic balance al-
lows for activation of protein synthesis and in-
crease in muscle hypertrophy, which is one of the
main objectives of resistance training. Hormones
such as insulin, Insulin-like Growth Factor (IGF),
growth hormone (GH), and testosterone are
mainly anabolic, whereas cortisol, progesterone,
and myostatin are catabolic or protein-synthesis-
inhibiting hormones.

The circulating levels (and ratio) of such
hormones, after a resistance training session,
depend on the load (volume and intensity), the
used muscle mass, and the impact that the session
may impose on the organism [104]. Therefore,
the exercise characteristics lead to an extremely
complex functional response that results in spe-
cific adaptive processes in response to the type of
load used. These adaptations are based on protein
metabolism which conditions the metabolism of
other substances in the organism. The protein me-
tabolites generated during sports practice along
with the developed neuroendocrine response are
the causes that trigger differential protein synthe-
sis in each training type.

Negative Effect

Some research have observed an increase in the
resting levels of testosterone as an adjustment
to strength training in the medium- to long-
term (chronic) response, [105-108]. However,
when resistance training becomes excessive
and the athlete comes close to overtraining or
deep fatigue levels, testosterone levels may re-
main close to or decrease from baseline levels
[109-112].

The underlying mechanisms in this type of
response are not well known; however, some
authors hypothesize that it may be related to func-
tional or anatomical alterations in areas of the
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central nervous system as a consequence of defi-
cit of some amino acids [26]. Other studies link
this to deficits or alterations in neurotransmitters
related to nervous impulse (dopaminergic, norad-
renergic, or serotoninergic), or the increase in the
production of testosterone-inhibiting hormones
(cortisol) [113]. The person’s age may also influ-
ence the testosterone levels when trained subjects
show advances in age and lowered training level
[105, 112].

Positive Effect

Altering the levels of circulating anabolic hor-

mones as well as the anabolic—catabolic ratio

could be beneficial in males for several rea-
sons. For an athlete, this can signify improving
performance by increasing lean body mass and

muscular strength and decreasing body fat [114].

Anabolic hormones and local autocrine/paracrine

growth factors have a great effect on muscle ad-

aptation to exercise. Since GH, IGF-I, and tes-
tosterone (T) promote muscle protein synthesis,
they are directly involved in muscle adaptation.

Although the effects are being described in terms

of testosterone production, we have to be aware

that the final result will depend on adequate inter-
actions with the respective receptors.

Although there are some studies showing
contradictory results, it is possible to assure that,
generally, adequate resistance sessions provoke
an increase in the testosterone levels (TT and fT)
after one training session [101, 115-119].

The magnitude of changes in the levels of cir-
culating testosterone after a resistance training
session depends on different factors:

e Intensity of the load which is more elevated
when reaching values greater than 70% of
IRM [102].

e Volume of work, since an elevated number of
repetitions for exercise, work area, and ses-
sion [120] increase endogenous testosterone
production. Heavy resistance training can
produce an increase in testosterone, which, in
turn, can have a positive effect on male fer-
tility. The acute response of testosterone is
characterized by a brief increase followed by
a decline to basal, or below basal, concentra-
tions [121, 122].
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e Incomplete recovery in micro and macro
pauses (work:rest ratio between 0.5 and
3-5 min) [123].

e Trained muscle mass (big muscle groups).

o Athlete’s age. A body that is still undergoing
maturation shows an endocrine behavior dif-
ferent from that of an adult both in resting sit-
uation and when subjected to external loading
that significantly alters his equilibrium status
[124].

e Experience and performance level, in such
way that the hormonal response is greater as
years of training increase and the impact of
the session elevated [111, 123, 124].

e The magnitude of the load used will determine
the time that testosterone levels are elevated
after training [110].

However, some authors hypothesize that blood

testosterone levels are not real, but derived from

diverse mechanisms that mask the real value,
such as decreased hepatic clearance [125], theory
not fully accepted [126], or an exercise-linked

hemoconcentration [126].

Semen Alterations
Endurance Training
Negative Effect

Spermatozoa and Germ Cells

With regard to semen, studies also show contro-
versial results regarding the effects of endurance
exercise on sperm production. Nevertheless,
there seems to be evidence of altered spermato-
genesis and sperm output as a result of endurance
training. Long-term exhaustive exercise seems to
lower sperm quality and reproductive potential
[35].

In runners, alterations in seminal quality have
been reported by some authors, even up to 10%
of the assessed athletes exhibiting severe oligo-
spermia [65]; conversely, other authors postulate
that differences between runners and control sub-
jects are non-existing or merely subclinical [26,
45, 61]. An increase in non-sperm cells, such as
round cells, has been reported by some authors
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[26]; this fact would indicate possible infectious
and/or inflammatory processes. Subjects with a
higher training volume showed greatest differ-
ences in semen parameters [45]. Arce and col-
leagues [26] reported that athletes who exhibit
differences in semen parameters are those with a
minimum running volume of 100 km/week. Hall
and coworkers reported no influence on sperm
count, sperm morphology, and sperm motility
after a gradually intensified training period of 6
weeks (186% of normal training) followed by
2 weeks of detraining (50 % of normal training)
[127].

Endurance-trained runners, but not resistance-
trained athletes, showed altered values for sperm
density, motility, morphology, and in vitro sperm
penetration of standard cervical mucus [26].
Similar results have been found for high-intensi-
ty training athletes when compared to moderate-
intensity ones [34]. It is worth mentioning that
during recovery all parameters improved to pre-
exercise levels [34].

When dealing with high-level athletes, it has
to be considered that they have normally been
training for many years; therefore, it becomes
difficult to accurately estimate a threshold value
for abnormal semen parameters. Nevertheless, a
high cycling volume seems to be detrimental to
sperm morphology [128]. Moreover, the same
authors report that, in triathletes, a volume of
300 km/week in cycling correlates with serious
fertility impairment from the sperm morphology
point of view (Fig. 7.2).

Competition period seems to be especially
deleterious for semen parameters in cyclists;
in fact, cyclists have shown during this period
lower sperm motility (46.24+19.5%) than either
recreational marathoners and sedentary subjects
(P<0.05) or themselves at other season periods
(P<0.01) [40]. Although this study does not re-
veal differences in sperm morphology, it is re-
ally striking to see that it reports morphology
normalcy values above 95%. Conversely, other
authors have observed lower numbers of mor-
phologically normal sperm in long-distance com-
petitive cyclists (41.5 for controls vs. 19.5 for
cyclists) whereas no changes were observed for
semen volume, motility, viability, or concentra-
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Fig. 7.2 Correlation between percentage of sperm with
normal morphology and cycling weekly volume (ex-
pressed as km/week)

tion. Moreover, they found among the observed
anomalies greater proportion of tapered forms
[41]. Conversely, Vaamonde et al. showed that
seminological values differed significantly even
in recreational athletes when they exercised to
the point of exhaustion (with morphology sig-
nificantly decreasing from 17 % of normal forms
to 12 %, total sperm count decreasing to half the
original value, and percentage of immotile sperm
significantly increasing with about 10% of sub-
jects developing necrozoospermia) [31]. The
adverse effects of exercise especially become an
aggravating factor in men whose sperm param-
eters are already compromised due to other pa-
thologies such as varicocele [53].

Similar to what has been reported in endur-
ance sports, ultraendurance athletes show signifi-
cantly different values for sperm number/concen-
tration, velocity, and morphology, as compared
to physically active men or water polo players.
Morphology was the parameter showing the
greatest difference; this difference even reached
clinical relevance for the triathletes (<5 % nor-
mal forms) for the reference values at the time of
the study [35].

In animal models with rats, it has been ob-
served that although rats maintain their repro-
ductive capacity after swimming stress and the
offspring shows normal morphology, the number
of spermatids is reduced [129]. Several studies
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conducted by Manna’s group [37-39], in rats as
well, show a decrease in spermatogenic cells at
different stages of development, such as prelep-
totene and midpachytene spermatocytes and
stage 7 spermatids. Moreover, these authors also
observed decreased levels of serum hormones,
enzymes linked to hormone conversion and anti-
oxidant agents like catalase among others. Also,
in animal model, Vaamonde’s group has reported
sperm morphology alterations in mice submitted
to forced swimming stress; however, the same
authors have observed that these alterations may
be prevented with antioxidant agents like n-ace-
tyl cysteine and, more efficiently, with trans-res-
veratrol [130, 131].

Oxidative Stress and DNA Fragmentation
Information regarding the effect of exercise on
oxidative stress and, especially, on semen oxida-
tive stress and DNS fragmentation is very scarce.
A study has recently evidenced that in compari-
son to recreationally active and nonactive men,
resting seminal 8-isoprostane, Reactive Oxygen
Species (ROS), Malondialdehyde (MDA), and
sperm DNA fragmentation are higher in elite
athletes and SOD, catalase, and TAC levels are
lower [43]. As expected, sperm DNA fragmenta-
tion was shown to positively correlate to VO,
seminal 8-isoprostane, Reactive Oxygen Species
(ROS), and Malondialdehyde (MDA) levels.
These findings further support previous studies,
suggesting that elite athletes are at greater risk
of sperm dysfunction than recreational exercis-
ers or, even, sedentary people [43]. In another
work by the same group, a significant increase
in seminal ROS and MDA levels and a signifi-
cant decrease in seminal SOD, catalase, and total
antioxidant capacity were demonstrated after 8
weeks of intensive cycling training in male road
cyclists [42]. Although not in semen, it must be
highlighted that there are some studies reporting
a link between exercise and altered leucocyte
number, especially in the case of overtrained sub-
jects [132, 133].

Vaamonde’s group has recently reported that,
similar to what happens with sperm morphology,
cycling volume positively correlates with sperm
DNA fragmentation. As such, athletes undergo-

ing greater annual mean weekly training volume
showed the greatest percentage of sperm DNA
damage [134]. From a practical point of view,
Vaamonde and colleagues have analyzed a group
of ultraendurance athletes, and found high corre-
lation between training volume and sperm DNA
fragmentation, percentage of morphological ab-
normalities, and TUNEL(+) cells (unpublished
data).

Positive Effect

Spermatozoa and Germ Cells

There is still not much scientific evidence on
whether exercise or physical activity may exert
a beneficial effect on seminal parameters. In
fact, scientific studies in this regard are scarce.
In humans, Vaamonde and colleagues [58] have
recently reported improved semen parameters
in physically active men (PA) when compared
to sedentary people (SE). Both total progressive
motility (PA: 60.94+5.03; SE: 56.07+4.55) and
morphology (PA: 15.54+1.38, SE: 14.40+1.15)
showed statistically significant differences. Dif-
ferences in seminological parameters were fur-
ther supported by hormonal differences [58].
Similar results have been reported by Palmer
et al. (2012) in an animal model (C57BL6 male
mice) observing improved sperm motility (1.2-
fold) and morphology (1.1-fold, P<0.05) after
a swimming training protocol of 8 weeks [135].
Also in mice, running training for 14 months
(from 6 months old until they were 20 months
old) induced positive effect on mice testicular
health. Exercising mice exhibited uninterrupted
seminiferous tubules as evidenced by complete
number and type of cells at the different stages of
the spermatogenic cycle and also a clear lumen
with great sperm density. On the contrary, sed-
entary mice showed a disorganized germinal epi-
thelium and no spermatocyte-stage cells. Sertoli
cells were more abundant in the runners as com-
pared to the sedentary subjects [136].

At any rate, even if it does not entail positive
effects, it seems evident that exercise does not
always induce alterations in the semen profile
of endurance athletes. In line with this, Lucia
et al. [40] report that average values of semen
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parameters are usually within normal limits in
endurance-trained men. Other authors defend
that when these alterations are present, they are
subclinical in nature [26, 27, 61, 65]. Moreover,
De Souza and co-workers [27] have reported the
existence of a certain “training volume-thresh-
old” (~100 km/week) for significant alterations
to occur in male reproductive function. In their
study, it was indeed shown that a high volume
of endurance running (> 104 km/week) was as-
sociated with subclinical alterations in both the
profile of sex hormones (decreased levels of total
and free testosterone) and the quality of semen
(particularly decreased motility and increased
number of immature cells).

Oxidative Stress and DNA Fragmentation
Exercise training seems to be able to exert modi-
fying effects on oxidative stress, depending on the
training load, training specificity, and the basal
level of training. In fact, it has been reported that
elite athletes have an augmented SOD capacity
in comparison to recreationally active and seden-
tary control men [42]. The reason for this could
be the greater aerobic capacity (VO,,,,) of the
subjects with greater performance in endurance,
and this parameter correlates with elevated anti-
oxidant enzyme activity in other tissues [137].

After comparing elite athletes and recreational
active men, we have observed that the least ac-
tive subjects have significantly higher levels of
seminal antioxidant compounds (superoxide dis-
mutase, catalase, and total antioxidant capacity)
and lower levels of seminal ROS, malondialde-
hyde, and 8-isoprostane, and subsequently lower
rate of sperm DNA fragmentation when com-
pared with elite athletes (P<0.001) [43]. Signifi-
cant negative correlation was observed between
sperm DNA fragmentation with seminal SOD,
catalase, and TAC levels (P<0.001). Significant
positive correlation was observed between sperm
DNA fragmentation with seminal 8-isoprostane,
ROS, and MDA levels (P<0.001).

Also in animal models, it has been observed
that, in mice, running training for 14 months
(from 6 months old until they were 20 months
old) reduces the levels of 8-isoprostane (marker
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of lipid peroxidation), nitrotyrosine, and protein
carbonyl levels. Moreover, the levels of antiox-
idant-related enzymes such as SOD1 and GPX,
among others, were increased in the runners.
Therefore, lifelong running in this regard seemed
to exert a positive effect [136]. Swimming exer-
cise has also been proved beneficial to revert the
pathophysiological effects of aging as changes in
testosterone, and in biomarkers of inflammation
and oxidative stress associated with age, were
modulated by daily sessions of swimming for
15 min. The authors observed this effect in mice
that started swimming early in life, at middle life,
and later in life. Nevertheless, the effect was less-
er when mice started exercising later in life [138].
This benefit related to age changes has also been
reported by Joseph et al. in rat testes; 10-weeks of
treadmill exercise induced beneficial adaptations
increasing antioxidant capacity in mitochondria
and decreasing DNA damage (phosphorylated
histone H2AX) [139].

Even less training time (8 weeks of swimming
exercise) is able to elicit a beneficial response
in mice. Palmer and colleagues have observed a
1.5-fold reduction in sperm DNA damage, a 1.1-
fold reduction in reactive oxygen species, and a
1.2-fold reduction in mitochondrial membrane
potential [135].

As it has already been noted, exercise disrupts
body homeostasis by increasing ROS and oxida-
tive stress. As such, physically active people may
suffer from ROS-induced damage that may lead
to altered sperm parameters (motility, morphol-
ogy, and DNA) and male subfertility. The effect
is dependent on the mode, intensity, and duration
of the exercise as well as the subject’s antioxidant
capacity. On the other hand, it has also been noted
that training may have modifying effects on oxi-
dative stress, depending on training load, train-
ing specificity, and the basal level of training. It
seems that aerobic exercise training can result in
a hormetic response, giving rise to an augment-
ed SOD activity and reduced lipid peroxidation
[140, 141]. According to the hormetic hypoth-
esis, trained and athletic people have developed,
as a result of intensive training, increased total
antioxidant capacity, and in particular high levels
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of SOD, in several tissues [142, 143]. Despite
having values of antioxidants in human semen in
normal and infertile men [144, 145], knowledge
on the behavior of antioxidant capacity in semi-
nal plasma as a result of training is scarce and
unclear.

Though not positive effects themselves, some
studies point out that sports practice does not in-
duce negative effects on semen parameters, espe-
cially if load is not too heavy, such as the thresh-
old established by De Souza for volume (100 km/
week) [27].

The positive or negative effect of aerobic
work and the oxidative potential could very well
be conditioned by the level of the athlete or his
training experience [42, 143, 146, 147].

Resistance Training
Negative Effect

Spermatozoa and Germ Cells

Although to date, to the best of our knowledge,
there are few/none studies reporting sperm qual-
ity as a result of resistance training under physi-
ological (nonsteroid taking) conditions, there
are some reports on the effect of concomitant
use of androgenic anabolic steroids along with
resistance training. In this case, first, we need
to be aware that many anabolic-androgenic ste-
roids (AAS) abusers do not disclose taking AAS;
moreover, they normally concurrently take an-
tiestrogens, aromatase inhibitors, and hCG to
counteract the adverse effects of AAS, such as
hypogonadotropic hypogonadism and gyneco-
mastia, and perhaps avert the detection of their
use [148]. By stimulating endogenous testoster-
one production and preventing testicular atrophy,
hCG and clomifene were until recently concur-
rently abused by AAS users to avoid detection of
exogenous testosterone [149].

Nevertheless, supraphysiologic levels of ex-
ogenous AAS actually exert negative feedback
on the HPT axis and subsequently reduce FSH,
LH, and intratesticular testosterone concentra-
tion. These hormonal changes can lead to azo-
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ospermia, oligospermia, testicular atrophy, hy-
pogonadotropic hypogonadism, and an increased
percentage of morphologically abnormal sperm
with amorphous spermatozoa and defects in the
head and midpiece [150-152].

Usually, spermatogenesis recovers spontane-
ously within 4—-6 months after cessation of AAS
[153], although it has been reported to take up to
3 years or longer [154], maybe due to the wide
variety of combinations and types of AAS. As
a result of AAS abuse, there can be a transient
impairment on semen quality with abnormal and
hypokinetic spermatozoa [155].

It is difficult to study AAS use and its side ef-
fects because of the variable dosing as well as the
prevalence of selection and information biases in
research design.

In experiments performed in animal models
(rats), apoptosis in the male germ line was char-
acterized by TUNEL, caspase-3 assay, and trans-
mission electron microscopy. The weights of the
testes and accessory sex organs, as well as sperm
parameters, significantly decreased in the experi-
mental groups relative to the sham and control
groups (p< or =0.05). Germ cell apoptosis and
a significant decrease in the number of germ cell
layers in nandrolone decanoate exercise-treated
testes were observed (p<or =0.05). Exercise
training seems to increase the extent of apoptotic
changes caused by supraphysiological dose of
nandrolone decanoate in rats, which, in turn, af-
fects fertility [156].

Positive Effect

Spermatozoa and Germ Cells

The positive effect of resistance training on
semen parameters has been scarcely addressed.
In fact, there is no evidence that resistance train-
ing may improve semen profile; yet, Arce et al.
[26] showed that sperm density, motility, mor-
phology, and in vitro sperm penetration of stan-
dard cervical mucus were significantly altered in
the endurance-trained runners, but not in the re-
sistance-trained athletes. This seems to, at least,
indicate that resistance training did not impose a
detrimental effect on semen quality.
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Morphofunctional Alterations of the
Reproductive System

Endurance Training
Negative Effect

Testes Size and Accessory Ducts

It is difficult to examine the effect of exercise on
testicular size and accessory glands and ducts in
humans; however, one study on a soccer player
reveals that the studied athlete exhibited testicular
maldevelopment [52]. In this case, it is difficult to
establish the clear cause—effect as the athlete had
cryptorchidy. Nevertheless, all other symptoms
worsened during periods of greater training load;
therefore, it can be suspected that testicular fea-
tures would also worsen during those time peri-
ods. Because of the special nature of these effects,
the studies that have assessed the effect of exercise
on morphofunctional characteristics of testes and
accessory glands and ducts have been conducted
in animal models. Manna et al. have observed the
effect of different intensities of swimming exer-
cise on testes and accessory glands and ducts, and
found a decrease in testicular, epididymal, pros-
tatic, and seminal vesicles somatic index [39].

Erectile Dysfunction, Microtrauma, and
Varicocele
Erectile dysfunction (ED) or impotence has also
been attributed to continuous strenuous exercise
[157]. Tiredness and fatigue may reduce sexual
desire and libido to the extent that it is impossible
to get or sustain an erection. This phenomenon
is highly associated with bicycling, as multiple
studies repeatedly demonstrated the increased
risk of ED in cyclists [52, 158-162] as they are
more prone to suffer from microtrauma and com-
pression due to the friction that the bike saddle
imposes on the genital area. It becomes more ap-
parent that it is not a simple fact of exercise lead-
ing to infertility, but rather that inherent param-
eters of exercise such as the type, volume, and
intensity must also be taken into consideration
and carefully analyzed.

As in the case of the studies assessing hor-
mones, training volume was variable in the stud-
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ies assessing seminal quality. Despite this incon-
venience, it seems evident that subjects with a
higher training volume showed greater differ-
ences. We have to bear in mind though that the
reversible deleterious effects may not be revers-
ible if athletes have been training for longer peri-
ods of time (years) or had started training around
puberty.

Positive Effect

Testes Size and Accessory Ducts

Testicular atrophy is a well-known feature of the
aging process; this testicular atrophy is charac-
terized by many histological features; however,
these changes seem to be dampened by exercise
in animal models. As a result of a 14-month run-
ning training (from 6 months old to 20 months
old), mice in the running group exhibited lower
weight of both seminal vesicles and testes when
compared to sedentary mice. Histological fea-
tures observed in the testes of sedentary mice
included areas of focal and diffused sclerosis;
such findings clearly evidence tissue inflamma-
tion and degeneration [136]. Rats submitted to
treadmill exercise for 10 weeks exhibited attenu-
ated testicular atrophy, which is typical of older
sedentary animals as a result of changes in mito-
chondria and oxidative stress profile [139].

Erectile dysfunction, Microtrauma, and
Varicocele

Derby and colleagues have observed that ED
may be improved by modifying unhealthy life-
styles [163]. Becoming physically active (at least
200 kcal/day) significantly improved ED condi-
tion in subjects that had been previously seden-
tary. So, by becoming physically active, subjects
had less chance to suffer from ED than those that
stayed sedentary and the chance was similar to
that in subjects that were already physically ac-
tive at the beginning of the study. Further stud-
ies have also observed and supported the notion
that physically active subjects have less chanc-
es of suffering from ED [164, 165]. It is worth
mentioning that the subjects in this study were
middle-aged physically active subjects and not
athletes.
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Resistance Training
Negative Effect

Testes Size and Accessory Ducts

The deleterious effects of AAS, such as nandro-
lone decanoate, have already been mentioned.
They can affect testicular ultrastructure as evi-
denced by transmission electron microscopy. It
has been observed that these alterations include
decreased number and size of Leydig cells, al-
tered germinal epithelium (basal membrane with
increased thickness and irregular wavy multilam-
inar appearance), and cytologic alterations (vac-
uoles, lipid droplets, altered mitochondria, etc.).
Apoptotic features in germ were extensively
observed. Though the study assessed swimming
exercise, due to the fact that AAS use and abuse
1S common in resistance exercise, the observa-
tions have been included here. All alterations
were more evident in the group of rats that were
submitted to swimming exercise besides being
treated with nandrolone decanoate; therefore, ex-
ercise seems to aggravate the extent of the dam-
age induced by the steroids [166].

Mixed Modalities

There are some sports (soccer, basketball, rugby,
handball, etc.) that cannot be considered as pure-
ly endurance or resistance sports, but they are
to be considered as mixed modalities. From an
effectiveness standpoint, these sports are based
on technical actions with great dependence on
strength and, therefore, anaerobic metabolism;
yet, from a competition standpoint, the sports
acts have an energetic dependence on fat and car-
bohydrates via aerobic metabolism.

Athletes engaging in mixed modalities have
also been shown to have altered values for both
hormones and semen parameters. Especially, ex-
ercise seems to be an aggravating factor in the
case of previous existing pathologies [52, 53]. Di
Luigi’s group reported that exercise aggravated
the varicocele condition of athletes. Naessen’s
group reported that a soccer player’s previous
existing HPG axis alteration was aggravated by
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physical exercise, especially as a result of in-
creased training load, typical of competition pe-
riods. Moreover, this subject showed recurrent
muscle problems and decreased libido [52]. In
another study, it was observed that sperm motili-
ty was in soccer players as compared to sedentary
subjects [86]. Increased C and decreased T values
have been observed in rugby players during com-
petition; conversely, these changes would revert
during the post-competition period with T val-
ues increasing above basal values and C values
decreasing until the fifth day post-competition
[167]. It must be noted that in mixed modalities,
however, it is difficult to establish clear causal
and correlational relationships between volume
and intensity, and even with regard to metabolic
route employed as the imposed demands normal-
ly vary with regard to the type of training under-
taken.

Volume-Threshold Hypothesis: True
or Not?

Some of the studies have postulated the existence
of a minimum volume, the so-called volume
threshold, for reproductive alterations (either
hormonal or seminological) to appear. The first
authors in describing this were the group of De
Souza [26, 27].

Afterward, although not stating a definite
number of kilometers or hours of training, other
authors have observed how athletes tend to show
a decrease in seminal and/or hormonal param-
eters during competition or post-competition pe-
riods. It seems rather plausible that a threshold
exists; in line with this, recent findings support
this theory by showing, in triathletes, that those
with the highest volume of cycling show the
worst semen parameters. Interestingly enough,
when assessing triathletes, Vaamonde and col-
leagues could observe that the athlete showing
the greatest performance level of those they
could analyze followed a low-volume, high-in-
tensity training; in such a case, the semen pa-
rameters were as bad, or even worse, as those of
other athletes with high training volume; more-
over, this athlete exhibited low morphology,
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high DNA fragmentation, and TAC values in the
lower end of the spectrum [44].

Even though it certainly seems a threshold ex-
ists, the wrong models have been adopted so far
to prove this theory as the way it should be done
would be by allocating different groups to dif-
ferent training volumes. However, it seems clear
that intensity, as well as volume, may affect the
hormonal and seminological response. Moreover,
the other parameters and characteristics inherent
to training (frequency, clothing, environmental
temperature, possible damage to pelvic area and
tendinitis, infections and/or inflammations, etc.)
may also play a role. In line with this, and as in
any other physiological process, the subject’s
own characteristics and how his adaptive systems
are prepared for the challenge will determine
the final response. Those practitioners system-
atically undergoing high training loads presented
with altered values for semen parameters. Due to
the fact that exercise may produce, or aggravate
previously existing, reproductive profile patholo-
gies, such as hormonal and seminological altera-
tions, it would be appropriate to further assess
this relationship.

Conclusions

In spite of the many benefits promoted by physi-
cal exercise, we must be aware that, especially
when excessively practiced, it may actually exert
negative effects on the endocrine and reproduc-
tive systems and, thus, may compromise fertility
[15, 168, 169]. The positive or negative impact
and oxidative potential of exercise, especially
that of aerobic nature, could well be conditioned
by the level of the athlete and his training expe-
rience [42, 143, 146, 147]. Both intensity and
volume seem to exert an effect on the hormonal
and seminal response. Yet other parameters and
characteristics related to training cannot be ruled
out. The final outcome will depend on how the
subjects’ adaptive systems are able to respond
to the exercise challenge. Results from different
studies and researchers are not in full agreement
as to what is the effect of exercise on these sys-
tems. Nevertheless, evidence suggests a relation-
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ship between high-load exercise and a negative
impact on male fertility. The severity of the ef-
fect seems dependent on the duration, intensity,
and type of modalities. Moreover, as it happens
with any condition, the athletes’ own features
such as fitness level and adaptive capacity will
also have an important modulating effect. What-
ever the underlying mechanism may be, exercise
may lead to altered semen parameters and fertil-
ity potential, especially in the case of previously
existing pathologies that are aggravated by exer-
cise. Yet, most of the studies have revealed either
subclinical alterations or restoration to normal, or
almost normal, values upon cessation of exercise.
With regard to future studies, it is clear that well-
designed studies with standardization regarding
testing and exercise conditions and characteris-
tics are a must. Also, potential confounding fac-
tors should be carefully addressed.

In order to clearly establish the interrelation
between exercise and fertility, careful attention
ought to be paid to the main exercise parameters
that were briefly defined earlier in this chapter
and are given in more detail in Chap. 4. These
important parameters are intensity and volume
and they should be carefully addressed not only
in studies but also when trying to preserve the
athlete’s fertility potential. Awareness must be
raised so that the diverse professionals dealing
with athletes will know that exercise (though
dependent on volume, intensity, and modality)
is really a potential cause for urological and an-
drological disorders that could compromise male
fertility [162]. Therefore, as suggested previous-
ly, we deem necessary to have high-load training
included as a component of male factor infertility
[26]. Also, future studies should assess the addi-
tion of antioxidant supplements to the exercise
routine of athletes [26], and even in the case of
recreational regular exercisers. Unless these
measures are taken, the relationship between
exercise and fertility will remain a strange para-
dox. It seems somewhat clearer that being physi-
cally active elicits beneficial effects that seem to
outweigh possible deleterious effects. However,
further information as to the effects of moder-
ate- and low-level exercise on reproductive per-
formance is needed. Evidence points out that, as
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well as it happens with general health benefits,
moderate levels of exercise along with a well-
balanced diet could also have a beneficial effect
on fertility. Therefore, such lifestyle practices
could help couples in achieving pregnancy and
should be recommended.

Nevertheless, we must be cautious and ac-
knowledge that exercise may be a cause, solely or
coadjuvant, for fertility problems, and if we see a
patient with idiopathic male infertility, it could be
wise to advise him to decrease the exercise load
as a preventive measure (Fig. 7.3) [170].

The clinician handling an athlete with infer-
tility must first see him in the same way as any
other infertility patient. Taking a detailed history
and performing a thorough physical examination,
as well as taking the female infertility factors into
consideration, is always the mainstay of the ap-
proach. An important principle is to looking at
the fertility picture holistically and planning with
the male and female infertility factors in mind.
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Extra information on the use of supplements,
smoking, alcohol, the specific diet, and the use of
androgens is of course of utmost importance in
these men. The type of sport and excessive exer-
cise can also play a role in the fertility profile and
must be noted. After the physical examination, a
semen analysis will be of great help. A hormonal
evaluation (e.g., testosterone, FSH, thyroid-
stimulating hormone (TSH), and prolactin) can
be of value in some patients but should be done
as a routine at the first consultation, especially
in athletes. If the semen analysis is abnormal, a
recognized andrology laboratory should perform
arepeat evaluation after 8 weeks. This simple ho-
listic approach will assist the fertility specialist
to work out a plan for both partners. It is often
necessary to give advice on supplements, drugs,
and diet to these men that can assist greatly in
achieving a pregnancy.

If infertility is the complaint and extreme sport
is the only factor and the semen parameters are in
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Fig. 7.3 Factors related to the relationship between endurance exercise and fertility. (Modified from Vaamonde et al.
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the subfertile ranges, a decrease in activity can
be of value for a specific couple. However, more
studies like the ones conducted by the group of
Vaamonde are needed to assist in understanding
the impact of different sports on semen quality
and fertility. In an attempt to help standardize fu-
ture studies and aid clinicians assess the possible
effect of exercise on fertility, a questionnaire has
been developed by Vaamonde and colleagues
[170].
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Introduction

The nature of the human body is such that its
survival is dependent on having effective and
efficient internal communication systems. The
two major such systems are the nervous system
and the endocrine system. The former responds
rapidly by using specific neural pathways to re-
ceive and send information throughout the body.
The endocrine system, a series of glandular and
non-glandular tissues which secrete hormones,
typically processes at a much slower rate than the
nervous system to bring about change in physi-
ological systems (though, there are aspects of the
endocrine system that are remarkably rapid in re-
sponsiveness). The endocrine tissues of the body
use the circulatory system (i.e., the blood) as a
principal means of carrying/delivering hormones
to the target tissues to induce an “endocrine” ef-
fect on those tissues, although many hormones
have “paracrine” and ‘“autocrine” actions too.
Through the interaction of these two communi-
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cation systems, the body maintains a homeostatic
balance and the ability to respond to any stress
that disrupts homeostasis. This chapter provides
an overview of how one of these systems, the en-
docrine, responds to the homeostatic challenge
and stress of physical activity—exercise—by
altering hormonal release. A special emphasis
in this discussion is given on reproductive hor-
mones of the endocrine system.

Different types of physical activities can be
classified as exercise and each of these activi-
ties has varying and unique degrees of muscu-
lar movement patterns, force development, and
contractile characteristics associated with them.
These unique and varying aspects of movement
patterns influence the hormonal response to ex-
ercise. Space limitations do not allow for a full-
fledged discussion of the intricacies of these re-
sponses for the complete gambit of movement
patterns that exist within different physical ac-
tivities and exercise. Therefore, we have chosen
to delimit and organize this discussion on hor-
mones by using a simple dichotomous approach
in which responses will be characterized by those
associated with (i) resistance—power activities-
exercise and (ii) endurance/aerobic activities-
exercise.

Resistance Exercise and Training
A dearth of information exists regarding the role
of resistance exercise in male or female repro-

ductive functions, including fertility, menstrual
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cycle changes, menopause, gonadopause, etc.
Thus, most of the influences of resistance exer-
cise and reproductive system changes may well
be related to the tangential effects on fitness,
adaptive capabilities of tissues, and recovery
aspects of function. Cell signaling systems, in-
cluding hormonal signals and interactions, are
both complex and redundant and are just starting
to be unraveled but are further complicated by
epigenomics interactions as well. The hypotha-
lamic—pituitary—gonadal axis (HPG axis) plays
many different roles in the homeostatic regula-
tion and physiological signaling related to target
tissues (e.g., skeletal muscle and connective tis-
sue) beyond the obvious reproductive functions.
Due to the systematic integration of this axis, it
has typically been viewed as an integrated sys-
tem. Gonadotropin-releasing hormone (GnRH)
is produced and released by the hypothalamus
and the anterior pituitary gland synthesizes and
secretes luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) that together allow
the gonads to produce estrogen and testosterone.
LH has been documented as the primary “pulse
generator” of the endocrine system. Closely re-
lated to this system are the hormones stimulated
by hypothalamic releasing hormones causing
release of hormones from the anterior pituitary
and adrenal glands resulting in an integrated
stress—response system outside of the obvious
reproductive functions played by the HPG axis.
With exercise, and more specifically resistance
exercise, this set of integrated systems plays vital
roles in the signaling of target tissues, allowing
acute homeostatic regulation and chronic adapta-
tions to occur. In this section, we overview some
of the basic issues in resistance training and also
some of the major hormones involved with hor-
monal cell signaling. In essence, the hormonal
signals are but part of a more extensive signaling
network. Thus, circulatory concentrations and
their changes are but part of a complex cyber-
netic pathway for stimulating acute and chronic
homeostatic responses ultimately ending in tar-
get tissue (e.g., skeletal muscle) adaptations (e.g.,
increased fiber size) with continued exposure to
a stimulus with training. Again, let us examine
some basic overviews of the basic mechanisms,

A. C. Hackney et al.

responses, and adaptations of these different sys-
tems to resistance exercise and training.

Resistance Exercise

It has become more obvious over the past decade
that all resistance exercise protocols are not the
same and the terms “resistance exercise” and
“resistance training” are but broad umbrellas for
a modality that spans many operational defini-
tions and stimuli. As such, interpretation of re-
search can many times send readers generaliza-
tions about a particular endocrine cybernetic that
in fact requires a great deal of context to place
it within a paradigm of the global nature of re-
sistance training. So what might be a unifying
principle that may help one better understand this
modality?

Size Principle

When discussing responses and adaptations to re-
sistance training, it is essential first and foremost
to understand the importance of recruitment and
the impact that it has on the response to resis-
tance training—that is, if muscle fibers are not
recruited, they do not adapt! Furthermore, re-
cruitment opens up circulatory perfusion for ex-
posure of tissues to hormonal signaling beyond
normal homeostatic exposure and is involved
with activation of receptors. The size principle is
credited to Elwood Henneman [1], although with
some debate [2], who recognized that recruitment
of motor neurons is based on sizing factor (e.g.,
number of fibers and size of fibers). In a classic
study using anaesthetized cats, small motor neu-
rons were recruited first with the lowest levels of
electrical stimulation (5 V). With increases in the
intensity of the stimulation, larger motor neurons
would fire, identifiable by larger responses in
amplitude. At 18.7 V, further increases in shock
strength did not recruit additional motor neurons.
These classical findings were later confirmed in
humans [3] with the use of voluntary isometric
contractions. Today, this mechanism of recruit-
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ment is widely accepted and is paramount in un-
derstanding exercise demands.

As a result, if we are to study the adaptations
that occur in response to resistance training,
the context of the stimulus is paramount—for
if the electrical charge is not sufficient, motor
units will go unrecruited. This was highlighted
by Campos et al. [4] who observed in untrained
young men non-significant differences in the size
of the cross-sectional area of type I and type II
muscle fibers following 8 weeks of progressive,
multi-exercise, multiple set resistance training
when the intensity of the different lower body re-
sistance exercises used in the program was light
(20-28 repetition maximum (RM)). In that same
study, this stood in stark contrast to the increases
in type I and type II muscle fiber cross-sectional
areas when the intensity was moderate to heavy
(9—11 and 3-5 RMs, respectively). Later, these
same findings were observed for untrained young
women by the same laboratory group, demon-
strating the importance of the resistance exercise
intensity even over short training periods, thus
underscoring the importance of intensity for op-
timal recruitment of motor units and associated
muscle fibers for the lower body exercises used
[5]. One would have speculated that in untrained
individuals, even light resistances might have
had a more dramatic effect, but such studies point
to the importance of the hertz (Hz) level when
motor units are depolarized.

Heavier resistances activate higher threshold
motor units and also carry with them a higher Hz
exposure to the muscle fibers recruited. These re-
sults clearly indicate that lighter loads (resistanc-
es) do not maximize recruitment and that unre-
cruited muscle tissue does not adapt. The voltage
amplitude is the stimulus that is critical for stimu-
lation of sarcolemma ionophores, ion channels,
and receptors. Therefore, if the resistance exer-
cise stimulus, or exercise in general, is not suf-
ficient to recruit motor units needed to respond to
the external force/power recruitment, these fibers
are not exposed to increased hormonal influences
and many receptors are not activated beyond rest-
ing homeostatic levels.

Up front, it is important to understand that
motor unit recruitment dictates the support physi-
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ological systems need by the activated fibers to
perform in response to the external stimuli and
allow for homeostatic regulation both during and
following exercise stress. For example, the level
of physiological support would be greater for
performance of 6 sets of 8~10 RM squats than
for flexing one’s index finger for 6 sets of 10 RM.
While somewhat silly, it still brings out the con-
cept that what is recruited with activity is what
the body’s physiological systems, including hor-
monal systems, must support. The changes made
in structures and functions as a result of a specific
exercise stressor are in direct relationship to their
ability to gain homeostatic control and manage-
ment of the stressor’s challenge.

Interestingly, although unrecruited motor
units do not appear to respond to anabolic sig-
naling without stimulus (recruitment and volt-
age amplitude level) and increased profusion of
blood with circulatory mechanisms, they may
still be exposed to destructive processes, such
as those that are caused by reactive oxygen spe-
cies, free radicals due to invagination of immune
cells proximate to other tissue damage, as well as
continued higher concentrations of cortisol [6].
Chemical damage of the trilaminar membrane of
the sarcolemma is seen in the long-term repair
process needed after many types of resistance
exercise (e.g., short-rest metabolic workouts)
that are not completely mediated by the eccen-
tric component of the exercise stress. Despite
the countless positive adaptations that occur as
a result of various forms of exercise, contracting
skeletal muscle produces free radicals that can re-
sult in oxidative damage [7]. Although oxidative
damage is typically associated with endurance
activity, recent research has documented elevated
reactive oxygen species in resistance training [8].
As well as an intracellular generation of super-
oxide and nitric oxide, reactive oxygen species
are also released into the interstitial space [9—-11].
As a result, it could be argued that even muscle
fibers that did not produce the reactive oxygen
species themselves may still be susceptible to
the consequences of their presence. Such con-
sequences include protein oxidation, due to the
numerous oxidizable functional groups of amino
acids, which might result in impaired biological
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activity and changes in the secondary and tertiary
structure [12]. Furthermore, oxidative damage
can lead to alterations in lipids and DNA and has
the potential to impact the epigenomics of the
cell [12]. How much damage is needed and can
be tolerated to influence more optimal control of
inflammation-related damage remains unclear
[13]. How much oxidative stress and muscle fiber
degradation is needed in the process of stimulat-
ing hypertrophic adaptations remains unclear al-
beit, higher levels of inflammatory responses do
not seem to be related to optimal time courses
for adaptive responses to training. The hormonal
signals related to both the anabolic and catabolic
functions in response to resistance exercise and
training play important roles in the cell signaling
process [14]. With resistance exercise, the adren-
ergic response (e.g., increased catecholamines)
is a major signaling key vital to other endocrine
glands and tissues for the level of acute physi-
ological support needed to respond to the stress
(classic fight/flight chain of events).

As mentioned, providing the muscle tissue
is adequately activated, adaptation can begin
to occur and is mediated by a host of different
signaling mechanisms of which hormones play
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a major role. With activation at the very top of
a cascade of complex and interacting biological
events, the adaptations will ultimately be gov-
erned by the upper regulatory elements, which
are a variety of factors such as nutrition, age,
sex, and the exercise stimuli which impact down-
stream processes [14]. Although this part of the
chapter will discuss endocrinology in the context
of resistance training as the stimulus, it is essen-
tial that the readers appreciate that the biological
processes discussed here can all be impacted by
the upper regulatory elements. The processes that
can occur as a result of resistance training are il-
lustrated in Fig. 8.1.

Adrenergic Responses and Cortisol
Interactions

The adrenergic response is related to the sym-
pathetic nervous system (SNS) and the associ-
ated neural stimulation of the adrenal medulla
in response to stress, including resistance exer-
cise. High-intensity and/or high metabolic stress
caused by a resistance training workout can dra-
matically increase the sympatho-adrenal respons-
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es with high elevations in the concentrations of
catecholamines (i.e., epinephrine, norepineph-
rine, and dopamine) and sympathetic stimulation
(norepinephrine). The adrenal medulla releases
predominately epinephrine and its response can
be related to the demands of resistance exercise
as to its volume and intensity of the workout pro-
tocol or the metabolic demands as represented
by the changes in blood lactate. High levels of
adrenergic stress as seen in extremely short rest
period (1 min or less between sets and exercises)
workouts using light-to-moderate resistances or
higher volume and high-intensity workouts also
can result in increases in cortisol concentrations
in the blood [15—-17] due to the influence of epi-
nephrine on the adrenal cortex via a portal cir-
culation. Therefore, cortisol’s response may go
into recovery but can be maintained for longer
periods of time, thereby negatively influencing
other cell and tissue recovery time courses if not
mitigated to resting concentrations [13].

Muscle fibers that have not been recruited
may also be susceptible to the effects of cortisol,
which is released from the zona fasciculata of the
adrenal cortex in response to exercise stress. Cor-
tisol alters protein balance by inhibiting muscle
protein synthesis and increasing muscle protein
degradation, which has been attributed to activa-
tion of the ubiquitin pathway [18]. The impact
of this glucocorticoid response is substantial
as it leads to a decreased synthesis of actin and
myosin heavy chains [19]. Furthermore, it is pri-
marily type II muscle fibers that are degraded in
response to increased concentrations of cortisol
[20, 21], which coincidently are exactly those fi-
bers that will not be recruited if the load lifted
is not heavy enough. In addition, it can block
downstream anabolic signaling of the Akt/mTOR
system [22].

Resistance training programs that produce
the highest blood lactate concentrations appear
to produce the highest cortisol concentrations in
both men and women [23-26]. As heavy resis-
tance training that is capable of fully recruiting
type II muscle fibers can significantly increase
salivary cortisol concentrations over non-ex-
ercising controls, so too can resistance training
programs that are not capable of full recruitment,
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such as 60% 1 RM [27] and 80% of 12 RM [28].
In such circumstances, where heavy resistance
training is capable of inducing maximum recruit-
ment of motor units, light resistance training will
not only fail to recruit type II muscle fibers and
prevent their adaptation, but again such fibers
will also be exposed to the catabolic effects of
cortisol that were previously discussed as part
of the impairment related to prolonged chemical
damage influences (e.g., free radicals and elevat-
ed cortisol).

Also, not only do heavier resistance training
programs have the important benefit of induc-
ing full activation, but a significant testosterone
response has also been consistently observed in
response to heavy resistance training [15, 23, 28,
29], which can mitigate the negative effects of el-
evations in circulating cortisol. Interestingly, al-
though some studies have observed an elevation
in cortisol in response to heavy resistance train-
ing [23], others have not [28]. As a result, at the
very least, testosterone would be able to medi-
ate the cortisol response, but may even stimulate
anabolic processes with minimal opposition from
catabolic processes. Interestingly, resistance-
trained women (not taking oral contraceptives)
showed an elevation of the glucocorticoid recep-
tor content concentrations in the muscle after
heavy squat exercise (6 sets of 10 RM with 2-min
rest periods) followed by a decrease 70 min into
recovery [30]. In contrast, resistance-trained men
were unresponsive as to receptor content changes
but exhibited significantly lower glucocorticoid
receptor concentrations indicating a potential sex
difference in managing increases in acute cortisol
concentration signals [30].

The take-home message regarding activation
is that heavy loads are required to fully recruit
type II motor units. If the motor units are not re-
cruited, they will not adapt as a primary target
of resistance training and almost all changes in
connective tissue are mediated via the muscle
with further importance related to the exercise
variables such as resistance used and metabolic
stress. Furthermore, if a resistance training pro-
gram is designed in such a way that light loads
are lifted but rest periods are short and volume
is high, a cortisol response could damage those
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type II motor units that were not recruited in the
processes that results from exposure to reactive
oxygen species. Chronic use of extreme type pro-
grams may also increase the inflammatory levels
in the body along with chronically elevated cor-
tisol if cybernetic recovery of the adrenal cortex
is not allowed. Constructs of adrenal exhaustion
also appear if programs are not periodized (i.e.,
program variation of stress) and adequate recov-
ery days are not allowed [31].

Testosterone

Testosterone is a steroid hormone synthesized
from cholesterol in the Leydig cells, which are
found in the testes in men. Despite no presence
of Leydig cells in women, testosterone can also
be produced in the ovaries as well as the zona
reticularis of the adrenal cortex, which explains
the presence of testosterone in women, albeit at
much lower concentrations. Despite some confu-
sion due to the androgenic role played in male
biology, androgens including testosterone play
important roles in women’s anabolic signaling
[32]. Although it is well known for its role in
secondary male sex characteristics such as beard
and body hair growth (also known as androgen-
ic effects), in muscle it is a potent stimulus of
muscle hypertrophy (anabolism). These effects
are so strong that they have led to the production
of drugs known as anabolic-androgenic steroids,
which are synthetic derivatives of testosterone
designed to reduce the androgenic effects of the
hormone while continuing to promote the ana-
bolic effects [33]. Such drugs, also known simply
as steroids, have been outlawed by the World An-
ti-Doping Agency, but continue to be used recre-
ationally and in competitive sports. This serves to
highlight the powerful effects of testosterone and
its derivatives on muscle anabolism.

Anabolism is promoted by testosterone by
stimulating muscle protein synthesis [34] as
well as reducing protein degradation [35]. The
anabolic effects of testosterone are attributed to
a translocation of the androgen receptor (AR) to
the nucleus in response to testosterone binding,
where the now-formed AR-testosterone com-
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plex increases gene transcription [36]. In terms
of its anti-catabolic effects, testosterone appears
to inhibit the glucocorticoid receptor [37], thus
preventing processes such as the activation of the
ubiquitin pathway as discussed earlier.

As mentioned, anabolic-androgenic steroids
have been used to increase circulating testos-
terone concentrations. However, there is also a
natural stimulus for testosterone release as a part
of a resistance exercise stress signaling response
in both men and women, albeit at 20-30-fold
lower concentrations in women [26, 38]. While
an increase in testosterone is not mandatory for
many resistance training adaptations, it is part of
a signaling process from the Hz depolarization
of the motor units to AR cascade in muscle [30,
39]. Nevertheless, the amount of testosterone re-
leased in response to resistance training is gov-
erned by age and sex as well as the manipulation
of what has been termed the acute program vari-
ables. These variables include intensity, number
of sets, rest period, choice of exercise, and exer-
cise order. A full review of the impact of these
variables on testosterone is available in [40]. In
brief, higher intensity (defined as a percentage
of 1 RM) resistance exercise, providing an ad-
equate number of sets are reached appears to sig-
nificantly induce a testosterone response. Like-
wise, the use of high numbers of sets induces a
testosterone response, but only when a threshold
for intensity is met. Furthermore, resistance exer-
cises that recruit more overall muscle mass (such
as Olympic lifts) induce a testosterone response,
whereas when small muscle groups are exer-
cised, even if vigorously, a testosterone response
is not seen. However, the homeostatic signal is
dependent on the binding of the hormone with a
receptor. With other stimuli in existence, changes
can occur without increases in testosterone (e.g.,
increases in strength with heavy 2-3 RM squat
training loads). However, such an exercise stim-
ulus would also increase androgen binding with
existing concentrations of testosterone in circula-
tion.

The interpretation of circulating testosterone
has been one of confusion and controversy as it
is only part, albeit an important part, of a large
array of signaling sets of pathways. An increase
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might well be only one factor in the upregula-
tion of ARs. The voltage amplitude involved in
depolarization of motor units (especially heavy
resistances, e.g., 90% and greater) may well be
the other primary influence increasing anabolic
signaling for the regulation of ARs despite no ap-
parent elevation in the circulating concentrations
of testosterone. Furthermore, nutritional intakes
may be the final stimulator of ARs as protein/
carbohydrate intakes result in higher upregulated
AR content than fasted conditions [41]. The in-
crease in AR content in the muscle was explained
by the decrease in circulating testosterone (al-
most 50 % of the shared variance) demonstrating
the impact of ARs to modulate concentrations
of testosterone [41]. This shows the difficulty of
interpretation without adequate context for the
circulating values (e.g., nutritional intakes and
timing). Thus, the theory of how testosterone
influences muscle depends on a combination or
potential integration of a number of factors from
the resistance exercise stimulus to provide testos-
terone increases, to the level of the voltage that
is involved in the depolarization of motor units
(intensity to number) for sarcolemma membrane
preparation (e.g., electrical gating mechanisms,
protein pits activated, and beta 2 receptors acti-
vated by epinephrine), to the use of nutritional
intakes (e.g., amino acid and glucose availabil-
ity) around the workout resulting in a decrease
in testosterone concentrations due to upregulated
increased androgen content available for testos-
terone binding in muscle. Thus, several dimen-
sions of this appear to be operational depending
on the context of the scenario. From a sex-linked
characteristic, in response to the same relative re-
sistance exercise protocol (6 sets of 10 RM with
2-min rest periods), women with lower testoster-
one responses stabilize, downregulate, and then
upregulate their ARs in muscle at a much more
rapid rate (i.e., within an hour) compared to men
who might take up to 2—-6 h potentially due to
processing higher concentrations of testosterone
in the process.

When comparing an 8-week resistance train-
ing program among young men, Kvorning et al.
[42] demonstrated that young men whose endog-
enous testosterone concentrations were blunted
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by a drug (i.e., given the drug, goserelin) failed
to increase strength and lean mass in contrast
to a placebo group (no pharmaceutical blocking
of LH pulse). The experimental group also in-
creased body fat percentage whereas the placebo
group decreased. Thus, in young men, testoster-
one plays a paramount role beyond other signal-
ing systems in its natural homeostatic concentra-
tions and as a potent signal for anabolic functions
[43]. Furthermore, if strength and lean mass
gains were drastically affected, then other pro-
cesses that have been highlighted here (growth
hormone, GH, and insulin-like factor, IGF) while
fully operational are not as dominant in young
men as testosterone as a major signaling effect.
In young women, testosterone has been associ-
ated with the regional fat distribution in the body
due to its significant role in adipocyte alterations
[38]. With older men, although testosterone is an
important signaling hormone, other hormonal
mechanisms (e.g., GHs and IGFs) as in women
may start to play an endogenously greater role
in adaptive mechanisms. Nevertheless, in larger
population studies, free androgen index has been
associated with muscle mass and strength in men
and women over 50 years of age and dehydroepi-
androsterone sulfate (DHEA-s) concentrations
were related to muscle size, strength, and func-
tional outcomes such as gait speed [44].

Growth Hormone(s)

First, growth hormone (GH) is not just one single
hormone, but actually a family of hormones with
over 100 variants and aggregate combinations
[45, 46]. In addition, the concentrations of 22 kD
in blood is but a very small portion of the con-
centrations of the total aggregate concentrations
(e.g., 4-30 ug/L for 22 kD under various condi-
tions vs. 2000-15,000 ug/L of aggregate under
various conditions) [46]. The specific role of each
variant, isoform, or aggregate is yet to be deter-
mined, but resistance training has been shown
to be a potent stimulant of many of these vari-
ants (e.g., aggregates of binding proteins and/or
various combinations of aggregates of the 22-kD
monomer as well as splice variants of the 22-kD
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monomer), with acute increases following single
exercise bouts as well as chronic elevations from
long-term resistance training programs [47]. Typ-
ically, women demonstrate higher GH concentra-
tions than men in the limited data from the early
follicular stage of the menstrual cycle compared
to men at rest [46] and, therefore, the magnitude
of the increase with resistance exercise appears
to be less for the 22-kD response than men due to
this higher starting concentration [29].

The isoform that is most common and mea-
sured in most studies using radioassay techniques
is the 191 amino acid (22 kD) that is created by
the cell’s genetic machinery. Thus, almost all
studies examining the so-called GH have studied
only the 22-kD monomer, and as a result, the pro-
cess of its stimulation and secretion is well un-
derstood [46]. In response to a resistance training
stimulus, growth-hormone-releasing hormone
(GHRH) is secreted from the hypothalamus.
GHRH travels along a network of blood vessels
known as the hypophyseal portal system to the
anterior pituitary where it meets its receptor. GH
is then released from cells known as somatotroph
cells, where it is produced. The external recep-
tors are two GH-binding proteins followed by
mediation with integral membrane receptors and
then secondary signaling systems that follow for
influence on the DNA in the nuclei. While an in-
crease may occur in GHBP, no differences have
been seen in men as to the effects of resistance
training on the acute or chronic responses [48].

Increases of the 22 kD in circulation have
been observed classically if the amount of mus-
cle mass is great enough and, more importantly,
if the metabolic needs for glycolysis are great
[3, 16]. The 22 kD is very sensitive to changes
in pH as reflected by high concentration of lac-
tate in the blood [49]. Thus, short rest protocols
which challenge the acid-base/pH status of the
body will see more dramatic 22 kD increases in
circulating concentrations [25, 26]. Conversely,
various aggregates and binding proteins are less
responsive to acute resistance exercise but rest-
ing concentrations are more responsive as a total
change in GH molecules (all forms of GH includ-
ing aggregates) [47, 50]. Measurement by bioas-
say is needed to mark such changes [45].
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With acute resistance exercise (6 sets of 10
RM, 2-min rest between sets), no differences
were observed for the tibial line bioassay exam-
ining the role of oral contraceptive (OC) use on
GH aggregates and the 22 kD GH isoform [51].
The use of OC (OrthoTri-Cyclen™, 0.035 mg
ethinyl estradiol and 0.180-0.250 mg norgesti-
mate) augmented immunological GH response to
the resistance exercise protocol in unfractionated
plasma and >60 kD molecular weight subfrac-
tion. However, OC use only increased biological
activity of GH in one of the two bioassays. Thus,
how the use of OC impacts the anterior pituitary
release of GHs is both differential and novel,
showing the future need for the effects of other
OC combinations.

When in circulation, GH can exhibit its pleio-
tropic effects, playing important roles in fat me-
tabolism, growth, reproduction, and immune and
neural function. In the context of resistance train-
ing, GH also plays an important role in muscle
development, both independent of insulin-like
growth factor-I (IGF-I), such as in muscle cell fu-
sion [52], and also as the old classic “somatome-
din hypothesis” suggests, GH effects are medi-
ated by circulating or locally produced IGF [52].
However, GH and its many variants and aggre-
gates can influence cellular adaptations directly
without help from the IGF superfamily [53].

Insulin-Like Growth Factors (IGFs)

The signal for the release of circulating IGF-I
begins at the pituitary with secretion of what is
believed to be the 22-kD GH monomer which
is followed by a release of IGF-I from the liver
[53]. Due to the structural similarity, much of the
early research into IGF-I compared its metabolic
effects with insulin, such as stimulation of pro-
tein metabolism, glucose transport, and glycogen
and triglyceride synthesis, which explains how
this group of factors acquired their name. IGFs
are part of a sophisticated system sometimes
referred to as the IGF axis that includes ligands
such as IGF-I and IGF-II, receptors (e.g., IGF-I
receptor (IGFIR) and IGF2R), many binding pro-
teins (IGFBP1-6), as well as splice variants (IGF-
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IEa and IGF-IEc, also known as mechano growth
factor (MGF)).

Ligands (IGF-I and IGF-II)

IGF-I is a 7.6-kD polypeptide consisting of 70
amino acids. IGF-I may also be a very important
biomarker for health, fitness, and well-being [54].
After the early comparisons with insulin, more
recent research has identified IGF-I as the sig-
nal molecule for two essential intracellular cas-
cades: mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase (PI3K). IGF-II
appears to play more of a role in embryogenesis
[55]. Interestingly, IGF-I has shown variable re-
sponsiveness to resistance exercise, and the start-
ing concentrations appear to be a major determi-
nant if increases with exercise stress are observed
and changes in acute recovery are variable [26,
29, 48]. With training, increases in resting con-
centrations occur, showing the importance of
resting IGF-I cybernetics with physiological ho-
meostasis [48].

Binding Proteins

When in circulation, IGF-I is complexed with
one of the six binding proteins. These binding
proteins are thought to play a role in transporting
IGF-I to the target tissue [54]. There is evidence
to suggest that the changes in binding proteins
within the context of exercise models are a cru-
cial aspect of modulating IGF-I bioactivity [56—
58], and that it is not the amount of IGF-I that
is important but the manner in which it is par-
titioned among its binding proteins [S8]. Again,
training did not appear to impact the acute re-
sponse to heavy resistance exercise in men [48].
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Receptors—Testosterone Versus IGF-1
Versus Cellular and Molecular Action
Mechanisms Underlying the Anabolic
Actions

Again, in a very similar fashion to the insulin
receptor, the IGFIR contains two extracellular
alpha subunits and two transmembrane beta sub-
units. IGF-I binds to the alpha subunits, which
induces an autophosphorylation of the beta sub-
unit. The transmission of the signal that results in
the downstream signaling of the MAPK or PI3K
cascades is then determined by interactions in-
volving insulin receptor substrate 1 (IRS-I) [53].
The MAPK cascade is primarily responsible for
the proliferation of muscle cells. This occurs by
changes in the amount and activity of transcrip-
tion factors, such as increasing the expression of
cyclins D1 and D2 which accelerates cell cycle
progression [59]. The mitogenic activity of this
pathway occurs essentially through the phos-
phorylation of ERK, half of which allows cell
proliferation [60].

The PI3K cascade primarily mediates cell
differentiation. PI3K signaling has three crucial
roles: fusion of myoblasts into myotubes, ana-
bolic effects on protein, and glucose uptake and
resistance to apoptosis [61].

Splice Variants

More recent research regarding IGF-I have
shown that in response to mechanical stimuli, an
alternative splicing of IGF-I occurs. It has been
suggested that this splicing event results in the
production of an mRNA species that is trans-
lated into a precursor that ultimately results in
a peptide that is different from the typical IGF-I
peptide. This peptide has been named the IGF-
IEb (in rodents) or IGF-IEc (in humans) splice
variant, and also MGF due to its expression after
mechanical damage. Briefly, the hypothesis for
the role of MGF is that after injury or mechani-
cal stress, it activates satellite cells and plays a
role in myoblast proliferation. Yet, as MGF in-
hibits differentiation, concentrations of MGF
decrease and another splice variant, IGF-IEa, is
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able to potentiate differentiation. However, this
is a new area of research and recent publications
have questioned the amount of support for this
theory [62]. Despite the fact that many questions
regarding MGF remain, it is already being used
as an ergogenic aid and being sold on the black
market [63].

Conclusion

The impacts of resistance exercise on the re-
productive hormonal axis are important beyond
the aspects of reproductive biology and influ-
ence other hypopituitary and adrenal pathways
as well. The many roles it plays in anabolic and
catabolic signaling are just starting to be eluci-
dated. Again, it must be remembered that hor-
mones are only part of a very complex signaling
system in the body and this system has dramatic
redundancy. When considering the responses that
occur as a result of resistance training, there are
certain aspects of the stimulus that must first be
understood, beginning with the size principle. If
anabolic hormonal responses are going to occur
beyond normal homeostatic maintenance of the
cell, muscle fibers, they must first be recruited
as part of motor unit activation in response to an
exercise demand for force and power. In addi-
tion, it is possible that not only will unrecruited
tissues not adapt, but may still be susceptible to
damaging processes that occur as a result of reac-
tive oxygen species or glucocorticoid exposure.
If resistance training is successful in recruiting
muscle fibers, hormonal responses will be gov-
erned by the upper regulatory elements as well as
the manipulation of the acute program variables
[14]. There are a variety of hormones and growth
factors that may be secreted to induce adaptation
of muscle tissue, with each doing so via its own
mechanism of action of which some have been
described. However, these mechanisms often im-
pact each other, with complex interactions. This
underscores the importance of an appreciation
of the “big picture” when it comes to resistance
training endocrinology and its interface with
other physiological systems related to reproduc-
tive biology and exercise.
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Endurance/Aerobic Exercise and
Training

In a single endurance/aerobic exercise ses-
sion, there are several components that dictate
the magnitude and direction of the hormonal
response. The key components of a single ses-
sion are the intensity at which the exercise is
performed and the duration of the exercise ses-
sion [64-606]. Typically, the greater the intensity
of exercise is, the greater is the degree of stress
placed on the endocrine system and the more ex-
acerbated the hormonal response becomes, that
is, there are larger disturbances in the circulating
hormonal concentrations [64, 65, 67]. It is im-
portant to recognize that in endurance exercises
some hormones have intensity thresholds which
need to be reached before a discernible change in
the hormonal concentration of the blood can be
noted. The major examples of this phenomenon
are cortisol and GH, which respond once an in-
tensity of 50-60% VO,,,,, 1s reached. The direc-
tion of the responses in the circulating hormonal
concentrations is varied, principally increased,
but decreases can also occur [68]. Relative to du-
ration, typically extending the length of time of
an exercise session at any given intensity tends to
amplify a hormone response. However, in some
situations after the initial change in the hormonal
concentration with exercise, there can be a pla-
teau (i.e., steady state) of the response even as
exercise duration is extended, or even possibly to
some degree a decrease occurs [68, 69]

In addition to the intensity—duration compo-
nents that can influence the hormonal response to
an endurance exercise session, there are several
other factors that can modify the response, such
as environmental conditions, age, gender, nutri-
tion status, circadian rthythms, genetics, and level
of exercise training status. Space limitations do
not allow for a discussion of these components
here, but the readers are directed to several select
references that address them in detail [66, 69].
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Exercise Responses

To characterize the typical hormonal responses
involving an exercise session including endur-
ance/aerobic activities (e.g., running, road cy-
cling, mountain biking, race walking, orienteer-
ing, or cross-country skiing), a conceptual model
first presented in the 1980s by the Danish scien-
tist Dr. Henrik Galbo which divides the endo-
crine responses into phases will be used [68, 70].
The model illustration discussed below assumes
that the exercise is typical for participants of such
activities, prolonged duration (~ 60 min) and sub-
maximal in nature (50-75% VO,

It is important to recognize that the principal
reasons for hormonal changes during exercise
are for (a) meeting the needs of increased energy
expenditure (via biochemical pathway activation
for direct ATP production and substrate avail-
ability utilization in such pathways), (b) bringing
about necessary cardiovascular-hemodynamic
adjustments, (c¢) maintenance of euhydration—
fluid conservation, (d) thermoregulation, and fi-
nally (e) to some degree of stress—reactivity reac-
tions [67, 68].

Phase I: Onset of Exercise

The first phase is immediately at the onset of
exercise, taking just seconds to occur. It consists
primarily of increased SNS activation with the
onset of body motion. The increased SNS activ-
ity can also be a result of anticipation to the stress
of the ensuing exercise. This increased SNS ac-
tivity results in catecholamine release (primarily
norepinephrine) at target tissues directly, as well
as elevations in circulating catecholamine from
the so-called sympathetic “spill-over” effects.
This effect is further amplified by the sympa-
thetic connection to the adrenal medullary gland
which secretes additional circulating catechol-
amine (primarily epinephrine) [71]. These cat-
echolamine changes are critical factors in driving
appropriate cardiovascular-hemodynamic adjust-
ments with the onset of exercise. Concurrent with
these sympathetic-adrenal actions, pancreatic in-
sulin secretion begins to be inhibited while glu-
cagon secretion becomes stimulated. The entire
process to this point seems to involve central ner-
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vous system feed-forward mechanisms to drive
these initial responses, although the events are
modified by peripheral afferent neural input from
the skeletal muscle sensory receptors [71, 72].

Phase lI: Intermediate Actions

This is the intermediate or secondary phase which
takes slightly longer to develop; however, this
phase is still typically very fast, beginning usu-
ally in much less than a minute. In this phase, the
hypothalamus begins the process of releasing its
hormones, such as corticotropin-releasing hor-
mone (CRH), GHRH, and thyrotropin-releasing
hormone (TRH), in an attempt to provoke chang-
es at the anterior pituitary to stimulate the release
of select hormones (e.g., adrenocorticotropin-re-
leasing hormone (ACTH), GH, and thyroid-stim-
ulating hormone (TSH)). As the pituitary begins
to respond to the hypothalamic stimulus, its “tro-
phic hormones” act on their specific peripheral
target glands to stimulate additional hormonal re-
lease [64, 73, 74]. One of the most fast-acting in
this cascade of events is the hypothalamic—pi-
tuitary—adrenocortical interaction, where CRH
brings about ACTH release and that, in turn,
brings about cortisol release. Endocrine glands
linked together in such an interacting regulatory
capacity axis referred to as an “axis” in this case,
the “hypothalamic—pituitary—adrenocortical
axis” [75, 76]. The release of arginine vasopres-
sin (AVP) from the posterior pituitary also begins
in this phase, although typically fluid balance had
not become disturbed substantially. Nonetheless,
the vasoconstrictive actions of AVP aid in the he-
modynamic of blood flow and selective shunting
necessary during redistribution of cardiac output
in this form of exercise [77].

Phase llI: Prolonged Actions

As exercise continues, there is a transition be-
yond the intermediate phase into a third phase
of response, which is a more prolonged state
and dependent on the duration of the exercise
session. In phase 3, the responses of the sympa-
thetic—adrenal axis are being augmented by other
hormones from the anterior-posterior pituitary
and the peripheral endocrine glands subordinat-
ed to pituitary regulation [64, 78, 79]. Table 8.1
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illustrates that there are a multitude of hormones
that have concentrational increases by this phase.
However, there are notable exceptions such as
insulin, where there is a consistent opposite ef-
fect (decrease), and the gonadotrophs (FSH-LH),
where there is not a universal consistent finding
of responses.

In this phase, reproductive hormones such
as progesterone and estradiol-p-17 (principally
women) and testosterone (principally men) are
consistently found to increase [80]. Some of this
increase seems due to the hemoconcentration of
the blood that occurs, but some increase is also
attributed to catecholamine-mediated stimulation
of the gonads as well as temperature-induced dis-
association from binding proteins [81]. In addi-
tion, during this phase, the skeletal and cardiac
muscle tissues themselves begin to release their
select cytokines, hormonal-like agents (princi-
pally interleukin-6), into circulation [82—-84] to
modulate and augment some hormonal actions.
Also, it is in this phase that the renin—angioten-
sin—aldosterone system (RAAS) becomes highly
activated initiating a large aldosterone response
that typically persists well into recovery (phase
IV) [85]. These RAAS responses and the contin-
ued release of AVP assist in fluid conservation as
during this phase of exercise thermoregulation
demands typically utilize large amounts of water
reserves in the formation of sweat in order to in-
duce evaporative cooling (e.g., it is very likely
that sweat rates can easily reach 1-2 L/h during
endurance/aerobic exercise) [86]. Prolactin lev-
els are elevated in response to such exercise and
can remain so for hours after exercise, which has
been associated with the refractory reductions in
testosterone seen during the period several hours
after exercise [87]. Interestingly, in recent years,
the physiological roles of prolactin, beyond re-
production, have been identified and it is now
realized that it serves as an important regulator of
the immune system [88].

Neural factors have been the primary stim-
uli regulating the endocrine response up to this
point. But now in the third phase, there is an ev-
er-increasing influence of the humoral and hor-
monal factors that regulate the overall responses
due to the changes in the “internal milieu.” This
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shifting of primary regulators allows an increas-
ing reliance upon feedback rather than feed-for-
ward control mechanisms. The influence of hu-
moral and hormonal stimuli types in modulating
the hormonal levels is magnified as the exercise
duration is extended, and energy substrate avail-
ability causes shifts in fuel usage (i.e., | carbo-
hydrate available as liver- and muscle-glycogen
stores is depleted = 1 reliance of intramuscular
and adipose lipid stores), or hydration issues (i.e.,
hemoconcentration and/or dehydration) begin
compromising the thermoregulatory ability and
heat storage increases driving up core tempera-
ture [89, 90]. The latter point, core temperature
increase, is a critical factor that greatly augments
the hormonal and cytokine response to this form
of exercise [91].

Phase IVL: Recovery

As the exercise ends, the fourth and last phase,
recovery starts. In recovery, the endocrine sys-
tem attempts to return hormones to levels which
would allow a return to a normal resting ho-
meostasis within the physiological systems of
the body. The duration of the recovery period is
totally dependent on the severity of the exercise
session, that is, how much stress the body and
the endocrine system were subjected to [70-72].
Opinions by various researchers exist that this
phase actually deserves to be split into two dis-
tinct phases. That is, research from several inves-
tigators indicates that there is most certainly an
early “rapid” recovery that occurs within the first
few minutes to hours after exercise, followed by a
late “delayed” recovery phase lasting many hours
in length for certain hormones after exercise ends
[64, 92]. For example, work from our laboratory
has shown that thyroid hormones (TSH, T,, T;)
following 90 min of endurance exercise can be
suppressed up to 24 h into recovery. Furthermore,
if you couple together several days of endurance
training sessions involving several hours of ac-
tivity per day, these thyroid suppressions can last
several days [93].

During the recovery phase, these hormonal re-
sponses occur primarily as a means to facilitate
energy reserves and hydration restoration, and as
a means to assist/modify protein turnover which
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Table 8.1 Generalized hormonal responses to exercise (endurance/aerobic types) of varying intensity and following

exercise training

Hormone Principal physiologi- Exercise response
cal role® Short-term High intensity ~ Prolonged Endurance
submaximal submaximal training
ACTH Adrenal regulatory 1 N N ]
AVP Hydration, fluids 1 N N -
>50%VO,ax
Aldosterone Hydration, fluids 1 ™ N >
Catecholamines Catabolic, 1 ™ ™ .}
(e.g., lipolysis,
glycogenolysis),
cardio-regulatory
Cortisol Catabolic 1 N N ]
(e.g., lipolysis, >60%VO,1ax
gluconeogenesis),
stress reactivity
Estradiol-B-17 Bone metabolism, i T ) -, ]
catabolic | if excessive
(e.g., lipolysis),
reproductive
FSH-LH Reproductive 1 1, & i, e )
Glucagon Glucoregulatory 1 ) " l
Growth hormone Anabolic (e.g., 1 N ™ -, 1
myoplasticity)
Insulin Glucoregulatory l 1 1 l
Prolactin Immune, stress 1 N N 11
reactivity
Progesterone Reproductive 1 1 1 ]
Testosterone Anabolic (e.g., 1 1 1 .}
myoplasticity) | if excessive
T, Ts Calorigenesis, — — 1 .}
endo-permissive
TSH Thyroregulatory 1 —, 1 1 —

2 Principal role relative to exercise 1 =increase; | =decrease; «>=no change

is necessary for adaptation (i.e., myoplasticity)
and the revitalization process of tissues.

Exercise Training Effects

Table 8.1 also presents the impact of endurance
exercise training on many hormones. Essentially,
the overriding effect normally is for training to
reduce the blood level of hormones at rest, and
in most situations in response to performing a
single endurance/aerobic exercise session—in
particular of submaximal intensities. There are
a few hormones that are relatively unaffected by
exercise training either at rest or in response to
an exercise session [94]. The reasons for these re-

ductions in hormonal response to a single exercise
session after an exercise training are illustrated in
Fig. 8.2 and discussed in the following section.

Mechanism of Hormonal Reponses to
Endurance/Aerobic Exercise

The mechanisms by which blood hormone lev-
els (i.e., concentrations) change during an ex-
ercise session are associated with alterations in
vascular fluid content, rate of hormonal meta-
bolic clearance (MCR), and glandular secretion
responses. Each of these is discussed briefly
below.
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Chronic Exercise
Training

! Reduced Stimuli to
Endocrine Gland
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Adaptation and Reduced
Stress to Exercise Session

 Endocrine Gland
Production - Secretion

1) Target Tissue
Sensitivity

—

* # Target cell expressing functional receptors

* # Functional receptors

+ Affinity level of receptors for hormone

* Post receptor amplification mechanisms

Fig. 8.2 Mechanism by which chronic exercise training induces an alteration in circulating hormonal levels and target

tissue responsiveness

Vascular fluid content alterations result from
plasma fluid moving into or out of the vascular
bed due to osmotic gradients or as the pool of
fluids used for sweat formation. During exer-
cise, plasma volume “shifts” occur, specifically
a loss of fluid, resulting in a hemoconcentration
of large molecular weight hormones in the ves-
sels. A 30-90-min exercise session can induce a
10—15 % reduction in plasma volume. This effect
is magnified if the ambient environment condi-
tion creates a greater thermal load and an individ-
ual does not consume adequate fluids during the
exercise. During the recovery from exercise (with
ample fluids consumption), there is a rebound ef-
fect and fluid moves into the vascular space to
cause a hemodilution effect on substances in the
blood [64, 94].

The hormonal MCR relates to removal of sub-
stance from the blood. Hormones are “taken up”
by receptor mechanisms at their target tissues
which can implement physiological actions at the
tissue (see discussion below). Furthermore, some

clearance is done through the degradation—
deactivation removal process at tissues such as
the hepatocytes, or via renal filtration.

Glandular secretion involves the endocrine
gland producing the hormone in response to
stimuli and secreting more of the hormone into
the blood, typically resulting in increases in
blood levels. It is, however, possible for the in-
creased rate of secretion and MCR removal rate
to match one another. In this case, the level of the
hormone in the blood does not seem to increase,
but in actuality the turnover has and the target tis-
sues are being presented with greater amounts of
hormone [76, 95].

Erroneously, there is a perception that if blood
hormonal levels increase, then the physiological
actions of that hormone are going to be activated.
This is a gross oversimplification of how endo-
crine actions occur. Blood hormonal concentra-
tions are a key fundamental determinant of acti-
vation of physiological actions, but not the only
one. In addition, for a hormone to initiate a physi-
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ological process, it is necessary that there must
be (a) adequate numbers of target tissue cells ex-
pressing functional receptors for the hormone, (b)
adequate numbers of functional receptors on the
cells, (c) a high affinity level of the receptors on
the cells for the hormone, and (d) sufficient post-
receptor amplification mechanisms within the
cells to respond [76, 95]. It is changes in many of
these factors that occur with exercise training that
result in the need for far less hormonal response
to a single exercise session following training.
These events, combined with far better fluid bal-
ance regulation and less hemoconcentration, re-
sult in less circulating hormonal release after a
training program.

Maladaptation Responses:
Dysregulation

If exercise training regimes are excessive in na-
ture, or an athlete has too many additional life
stresses compounding his/her situation even dur-
ing appropriate training, it is possible for inap-
propriate hormone responses (maladaptations) to
occur and conditions of endocrine dysregulation
to develop. The most prevalent of the latter con-
ditions are the overtraining syndrome, athletic
amenorrhea, and the exercise-hypogonadal male
condition [96-98]. The first two conditions are
discussed in detail in other chapters of this book.
The third, the exercise-hypogonadal male condi-
tion, is a disorder that is a male allegory to what
is observed in women with athletic amenorrhea,
that is, a disruption in the HPG axis that regu-
lates reproduction function in the gender. In the
male condition, the disruption is such that LH
production is abnormal (typically suppressed),
GnRH responsiveness is disrupted, testosterone
production is suppressed, and spermatogenesis is
compromised [99]. In these men, the circulating
free and total testosterone levels are character-
istically reduced by 30-60% from what would
be normally expected for men of their age [97,
100]. However, males are usually unaware that
they have the condition (unlike women there is
no outward manifestation of a problem, i.e., loss
of a menstrual cycle). Interestingly, it is currently
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unknown whether male libido is affected by this
condition; however, males with this condition
have been shown to have exacerbated prolactin
responses to exercise as well as drug challenges
to the pituitary, and prolactin has been shown to
suppress libido [101-104]. Along these lines,
there is a need in the future to examine male—
female couples in which both individuals are
engaged in chronic endurance/aerobic exercise
training to look at issues of fertility.

Conclusions

Endurance/aerobic exercise can induce large and
dramatic changes (primarily increases) in circu-
lating hormonal levels. These changes occur to
bring about appropriate alterations in (a) energy
expenditure, (b) cardiovascular-hemodynamic
adjustments, (c) fluid conservation, (d) thermo-
regulation adjustments, and (e) stress—reactivity
reactions [64, 98]. Exercise training when done
appropriately and for a long enough period to
allow adaptions results in the hormone response
to a single endurance/aerobic exercise session
being reduced. These reduced hormonal respons-
es, nevertheless, allow for adequate (or enhanced)
physiological responses to exercise in the tissues
due to alterations in receptor characteristics and
post-receptor amplification characteristics within
target tissues, which results in an improved sensi-
tivity of the tissue to hormonal influences.

An acute endurance/aerobic exercise session
influences many critical hormones relative to
reproductive function in both men and women
(summarized in Table 8.1). Furthermore, chron-
ic endurance/aerobic exercise training has been
shown to impact the regulatory hypothalamic—
pituitary—gonadal regulatory axis of both sexes.
When such training becomes excessive, a malad-
aptation leading in some cases to a dysregulation
occurs in the axis. Such dysregulation has nega-
tive consequences on the reproductive hormonal
status and reproductive biology of the individual.
Future research work is needed to ascertain how
substantially the fertility status of exercising
individuals (or couples) is influenced by these
consequences and whether intervention medical
steps are necessary.
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Introduction

The World Health Organization (WHO) defines
health as a state of complete physical, mental,
and social well-being and not merely the absence
of disease or infirmity. Physical exercise has been
proposed as one of the most beneficial lifestyle
interventions to achieve such a state. However,
exercise is a powerful stimulus to the body and it
can provoke paradoxical effects on human physi-
ology. While it can act as an important beneficial
tool preventing lifestyle-related diseases such as
obesity, it is also known to induce diverse stress
responses in the neuroendocrine system [1]. Elite
athletes are increasingly undergoing greater lev-
els of exercise training to improve their perfor-
mance. The reproductive and endocrine systems
are particularly sensitive to the amount of this
training stress [2]. This chapter focuses on the
existing relationships between exercise training,
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sports practice, and their influence on the male
reproductive system functionality.

Exercise Physiology and the
Neuroendocrine System

Testosterone is one of the most potent naturally
secreted androgenic-anabolic hormones, and its
biological effects include promotion of muscle
growth. In muscle, testosterone stimulates pro-
tein synthesis (anabolic effect) and inhibits pro-
tein degradation (anti-catabolic effect); com-
bined, these effects account for the promotion of
an increased muscular cross-sectional area (CSA;
hypertrophy + hyperplasia) [3]. Testosterone
is also associated with muscle strength, sports
competition aggressiveness, and re-synthesis of
proteins during recovery [4]. The concentration
of testosterone depends on the pulsatile release
of luteinizing hormone (LH) by the anterior pitu-
itary. The majority of the circulating testosterone
is transported bound to various carrier proteins,
but sex hormone-binding globulin (SHBG) is the
major one [5]. The concentration of testosterone
is a result of the production of the hormone and
the metabolic clearance by the liver. The rates of
these two processes are affected by a number of
changes in the physiological state [2, 5].
Testosterone production is under control of
the hypothalamic—pituitary—testicular (HPT) axis.
The HPT axis is definitely influenced by exercise
and exercise training [2]. However, the magnitude
and extent of the effect is highly variable due to
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the type, intensity, and duration of the exercise
performed, as well as the degree of physical
fitness of the individuals exercising [1, 2]. Ad-
ditionally, factors such as psychological stress,
sleep disturbances, and/or diet influence the HPT
axis and testosterone levels [2]. Regrettably,
rarely are all of these factors considered when
exercise studies are conducted or reported in the
literature [2].

Male Hypogonadism and Sport

The hormonal response to acute exercise is de-
pendent on several factors including the inten-
sity, duration, mode of exercise, and the training
level of an athlete [6]. Acute exercise demands a
physiological increase in testosterone. Some in-
vestigations report that total and free testosterone
levels are briefly elevated following a strenuous
or prolonged exercise session [7—10]. This im-
plies high volumes of training (e.g., 10-20 h/wk)
could increase levels of steroids [11], improve
metabolism [12], and protect the athlete from
overactivation of the immune system [13]. How-
ever, ultimately the repetitive responses of such
activity could negatively affect the HPT axis as
the training program progresses [14].

Tremblay et al. studied endurance-trained
males and verified that with exercise, besides
short-term (acute) testosterone elevation, there
was an increase in dehydroepiandrosterone sul-
fate (DHEAS) in a dose-response manner depen-
dent on the intensity of the acute exercise. Fur-
thermore, it appeared that during low-intensity
exercises, high exercise volumes were needed
to induce a significant increase in cortisol [15].
Interestingly, in nonelite, middle-aged marathon
runners, a marathon race resulted in an acute in-
crease in blood cortisol and prolactin levels and
a concomitant decline in testosterone level [16].

The HPT axis response to chronic exercise has
been investigated in many retrospective studies
that found lower testosterone levels in endur-
ance-trained males [2]. In these studies, testoster-
one levels of athletes were found to be 60-85 %
of the levels of controls, not outside the clinical
norm, but at the low end of the range [10, 14].

A.R.Laneetal.

Prospective studies are more inconsistent, since
some have found significant reductions in rest-
ing testosterone following endurance training
regimens, and others found no association at all.
Differences in the subjects (i.e., age, mass) and
in their training regimens may explain these dis-
crepancies [2].

Meanwhile, a wide population-based study
involving volunteers (not athletes) found no as-
sociation between total serum testosterone levels
nor SHBG levels with aerobic exercise capacity
or maximal power output in men [17]. These con-
trasting findings demonstrate that these relation-
ships are highly complex.

Endurance-trained males also display other
hormonal abnormalities such as a lack of el-
evation in resting LH, despite low testosterone
levels and decreased prolactin, a state referred
to as the exercise-hypogonadal male condition
(EHMC) (i.e., in chronically trained men) [18].
The EHMC is associated with not only hormonal
abnormalities, but also detrimental changes in
semen characteristics in the spermatogenesis
process (see later discussion in the article) [2,
4, 10, 18]. Interestingly, Safarinejad et al. con-
ducted prospective work and induced similar
hormonal responses but viewed this as an effect
of overtraining the men (i.e, overtraining syn-
drome) and not the EHMC [19]. Luigi et al. [4],
however, states that there are no evidence-based
criteria that these athletes would be at risk for
osteoporotic fractures, cardiovascular accidents,
or sport-related anemia due to their hormonal
changes, but antidotal evidence of such events
has been reported [2, 19]. Unfortunately, there is
no standardized definition in the literature about
at which point or with what intensity of training
athletes are at risk of developing these hormonal
alterations.

Male Sexual Function

Male sexual function is a complex entity because
it involves desire, erection, and ejaculation. It has
been shown in randomized trials that balanced
exercise training in healthy volunteers is ben-
eficial to maximize erectile function and sexual
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health because it reduces body mass index (BMI)
and influences other disorders that affect sexual
function such as the metabolic syndrome and
cardiovascular diseases [20, 21]. Meanwhile, as
previously stated, endurance athletes are at risk
for hypogonadism, and consequently, erectile
dysfunction (ED) and/or decreased sexual desire
occur [22] due to decreased testosterone levels.

Varicocele and Sport

Varicocele may result from abnormally dilated
veins in the pampiniform plexus, and it has long
been associated with male infertility according
to observational studies that report an increased
incidence of this pathology in infertile men [23].
Varicocele is also commonly seen in the general
population—with a prevalence between 4 and
22 % —but it can reach an incidence of up to
80% in men with secondary infertility [24]. Ef-
fects of varicocele in semen parameters include
altered concentration, motility, and morphology.
Several studies have focused on how varicocele
leads to impaired spermatogenesis, most of them
proposing a mechanism of altered blood flow
and scrotal temperature [23]. Although debated,
there is substantial evidence to support the value
of varicocele repair in male infertility in order to
improve semen parameters [5].

A trial, evaluating the role of sports medicine
in the diagnosis of andrological diseases, found
a high incidence of varicocele in athletes—29 %
[25]. It has been shown that sports practice does
not modify the prevalence of varicocele compared
to the general population [26]; however, it seems
to progress from subclinical to clinical varicocele
[27]. Besides, in these subjects, the effect of vari-
cocele appears to worsen semen parameters. In
an elegant study, competitive athletes presenting
with varicocele were age-matched with men who
engaged only in recreational activities. Although
no differences were found in hormonal levels be-
tween groups, the percentages of both progres-
sive forward motility and percentage of normal
spermatozoa were significantly reduced in ath-
letes with varicocele [28]. Therefore, diagnosis
and management of varicocele in men engaging
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in endurance sports training are imperative to
provide safety and preserve fertility.

Prostatitis

Prostatitis (inflammation of the prostate gland)
is estimated to affect 2-10% of men and is the
third most common diagnosis in men less than
50 years of age presenting to urologists annu-
ally [29]. According to the current medical con-
sensus on establishing an etiology of prostatitis,
the condition may be caused by multiple factors,
including neuronal, inflammatory, hormonal,
and psychological factors [29-31]. One potential
method for diagnosing prostatitis involves test-
ing bodily fluids for biomarkers. As prostatic se-
cretions form a substantial proportion (25 %) of
the semen, seminal plasma is an excellent fluid
to search for such markers of prostatic inflam-
mation [32]. Some studies have investigated the
potential of inflammatory proteins and cytokines
in the seminal plasma of patients with prostati-
tis or chronic pelvic pain syndrome, yet none of
these biomarkers appears definitive in arriving at
a diagnosis [33, 34]. In fact, the most commonly
used biomarker for prostate diseases, prostate-
specific antigen (PSA), in wide use as a biomark-
er of prostate cancer, was originally found and
isolated from semen [35].

Several lines of evidence indicate that physi-
cal exercise can lead to improvements in pain
sensitivity and changes in immune, neuroendo-
crine, and autonomic function [36, 37]; hence,
exercise may be an associative or causative fac-
tor and may have a role in the etiology of prosta-
titis [38]. Bicycle riding, for example, combines
strenuous physical activity and direct pressure on
the perineum and prostate. There are probable
mechanisms by which cycling may influence
serum PSA levels comprised of systemic fac-
tors related to the hormonal effects of strenuous
physical activity [39, 40] as well as local fac-
tors including mechanical stress of the prostate
caused by movement of the pelvic muscles [41],
or direct perineal pressure produced by the sad-
dle with a significant massage effect on the pros-
tate [42]. Also, since evidence supports trained
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athletes may have lower basal concentration of
circulating testosterone than untrained men [2,
14, 43, 44], this may result in lower risk of de-
veloping prostate diseases in athletes than in un-
trained subjects [45, 46]. Though studies in this
area have not yielded consistent results, it seems
that the interaction between physical activities
and some prostate disorders may be dependent
on the physiological and metabolic factors asso-
ciated with exercise parameters (intensity, dura-
tion, mode of exercise, and level of the athlete) as
well as factors inherent to exercise training. Fur-
ther investigations are required to elucidate the
relationship between physical activity and pros-
tate disorders, and the underlying mechanisms
responsible for such a relationship.

Sperm Alterations in Athletes

Alterations in motility and concentration of sper-
matozoa in endurance and resistance athletes
were documented in a retrospective study of
DeSouza et al. [47]. In a subsequent prospective
study, semen volume as well as sperm motility
and morphology decreased significantly over a
1-year period of marathon training, but there was
no significant alteration observed in sperm count
[48]. Some authors argue that exercise volume is
the most important variable affecting the semen
profile [49], especially for morphological char-
acteristics [50]. Others argue that exercise inten-
sity can be equally deleterious on reproductive
function [2, 48]. While the evidence is relatively
scant, it is nonetheless clear that endurance ath-
letes may be at risk for semen alterations.

Special Situations

Steroids Abuse

Although highly prevalent in the sporting com-
munity, abuse of androgenic-anabolic steroids
(AAS) received major public attention only after
their use became apparent in the Olympic Games.
It was not until 1967 that the International Olym-
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pic Committee released the first list of banned
substances [51].

Several drugs can be used as anabolic agents
such as human chorionic gonadotropin (HCG),
LH (i.e., each promoters of testosterone release),
as well as exogenous AAS directly, such as nan-
drolone and tibolone. Common areas of sub-
stance abuse include sport performance enhance-
ment (both in strength-based [Tmuscle CSA] and
endurance-based [1 recovery capacity] activities)
and aging people who are seeking to abate the
effects of sarcopenia [4]. AAS can exert strong
effects on the human body that may be beneficial
for athletic performance. Evidence supports that
short-term administration of these drugs by ath-
letes can lead to strength gains of about 5-20%
of their initial strength and increases of 2-5 kg in
body mass that may be attributed to increases of
the lean body mass [52].

However, AAS abuse can affect a range of
organic systems and has been shown to aug-
ment mortality rates among users, especially
due to cardiovascular disease [53]. Effects on
the endocrine and reproductive systems include
suppression of spermatogenesis, gynecomastia,
and suppression of the HPT axis due to negative
feedback when higher doses are used. This can
subsequently lead to hypogonadism symptoms,
such as ED and decreased libido [54, 55]. Fur-
thermore, even after discontinuation of AAS use,
subjects may continue to experience the effects
of prolonged hypogonadism until HPT axis re-
covery [51].

Trauma

Traumatic injuries in sports participants are fairly
common. In addition to typical musculoskeletal
events, male athletes are at risk of incurring tes-
ticular injuries. Traumatic sporting injuries do
not infrequently precipitate testicular torsions
[56]. Testicular torsion is characterized by acute
scrotal pain, and early diagnosis and definitive
management are the keys to avoid testicular loss.
Nevertheless, young male athletes are usually un-
aware of testicular pathologies and thus do not
typically wear genital protection. Neither do they
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appreciate the difference in urgency of seeking
medical treatment of painless versus painful tes-
ticular swelling [57].

Spinal trauma events also impact reproductive
function as they are associated with ED and/or
retrograde ejaculation. Normal ejaculatory func-
tion, a primarily sympathetic phenomenon, con-
sists in a complex and coordinated sequence of
striated and smooth muscular contractions, which
results in the antegrade emission and expulsion
of sperm. Spinal injury is found in participants in
many adventure sports as well as a multitude of
traditional sporting events [58]. Common spinal
injuries that occur include muscle strains, mus-
cle spasms, disc herniations, as well as vertebral
body compression and avulsion fractures.

Cycling

Bike riding is one of the most popular sports be-
sides being a common means of transportation.
That said, it is a frequent source of significant
injuries that can be classified as acute traumat-
ic lesions or chronic overuse injuries, common
in recreational riders or competitive racing rid-
ers [59]. Since there is an important association
between genitourinary tract overuse injuries and
cycling, the sport deserves special attention re-
lated to sexual dysfunction.

The most common problem is pudendal nerve
entrapment (PNE) syndrome, presenting as geni-
talia numbness, reported by 50-91% of cyclists
[59]. In men attending an infertility clinic, bicy-
cling for more than 5 h a week was associated
with lower sperm concentration and motility
[60]. Injurious effect of exercise on spermato-
genesis can be attributed to increased scrotal tem-
perature and HPT axis alterations, as previously
discussed.

Surveys of men in Australia, England, Germa-
ny, the Netherlands, and Spain estimate the prev-
alence of ED to be 11-34% in men aged 16-80
years old [61-65]. ED is also commonly seen in
high-performance and/or endurance sports ath-
letes especially in competitive cyclists [66]. The
data from the Massachusetts Male Aging Study
(MMAS) showed that bicycling more than 3 h per

149

week was an independent risk factor for males
(aged 40-70 years) in the development of moder-
ate to severe ED [67]. In case-control studies, the
prevalence of moderate to severe ED in bicyclists
was ~4.2% versus age-matched runners (1.1 %)
and swimmers (2 %), respectively [68]. Interest-
ingly, research on female bicyclists is very lim-
ited but indicates the same impairment as in male
bicyclists [66]. The cause of ED resulting from
bicycle riding is not fully understood, yet is like-
ly a result of continuous compression and strain
on the pudendal nerve as well as insufficiency
of penile blood supply because of perineal arte-
rial compression [69, 70]. The extent to which
blood flow decreases while cycling in a seated
position is significantly affected by seat position,
saddle material, size, and geometry [66]. It has
been reported that, in male cyclists aged 20-37
years old, cycling in a 90° position resulted in
40 % better penile oxygenation than cycling in a
60° position. More than 50 % better penile oxy-
genation was demonstrated with a wider saddle
than the narrow saddle when compared using the
same seat position and padding material. Finally,
no significant difference in penile oxygenation
was observed when cycling on a flat saddle as
compared with riding on a saddle with a hole
[66]. Since cyclists are at risk for ED, they should
take precautionary measures to minimize the as-
sociated risk with bicycle riding: choose a wide,
unpadded no-nose saddle that allows proper
placement for sitting; choose a horizontal saddle
position; ride in a more upright position; change
their body position regularly from a seated to a
standing position; and use road bicycles instead
of mountain bikes.

As similar force impacts might be seen in
equestrian sports, several studies have also inves-
tigated the link between chronic urogenital trau-
ma during horse riding and sexual dysfunction
in horseback riders [71-73]. While the findings
have been contradictory, Turgut and associates
demonstrated a significantly higher prevalence
of varicocele (46 %), hydrocele (19%), testicu-
lar cyst (4 %), epididymal cyst (35 %), testicular
calcification (19%), epididymal calcification
(8%, scrotal calculus (8 %), and inhomogeneity
of parenchymal echo texture (4%) in horseback
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riders than non-horse-riding men [73]. Given the
above findings, additional safety measures such
as frequent and sufficient rests during riding or
padding of the rider’s shorts to prevent injury
should be considered by horseback riders. Also,
to ensure penile health, sonographic examination
of equestrians who have palpable mass or related
symptoms has been recommended.

Conclusions

Elite athletes are increasingly undergoing greater
levels of exercise training in order to maintain a
higher degree of competitiveness. The magnitude
of this training and the stress it induces is neces-
sary for improvement in the cardiorespiratory and
musculoskeletal systems [1]. The reproductive
and endocrine systems are particularly sensitive
to the amount of training stress an athlete under-
goes, and regrettably these systems can develop
disruption and dysfunctions if the stress is exces-
sive. These disruptions and dysfunctions are well
described in female athletes, but researchers have
only recently recognized the occurrence of such
events in male athletes [2]. Evidence indicates
manifestation of hypogonadism, modifications in
sexual function, exacerbation of existing varico-
cele as well as alterations in semen parameters
are all possible consequences of high levels of
training stress. Furthermore, aspects of sports
injuries (e.g., spinal trauma) or sports practice
(e.g., cycling seat parameters) can impact testicu-
lar physiology and reproductive function.

It is important that fertility clinicians who
treat male athletes and chronic exercisers recog-
nize the impact of sport-exercise training and the
particulars of sporting practice as potential risk
factor(s) for reproductive (sexual function) prob-
lems. Furthermore, this line of research needs ad-
ditional investigations on the topic, specifically
related to males, as far less work has been done
than in females.
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Introduction

Strength sports (e.g., bodybuilding, weight lift-
ing, powerlifting, throwing) have intensely suf-
fered the scourge of doping. In these sports,
most of the athletes with known positive results
in doping tests are linked to the use of anabolic
agents [1, 2]. The most common substances are
testosterone and its synthetic derivatives (syn-
thetic anabolic-androgenic steroids, AAS) [3].

Hormonal Environment in Strength
Sports

Most of the structural adaptations occur as a con-
sequence of strength training, thus muscle hyper-
trophy is the result of a specific response of the
endocrine system ensuring the right environment
to increase protein synthesis [4, 5]. Many of these
hormones play important roles in the male repro-
ductive system.

The acute and chronic hormonal responses to
strength training are determined by the configu-
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ration of the workload (exercise order, work in-
tensity, number of sets and repetitions, and recov-
ery periods), as well as the athletes’ individual
characteristics [6].

Hormonal changes are quite complex, and the
role of these hormones in skeletal muscle con-
tinues to be the subject of intensive scientific en-
quiry. In addition to testosterone, more hormones
pose an effect on the appropriate protein synthe-
sis, such as anabolic (growth hormones (GH),
insulin-like growth factor (IGF), and insulin),
catabolic (cortisol and glucagon), or regulation
(myostatin) hormones. In this chapter, we will
not analyze all those hormones that, directly or
indirectly, might be involved in these processes,
but we will focus on the ones that have an effect
on the protein synthesis and male fertility.

Testosterone

Among the anabolic agents, the hypothalamic—
pituitary—gonadal (HPG) axis hormones, spe-
cifically testosterone and its derivatives, play a
predominant role in strength training and male
fertility (Fig. 10.1).

Natural androgens (testosterone and precur-
sors) are synthesized from cholesterol by the or-
ganism. The secretion of gonadotropin-releasing
hormone (GnRH) from the hypothalamus stimu-
lates the biosynthesis of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH)
that in turn initiate both intra-gonadal testoster-
one production and spermatogenesis, as well as
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Fig. 10.1 Main hormones with an influence on the ana-
bolic—catabolic balance in strength training. GH growth
hormone, GnRH gonadotropin-releasing hormone, SRH

systemic testosterone secretion and virilization.
From a chemical point of view, steroid hormones
show an annular structure of four rings (cyclo-
pentanoperhydrophenanthrene) with 19 carbon
atoms, a double bond between C4 and C5, an ox-
ygen atom at C3 position, and a hydroxyl radical
(OH") at C17 (C4H,30,). This structure is neces-
sary to maintain androgenic activity.

In men, 95% of testosterone is secreted in
the Leydig cells of the testes, generating ap-
proximately 2.5-12.0 mg/day of testosterone.
Meanwhile, the remaining 5% (0.15-0.60 mg/
day) comes from the adrenal cortex (dehydro-
epiandrosterone). The daily production rate var-
ies cyclically on a circadian and pulsatile pattern
(6-12 peaks every 24 h), which contributes to
highest concentrations in the early morning com-
pared with the lowest concentrations in the af-
ternoon [7, 8]. Circulating testosterone levels in

somatotropin-releasing hormone, LH luteinizing hor-
mone, /GF insulin-like growth factor, CRH corticotro-
phin-releasing hormone, ACTH adrenocorticotropic hor-
mone

blood are maintained within a normal range as
a consequence of a balance between its produc-
tion and excretion by hepatic and extrahepatic
metabolism [9, 10]. In adults, testosterone lev-
els in plasma are higher in men (0.6 pg/dl) than
in women (0.3 pg/dl; approximately 95-97%).
The majority will be bound to the sex hormone-
binding globulin (SHBQG), also referred to as sex
steroid-binding globulin, and testosterone—estra-
diol-binding globulin or to albumin, whereas a
small proportion will be circulating unbound. In
peripheral tissues, part of the testosterone is trans-
formed by an enzyme from the family of HSP450
(50-reductase) into Sa-dihydrotestosterone and
joins the cellular DNA, thus having the most
direct action on muscle anabolic functions and
embryogenesis (process of formation of the ex-
ternal male genitals) ). The 5a-reductase enzyme
removes the C4-5 double bond of testosterone
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by the addition of two hydrogen atoms to its

structure. It is important to note that DHT has

threefold higher affinity for the androgen recep-
tor than testosterone, thus 15-30-fold higher than
adrenal androgens.

Testosterone, in supraphysiological doses
(from tenfold higher than normal resting levels),
is readily converted into estradiol and estrone by
the enzyme aromatase and related to sexual dif-
ferentiation of the brain, bone mass accretion, fu-
sion of the epiphyses during puberty, in addition
to feminizing effects [11].

The various functions performed by testoster-
one inside the organism can be summarized in
two main points: (1) androgenic (virilizing) and
(2) anabolic (myotrophic):

o The androgenic function is responsible for the
changes in primary and secondary male sex-
ual characteristics. Testosterone and a poly-
peptide factor (Mullerian inhibiting factor)
stimulate the formation of the male genitals.

e The anabolic function stimulates nitrogen
fixation and increased protein synthesis,
thus provoking the growth in skeletal mus-
cles (by increasing the synthesis of contrac-
tile proteins), collagen synthesis, and bone
metabolism.

Synthetic Anabolic-Androgenic
Steroids

Synthetic AAS are synthetic derivatives of tes-
tosterone, showing chemical structures similar
to natural steroids. The differences artificially
set condition the properties and characteristics
of these substances (absorption rate, catabolism,
and action). From a sports point of view, it is
ideal that the substances used have moderate an-
drogenic and virilizing effects, and elevated ana-
bolic effects [12]. Please note this is important
when selecting a steroid.

To determine the steroid’s effects, we must
know the therapeutic index, which is the relation
between the anabolic (A) and virilizing (V) ef-
fect, despite the fact that complete dissociation
of the AAS’s androgenic and anabolic effects is
not possible [13, 14]. When this index is equal to
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1, A and V have the same values. When the index
is between 1 and 2, products are strongly viril-
izing and anabolic, while higher values (3 and 4)
are associated with anabolic products. However,
values higher than 5 correspond to high anabolic
products with low virilizing power.

Origin of Synthetic Anabolic-Andro-
genic Steroids

The development of AAS compounds was origi-
nally clinically used for treatment of delayed pu-
berty in men and for growth promotion [15]. The
road to establishing AAS’s precise chemical and
functional characteristics was long and full of in-
teresting anecdotes before reaching clinical and
sportive uses.

To study the origin of AAS, it becomes nec-
essary to start with the studies performed in the
nineteenth century, referencing the studies by
Berthold, Brown-Séquard, Zoth, and Pregl. Ber-
thold et al. focused their research on the study of
the role of the gonads in the development of the
human secondary sexual characteristics. It was in
1849 when he performed what is known as the
first formal experiment in endocrinology in his-
tory. In this study, he described general rooster
atrophy after castration, leading to disappearance
of aggressiveness and interest in hens. Brown-
Séquard presented in the Society of Biology of
Paris a controversial scientific report (Elixir of
life, 1889) in which he described how he himself
had undergone a really peculiar treatment. The
procedure consisted of injecting certain doses
of three different preparations that he created.
Initially, he administered blood doses from tes-
ticular veins, subsequently sperm, and lastly an
extract from dog and/or guinea pig testes. As
suggested by this author, this curious treatment
assured physical and mental improvements [16].
By the end of the century, Oskar Zoth and Fritz
Pregl, pioneers of exercise physiology, indicated
that extracts similar to those proposed by Brown-
Séquard (bull testicular extracts) might increase
muscular strength in humans [17]. Zoth, some
years later awarded the Nobel Prize in medi-
cine, pointed out in his work that “the training
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of athletes provides an opportunity for further
research in this area for a practical evaluation
of our experimental results” (in the German
original: “Das Training von Sportlern bietet eine
Gelegenheit fiir weitere Forschungsarbeiten in
diesem Bereich und fiir eine praktische Beur-
teilung unserer experimentellen Ergebnisse”)
[15, 18]. Undoubtedly, this statement represents
the origin of what the use of steroids will become
in the future of sports.

Eugen Steinach, three times nominated for the
Nobel Prize in Physiology, performed numerous
experiments on animals’ sex change. He sug-
gested a surprising surgical treatment for sperm
autotransfusion into the circulatory system in
order to rejuvenate male subjects [19]. The sur-
gical manipulation of the human or animal male
genitals had already been described by the scien-
tist Voronoff in his book Rejuvenation by Grafi-
ing [20]. This controversial Russian researcher
prepared his self-supply to use it in his patients
and investigations. His first official transplant
was performed in 1920 by introducing thin slices
(a few-millimeters thick) of chimpanzee and ba-
boon testes in the scrotum of a patient, with the
hope that both tissues eventually merged [21].

A few years later, Pezard and Caridroit [22]
and Funk and Harrow [23] focused their investi-
gations on understanding the reasons why testic-
ular extracts or other organs and animal anatomi-
cal structures (i.e., cockscomb) provoked func-
tional changes in the male reproductive system
and/or secondary sex organs. The authors con-
cluded that there should be a substance carried in
the blood that might regulate the functioning of
these organs. Starling [24] called this substance
“hormones.” Subsequently, Pezard and Caridroit
called it “testicular hormone.” Funk and Harrow
[23] located this substance in men’s urine and
named it male hormone.

Some authors designated these years as The
Golden Age of Steroid Chemistry [25]. Adolf Bu-
tenandt, awarded the Nobel Prize in Chemistry
for studying sexual hormones, furthered his stud-
ies on the analysis of more than 15,000 [ of human
urine, thus determining the chemical composi-
tion of androsterone [26]. His studies on sex hor-
mones helped the work group of Ruzicka [27], in
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Ciba laboratories, to establish that the chemical
structure of testosterone was very similar to cho-
lesterol. His laboratory became the world refer-
ence center for organic chemistry at that time. In
later decades, the Organon Company, in which
Ruzicka participated from the beginning, intro-
duced many drugs that became very popular in
the sports community (Deca-Durabolin, Durabo-
lin, Sustanon 250, and Pregnyl).

The name testosterone comes from the stud-
ies performed by Butenandt and Hanisch [28],
Ruzicka and Wettstein [29], and David et al.
[30]. The chemical structure was firmly estab-
lished in previous years by David and colleagues
when oxidizing testosterone to obtain androstan-
4-ene-3,17-dione.

The clinical application of these substances
goes back to the 1940s for the treatment of chron-
ic debilitating illness, trauma, burns, surgery, and
radiation therapy [31]. In the first scientific arti-
cle published on testosterone in 1939, the author
specifically described the beneficial effects of the
use of sex hormones in sports performance [32].
Presumably, during this period, and even before,
athletes and researchers had already been using
steroids.

Brenton Huggins, an American surgical spe-
cialist in prostate cancer, showed that blocking
testosterone production may decrease prostate
cancer progression, thus reducing its symp-
toms. He was the first scientist who suggested
chemotherapy as a therapy against cancer. He
was awarded the Nobel Prize in 1966 [33]. On
his part, the biologist Paul de Kruif promoted
testosterone to reduce the symptoms of aging
by claiming that this hormone increases libido,
builds muscles, and sharpens intelligence. Paul
de Kruif was maybe the first author to address a
historical compilation of studies of testosterone
by describing scientific experiences by authors
such as Hammond, Werner, and Lalouche.

With the advent of World War II, works
stopped or at least we do not have accurate docu-
mentation of the line of studies and objectives
followed by researchers. Apparently, AAS were
used by German scientists during this military
confrontation to increase the soldiers’ strength,
courage, and aggressiveness [34, 35]. It was not
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until after World War II that studies on steroids
resumed in veterinary and human medicine and
sports. There is some evidence that once the
conflict was over, the American and Soviet in-
telligence services seized steroids-relevant infor-
mation from the captured Nazi scientists. These
skills were quickly transferred to the sports field
as one more tool in what some years later came
to be named the Cold War between the Western
and Eastern blocks.

In the mid-1950s, the study of effect of an-
drogens on protein synthesis became accelerated.
At the same time, many analogues of testosterone
(synthetic steroids), nandrolone, and dihydrotes-
tosterone were developed to obtain a purely ana-
bolic drug. This knowledge meant at that time a
topic of special interest to pharmaceutical com-
panies, coaches, athletes, and sports physicians,
especially those linked to strength sports.

Effects of AAS on Sports Performance

Despite the fact that some contradictory work re-
ducing the sport advantages of AAS can be found
in specialized bibliography, different published
reviews and meta-analyses show that AAS users
are clearly benefited by enhanced performance.
In any case, it is a fact that research in this field
is under condition of different aspects (small sim-
ple size, use of more than one drug or substance
to enhance or counteract steroid effects, impos-
sibility of carrying out double-blind placebo-con-
trolled studies, and that dosage used in studies is
often far lower than the self-administered levels
for ethical reasons). These circumstances avoid
the development of appropriate protocols in hu-
mans to understand the daily reality in sports
[36].

It must be taken into account that performance
improvements change individually (depending
on sex and age) and are strongly influenced by
aspects such as the dose (physiological, supra-
physiological, or abuse dose) and the form of
utilization (stacking or cycles of steroid admin-
istration).

Steroids became popular in the sports field
since the 1950s. In that decade, American and
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Soviet weightlifters and sportsmen undergoing
large amounts of resistance training started using
these substances [37]. However, the first docu-
mented case of steroid use in sports took place
in horse racing in 1941.Some sources indicate
that German athletes were the first to use steroids
[34].

After World War II, Soviets developed a
systematic doping program by taking profit of
knowledge from the German scientists who were
captured after the war. The intention was to use
these substances in the development of Soviet
sports teams and, thus, to use their success as
propaganda for their political ideology. Recall
that the USSR returned to international competi-
tion at the Olympic Games of Helsinki (1952). In
this period, androgenic steroids occupied an im-
portant place. Without doubt, the massive occur-
rence of steroids altered the normal evolution of
the records, thus modifying the results in all the
strength sports. Final implementation of steroids
in sports took place in the 1960s [38].

Positive Effects

Among the most interesting benefits of AAS in
sports performance (ergogenic effects), we can
highlight the following: (a) It increases protein
synthesis, lean body mass, lipolysis, bone miner-
al density, connective tissue, strength, muscular
power, erythropoiesis, hemoglobin and hemato-
crit (aerobic endurance), pain tolerance, neural
transmission, aggressiveness, and injury recov-
ery, and (b) it reduces body fat, muscular catabo-
lism, sensitivity to fatigue, and recovery time.

Body Mass Increase

Few argue that the use of steroids combined
with specific training leads to significant gains
in athletes’ muscle mass [36, 39—44]. The intake
of AAS transforms a negative nitrogen balance
into a positive one by improving the utilization
of ingested protein and increasing nitrogen reten-
tion. In addition, these substances act on the an-
drogen receptors at the cellular level, transcribe
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genes, and stimulate the production of ARNm to
increase protein synthesis [45]. When doses are
high, steroids may compete for glucocorticoste-
roid receptors (anti-glucocorticoid effect of tes-
tosterone), causing an anticatabolic effect [46,
47]. Furthermore, they have an effect on other
anabolic hormones belonging to GH-IGF axis by
increasing the GH and IGF-1 synthesis [48].

Strength Enhancement

The evolution of different sports (i.e., weightlift-
ing, powerlifting, throwing, etc.) and the high
number of doping cases among athletes demon-
strate the significant benefits of anabolic steroids
on strength gains [39, 42-44, 46, 49-54]. In rela-
tion to this ability, it should be noted that AAS
have effects on the athletes’ behavior such as
euphoria, increased aggressiveness, and reduced
feelings of fatigue [55].

Endurance Enhancement

Androgens improve the volume of body fluids
by increasing the renal retention of water and
salt (mineralocorticoid effect), resulting in an in-
creased blood volume and arterial pressure. Fur-
thermore, AAS stimulate the production of red
blood cells by the bone marrow (erythropoiesis).
Also, hemoglobin, hematocrit, and iron incorpo-
ration into red blood cells may become elevated,
thus positively influencing the delivery system of
oxygen to tissues [14, 56]. Some research sug-
gests that this substance has a positive effect on
the activity of oxidative enzymes by improving
the energy production via aerobic metabolism
[57] and increases antioxidant capacity in select-
ed skeletal muscles [58].

Speed of Muscle Contraction
Enhancement

Some theorists of sports training highlight the
importance of testosterone and AAS synthesis on
muscle power enhancement and speed of muscle
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contraction [59]. As suggested by these authors,
the athletes with better explosive strength and
sprint running performances have a higher basal
level of testosterone. This is due to the influence
that these substances may have on certain neu-
rotransmitters that allow faster transmission of
nerve impulses.

Consequences of Continued Use of
High Doses of AAS

Possibly, if athletes who use AAS knew exactly
all the possible risks they face, they would avoid
its use. These risks are minimized by some ath-
letes, their coaches, and doctors, sometimes in a
quite irresponsible and self-interested manner.
They are more interested in the benefits than in
the potential risks [60]. However, these substanc-
es have diverse adverse secondary effects, which
are highly dangerous and sometimes not com-
pletely known. For this reason, the use of AAS
increases the athlete’s risk, especially when doses
are not controlled or individualized to what each
subject can tolerate without risk to their integrity.
The adverse effects are linked to behavioral
changes (mood swings, aggressive behavior,
depression, psychosis, addiction, withdrawal,
and dependency disorders) [61, 62], thus alter-
ing numerous organs and systems [36, 48]. The
latter include musculoskeletal system, endocrine
system, larynx, urinary system, immune system,
alopecia (male pattern baldness), liver (cholesta-
sis, peliosis, hepatoadenoma, hepatocarcinoma),
cardiovascular system (hypertension, thrombo-
sis, decreased high-density lipoprotein (HDL)
cholesterol, increased cholesterol), female repro-
ductive system (menstrual irregularities, clitoral
hypertrophy, uterine atrophy, breast atrophy, tera-
togenicity), and the male reproductive system.

Male Fertility

Infertility may be defined as the inability to
conceive after reasonable time (12-24 months)
of adequate sexual intercourse without contra-
ceptive measures [63]. This anomaly has been
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associated with different genetic and nongenetic
conditions (hypogonadotrophic hypogonadism,
testicular maldescence, structural abnormali-
ties of the male genital tract, genital infections,
previous scrotal or inguinal surgery, varicoceles,
chronic illness, medication, and exposure to
chemicals) [64]. While infertility is a functional
impairment that neither compromises the indi-
vidual’s physical integrity nor threatens his life,
it may have important psychological effects.

Male Fertility and Exercise

Some studies reported the relevance and effects
of physical exercise on reproductive function
[65—75]. Certain sports activities (i.e., cycling
and bodybuilding), their training (i.e., high vol-
ume and intensity), and associated elements (i.e.,
steroid issues) may also adversely affect the re-
productive system, thus sometimes compromise
their fertility. A prolonged and excessive training
(high volume, high intensity, and low recovery)
carries an overreaching/overtraining status that
negatively affects the body and causes changes
that affect the endocrine system at the hypotha-
lamic—pituitary—sympathetic adrenal and the
HPG axis [68, 76, 77] (discussed elsewhere in
this volume Chapter 7).

Along with the training load, some collateral
aspects related to sports can also be linked to
male infertility: significant alterations of body
mass [78], inadequate caloric intake [79], lack of
appropriate intake of macro- and micronutrients
in the diet [80], high physical and physiologi-
cal stress [79], oxidative stress [81], alteration
of the balance of energy intake [82], reproduc-
tive function [83], and possible testicular micro-
trauma [84]. Among these collateral aspects, we
must include the use of the AAS, which, by itself,
may exert the most detrimental consequences on
fertility.
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Male Fertility Versus Anabolic-Andro-
genic Steroids

The main adverse effects of the AAS on the male

reproductive system include:

o Alteration of the HPG axis: reduction of the
hormonal secretion and circulating rate

o Decreased spermatogenesis

e Changes in semen quality: quantitative and
qualitative changes

e Apoptosis in spermatogenesis

o Testicular atrophy

e Other alterations, such as prostatic hypertro-
phy, prostatic carcinoma, difficulty/pain dur-
ing urination, gynecomastia, priapism, and
impotence

Alteration of the Hypothalamic-
Pituitary-Gonadal Axis

For several decades, it has been known that the
intake of AAS has powerful harmful effects on
male sexual organs, particularly the testes [85].
The abusive use of some doping substances (i.c.,
AAS) may cause important hormonal changes
that might affect the HPG and the male reproduc-
tive system as a whole. HPG axis functioning is
dependent on the secretion of several hormones
acting in cascade, thus providing feedback mech-
anisms between them. GnRH is secreted by the
hypothalamus and stimulates the pituitary pro-
duction of gonadotropins (FSH and LH). FSH
regulates spermatogenesis in the seminiferous
tubules of the testes. LH controls testosterone
secretion by Leydig cells. HPG control depends
on the production of inhibin, activin, and testos-
terone. Inhibin modulates FSH secretion, and
testosterone inhibits LH secretion. Alterations of
this sequence lead to changes in semen character-
istics (e.g., oligozoospermia, asthenozoospermia,
and teratozoospermia) that can be associated with
male infertility. This problem is exacerbated by
the high volume/intensity of training in athletes
who use AAS or other doping substances to en-
hance their performance and recover from the fa-
tigue of training more quickly [86-91]; however,
apart from extreme situations, such alterations,



160

can be reversed once AAS intake is suspended
[92-97]. The recovery of the HPA axis may be
accelerated using gonadotropins or gonadotro-
pin analogues (human chorionic gonadotropin
(HCG) and human menopausal gonadotropin),
which help restore the functioning of the axis
[44, 95, 98].

After each cycle, stopping AAS use reduces
hypogonadotropic hypogonadism and reverses
testicular atrophy and infertility [48, 92, 93, 95].
The time to normalize the situation is individual
and depends on the type of steroid used and the
dose and time of ingestion, which could some-
times be more than 12 months after stopping the
drugs [99].

Sperm Quality

In males, fertility evaluation starts with a quan-
titative and qualitative analysis of the ejaculated
semen. This fact implies the evaluation of the
physical parameters (ejaculate volume, liquefac-
tion state, pH, odor, color, absence or presence
of agglutination and gelatinous bodies, viscos-
ity, and dirt) and qualitative parameters of semen
(sperm count, sperm motility, sperm morphology,
sperm DNA fragmentation, and oxidative stress
status). This allows us to detect possible altera-
tions that can compromise the subject’s fertility.
Our research team and other researchers
through studies involving different sports mo-
dalities proved that a high training load, either
volume or intensity [65, 66, 70—72, 75, 100, 101],
might alter sperm quality, thus causing problems
in fertility. A high training load produces altera-
tions in mobility, vitality, morphology, and sperm
DNA integrity. Other parameters linked to specif-
ic exercise modalities can be harmful, like bike
saddles that impose friction [102]. Also, the use
of AAS must be taken into consideration when
analyzing fertility in populations of athletes. In
line with this, Karila et al. [103] showed that at
the end of one cycle of massive use of AAS, the
sperm count decreased, but only one subject had
azoospermia. Furthermore, the authors note that,
despite the use of HCG, there was a significant
positive correlation between the dose of HCG
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and the relative amount of morphologically ab-
normal sperm. According to data provided by
this study, the use of HCG with supraphysiologi-
cal doses of AAS maintains, at least to a certain
extent, the spermatogenic process by preventing
decrease in sperm count but not preventing mor-
phology anomalies.

Shokri et al. [104] found alterations in sperm
quantity, protamine, and DNA integrity in Wistar
rats that combined exercise with the high use of
AAS (nandrolone decanoate). The incidence of
AAS in protamine and DNA fragmentation is a
relevant topic in the study of male fertility, es-
pecially when these substances are used in high
doses as in the case of some athletes. Carrell et al.
[105] suggested the existence of a direct relation-
ship between abnormal protamine expression and
sperm count, motility, morphology, or fertiliza-
tion.

Apoptosis in Spermatogenesis

Cellular apoptosis appears to be a constant fea-
ture in the adult testes and during early devel-
opment, thus being especially important during
germ cell development [106]. It has been sug-
gested that during spermatogenesis, apoptosis
plays a role in the etiology of idiopathic male in-
fertility in light of the excessively high numbers
of apoptotic germ cells observed in the testes of
some infertile males [107, 108].

The influence of exercise on apoptosis of
germ cells has been mainly studied in endurance
sports, thus primarily impacting the effect of the
oxidative stress on spermatogenesis [109—111]
and testes alterations [111]. Despite the low
oxygen tensions that characterize the testicular
microenvironment by poor vascularization, this
tissue is especially vulnerable to peroxidative in-
jury due to the high amount of polyunsaturated
fatty acids [112]. However, the abusive effect
of AAS on germ cell apoptosis has not yet been
analyzed enough. Shokri et al. [113] assessed
germ cell apoptosis in healthy adult male albino
Wistar rats that exercised and were adminis-
tered steroids (nandralone decanoate). This work
describes a significant increase in germ cells
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apoptosis compared with control animals. They
also checked that the combination of nandralone
decanoate and exercise increased caspase-3 en-
zyme activity compared with the control group.
In a later study, Shokri et al. [104] checked that a
combination of exercise and nandrolone decano-
ate (combination of running exercise and high
dose of AAS) negatively influences DNA integ-
rity and protamine content (packing). These al-
terations were translated into lower sperm quality
and reduced pregnancy rate.

The negative effect of AAS on sperm apopto-
sis was also proved by Janjic et al. [114] to note
that the use of testosterone enanthate stimulated
the expression of inducible nitric oxide synthase
2 (NOS2) followed by increased nitric oxide pro-
duction, decreased mitochondrial membrane po-
tential, and increased prevalence of Leydig cell
apoptosis.

Testicular Histology

The testes have two closely related functions to
reproduction: production and storage of male
germ cells and biosynthesis and secretion of male
sex hormones (androgens). Some studies reported
that the administration of AAS showed adverse
effects on testicular function, decreasing testes
mass, scrotal thickness, daily sperm production,
and the numbers of Leydig cells [115-119]. After
discontinuation, Leydig cells increased in num-
ber but remained below the baseline even after
long periods [116].

Feinber et al. [116] proved that high doses of
AAS (propionate testosterone) depleted Leydig
cell number in prepubertal and adult rats but had
no effect on the Leydig cell number of the peri-
pubertal animals. The depletion of Leydig cells
that occurred in the prepubertal animals was re-
versible after withdrawal, while the depletion of
Leydig cells of the adult animals did not return
to the control level, suggesting a long-lasting al-
teration. Squires et al. [115] reported that all the
AAS treatment, in animals, reduced the num-
ber of developing germ cells. These alterations
caused changes in seminiferous tubules and the
thickness of the germinal epithelium. The stud-
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ies by Fainber et al. [116] and Noorafshan et al.
[120] also showed reduction in the length of
the seminiferous tubules with a reduction in the
weight and volume of the testes. Mesbah et al.
[117] also reported the disruption of the seminif-
erous epithelium, with broad spaces between the
cellular components and the testicular atrophy
with shrinkage, resulting in decreased diameter
of the seminiferous tubules. These authors also
observed alterations in the number and cytostruc-
ture of Sertoli cells, which can have a direct in-
fluence on reducing the size of the seminiferous
tubules.

In accordance with the previous authors, Hi-
jazi et al. [119] also observed quantitative chang-
es in the seminiferous tubules (number, diameter,
and thickness) and the interstitial cells of Leydig
and Sertoli cells before and after the treatment
with AAS (Testoviron®). The authors pointed
out that the histological sections of the testes
revealed that the effects on spermatogenesis are
time related, resulting in the decrease in the rela-
tive weight of the testes and the number of semi-
niferous tubules along with the decrease in the
number and the diameter of the interstitial cell
nuclei. According to the authors, these results
suggest that AAS provoke adverse effects on the
male reproductive tract, particularly the testicu-
lar tissues, including degenerative damage in the
germ cells, Sertoli cells, and Leydig cells that can
affect spermatogenesis and the male reproductive
capacity. Also, Naraghy et al. [118] proved in rats
that the combination of exercise (swimming) and
supraphysiological doses of AAS (nandrolone
decanoate) reduced the number and size of Ley-
dig cells in the interstitial space and Sertoli cells.

Conclusion

AAS have been shown to exert clear negative
effects on the male reproductive system as evi-
denced by hormonal alterations and damage to
the reproductive tissues and accessory glands,
and thus altered spermatogenic production. For
this reason, it becomes necessary to educate sport
doctors, technicians, and athletes on the associ-
ated risks of the massive use of these compounds
on fertility.
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Abbreviations

BMD  Bone Mineral Density

EA Energy availability

EAMD Exercise-associated menstrual distur-
bances

FHA Functional hypothalamic amenorrhea

FSH Follicle-stimulating hormone

GnRH  Gonadotropin-releasing hormone

hCG Human chorionic gonadotropin

HPA Hypothalamic—pituitary—adrenal

HPO Hypothalamic—pituitary—ovarian

LBM Lean body mass

LH Luteinizing hormone

LPD Luteal phase defects

PCOS  Polycystic ovarian syndrome

PdG Pregnanediol glucuronide

TT3 Triiodothyronine

Introduction

Regular physical activity and exercise among
girls and women is beneficial for overall health
and well-being; however, increases in exercise
energy expenditure that are not compensated
for by energy intake can lead to perturbations
in the reproductive axis, resulting in infertil-
ity and numerous skeletal and cardiovascular
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health consequences [1-4]. Exercise-associated
menstrual disturbances (EAMD) have been com-
monly reported in exercising women, with preva-
lence estimates of EAMD approaching 50 % [5].
Severe forms of EAMD such as the absence of
menses (amenorrhea) or long intermenstrual in-
tervals (oligomenorrhea) are clinically recogniz-
able and typically identified based on menstrual
history and self-report. However, other forms of
EAMD such as luteal phase defects (LPD) and
anovulation are not readily apparent and are often
masked within cycles of regular length, yet are
arguably the most prevalent [5, 6]. Therefore,
these subtle menstrual disturbances in exercising
women are not easily diagnosed, silently indicat-
ing an energy deficit and potentially contributing
to infertility. Due to the frequency and, at times,
silent nature of EAMD, awareness of the symp-
toms and consequences of an energy deficiency
in exercising women is vital for the health and
well-being of physically active girls and women.

The challenge that is imposed on physiologi-
cal systems during an energy deficiency causes
energy to be repartitioned toward processes that
are necessary for survival, such as thermoregu-
lation, locomotion, and cellular maintenance,
and away from processes that are not critical for
survival, that is, reproduction and growth [7].
As such, an energy deficiency often promotes a
cascade of metabolic alterations in an effort to
conserve energy, and these energy-conserving
mechanisms in turn contribute to disruptions
in the hypothalamic—pituitary—ovarian (HPO)

167

D. Vaamonde et al. (eds.), Exercise and Human Reproduction, DOI 10.1007/978-1-4939-3402-7 11



168

R. J. Mallinson et al.

axis [7]. Beginning with the “generator” of
reproductive function in the hypothalamus and
ending with ovarian steroid secretion by the fol-
licles, alterations in the production and secretion
of reproductive hormones occur at each level of
the reproductive axis. As such, the purpose of this
chapter is to explore the impact of physical activ-
ity and exercise on reproductive function and fer-
tility in adolescent girls and women by examin-
ing both subtle and severe menstrual disturbances
and the changes that occur within the HPO axis to
induce reproductive dysfunction. The effects of
exercise and, more specifically, an energy defi-
ciency on reproductive function and fertility will
be explored by assessing the presence and quality
of key reproductive events such as ovulation, the
normal cyclicity of reproductive hormone con-
centrations, and endometrial proliferation.

Normal Menstrual Cycle and HPO Axis
Activity

To adequately understand the effects of exercise
on reproductive function, it is imperative to begin
with a description of a normal menstrual cycle
and optimal reproductive function, which serve
as the healthy reference point to which the chang-
es that are observed in both subtle and severe
menstrual disturbances are compared. The men-
strual cycle, which is defined as the period from
the onset of menses to the day before the next
onset of menses, typically lasts about 28 days and
is divided into two phases, the follicular phase
and the luteal phase [8]. The follicular phase be-
gins at the onset of menses and the luteal phase
begins the day after ovulation occurs (Fig. 11.1).
Therefore, ovulation is a mid-cycle event that
separates the follicular and luteal phases.

Eumenorrheic, Ovulatory Menstrual Cycle
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Fig. 11.1 Profile of daily urinary excretion of reproduc-
tive hormones for a representative eumenorrheic, ovula-
tory menstrual cycle. Classic characteristics include the
E1G peak in the late follicular phase, the LH surge follow-

ing the E1G peak, and rising PdG concentrations during
the luteal phase. £/G estrone-1-glucuronide, PdG preg-
nanediol glucuronide, LH luteinizing hormone
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The cascade of events surrounding the men-
strual cycle commences with secretion of go-
nadotropin-releasing hormone (GnRH) from the
arcuate nucleus and preoptic area of the hypo-
thalamus which in turn stimulates the release of
luteinizing hormone (LH) and follicle-stimulat-
ing hormone (FSH) from gonadotroph cells of
the anterior pituitary gland, the two gonadotro-
pins that stimulate the production of estrogen and
progesterone from the ovaries [9] (Fig. 11.2).

GnRH is known as the “master hormone” of
reproduction due to its role as regulator of LH
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and FSH pulsatility [10]. Evidence from classic
experiments conducted in rhesus monkeys [11,
12] demonstrated the rhythmic and acute secre-
tory actions of GnRH. Typically, GnRH release
occurs every 60-90 min, and, consequently, go-
nadotropin secretion occurs approximately once
per hour from the anterior pituitary, paralleling
the release of GnRH [8, 9, 13]. During the fol-
licular phase, GnRH pulsatility and, therefore,
LH and FSH pulsatility maintain a relatively high
frequency [13]. Near the end of the follicular
phase, the frequency and amplitude of GnRH

HPO Axis
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— Estrogens
' Progesterone I
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Fig. 11.2 HPO axis sequence of events related to the
menstrual cycle. Neurons in the arcuate nucleus and
preoptic area of the hypothalamus secrete GnRH which,
in turn, stimulates the release of FSH and LH from the
gonadotroph cells of the anterior pituitary gland. FSH
and LH increase the production of estrogens progestins,
and androgens by follicular granulosa and theca cells in
the ovaries. During the luteal phase, the corpus luteum
formed by the dominant follicle produces progesterone
and estrogens. Typically, the ovarian hormones exert neg-

ative feedback on the anterior pituitary and hypothalamus,
causing a decrease in the secretion of the gonadotropins.
The negative feedback is depicted by the blue dashed
lines. However, during the late follicular phase, rapidly
rising estrogen concentrations exert positive feedback on
the anterior pituitary and hypothalamus resulting in the
LH surge. The positive feedback is depicted by the green
solid lines. /PO hypothalamic—pituitary—ovarian, GnRH
gonadotropin-releasing hormone, FSH follicle-stimulat-
ing hormone, LH luteinizing hormone
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pulses and, subsequently, LH and FSH pulses
increase in response to the positive feedback of
high estradiol concentrations [13]. However, at
the end of the luteal phase, GnRH and LH pul-
satility declines in response to negative feedback
from progesterone [9, 13]. In turn, LH and FSH
bind to receptors on the granulosa and theca cells
of the developing ovarian follicle during the fol-
licular phase and luteal cells during the luteal
phase to produce estrogens, androgens, and pro-
gesterone [14].

During the late luteal and early follicular
phase, FSH production increases, stimulating fol-
licular growth and recruitment of the dominant
follicle within the ovaries [13]. Production of
the estrogen, estradiol, by the synergistic efforts
of the theca and granulosa cells of the ovarian
follicles also increases [13]; thus, during the fol-
licular phase, estradiol concentrations gradually
increase, upregulating the number of FSH re-
ceptors in the mature follicles and consequently
increasing the action of FSH and the production
of estradiol [13, 14]. During the mid-follicular
phase, negative feedback by estradiol on the an-
terior pituitary prevents further increases in FSH
and LH [9, 15]. Near the late mid-follicular phase
to the end of the follicular phase, one follicle has
achieved dominance and rapidly increases its
production of estradiol while the other less-dom-
inant follicles undergo atresia [13]. The rapidly
rising concentrations of estradiol exert positive
feedback in the preoptic area of the hypothala-
mus and on the gonadotroph cells of the anterior
pituitary, sensitizing the cells to GnRH and stim-
ulating the release of a bolus of LH after plasma
estradiol concentrations exceed a threshold for at
least 36 h [9, 11, 13, 15].

Therefore, the LH surge typically occurs
24-36 h after attainment of peak estradiol secre-
tion and lasts for approximately 2448 h [13]. In
turn, the LH surge prompts proteolytic enzymes
to digest the follicular wall, allowing the release
of the oocyte from the dominant follicle and
initiating ovulation, the event that separates the
follicular and luteal phases [13]. Under the influ-
ence of LH, luteinization of the erupted follicle
occurs, resulting in the formation of a corpus
luteum, consisting of theca-lutein and granulosa-
lutein cells [13]. These luteinized cells produce
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progesterone and, to a lesser extent, estradiol,
which inhibit both the release of gonadotropins
from the anterior pituitary and subsequent fol-
liculogenesis [13]. In the absence of pregnancy-
induced concentrations of human chorionic go-
nadotropin (hCG), the corpus luteum degenerates
forming the corpus albicans and progesterone
production declines at the end of the luteal phase,
thereby removing the negative feedback on the
anterior pituitary and hypothalamus [13]. FSH
concentrations begin to increase again, recruit-
ing another cohort of follicles for the subsequent
cycle [13].

Therefore, in summary, a normal menstrual
cycle demonstrates slowly increasing concentra-
tions of FSH during the luteal-follicular transi-
tion and early follicular phase. Rising estradiol
concentrations during the follicular phase exert
negative feedback on the anterior pituitary and
hypothalamus, resulting in no further increases of
FSH and LH during the mid-follicular phase [9,
13, 15]. The peak in estradiol concentration mid-
cycle triggers the LH surge, leading to ovulation
and commencement of the luteal phase. The luteal
phase is characterized by rising progesterone con-
centrations that decline near the end of the cycle
as the corpus luteum degenerates (Fig. 11.1).

Within the uterus, the proliferative and secre-
tory phases of the uterine cycle coincide with the
follicular and luteal phases of the ovarian cycle.
The proliferative phase involves a rebuilding of
the functional layer of the endometrium after
it has been shed during menses [16]. The cells
of the zona basalis, that is, basal stromal cells,
proliferate in response to rising concentrations
of estradiol from the developing follicles [13].
During the late proliferative phase, hyperpla-
sia of endometrial cells results in thickening of
the endometrial wall such that the endometrium
may increase in thickness from 0.5 to 5 mm [13].
Stimulated by progesterone from the corpus lu-
teum, the secretory phase involves the glandular
secretion of glycogen and increased vasculariza-
tion to support the implantation of an embryo in
the event that fertilization occurred [13, 16].

Decidual cells formed from stromal cells pro-
duce secretions in concert with the endometrial
glands and create the zona compacta, the dense
layer of upper endometrial cells [13]. The zona
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spongiosa, that is, the mid-layer of epithelial
cells which consists of prominent endometrial
glands, also becomes apparent during this phase
[13]. In the absence of fertilization, progester-
one and estrogen concentrations decline and
the endometrium is deprived of hormonal sup-
port, causing the spiral arteries to constrict and
destruction of the functional layer of the endome-
trium, i.e., the zona compacta and the zona spon-
giosa [13]. Eventually, as the upper two thirds of
the endometrium degenerates, the arteries relax
and menses begins [16]. As such, the menstrual
phase of the uterine cycle is characterized by the
loss of the functional layer of the endometrium
as a result of ischemia and necrosis of endo-
metrial tissues [13]. The innermost layer of the
endometrium, the zona basalis, is all that remains
at the end of the menstrual phase [13].

Thus, it is evident that both the ovarian and
uterine cycles rely on proper functioning of the
HPO axis and, subsequently, adequate hormonal
concentrations, for normal menstrual function.
Among exercising women with reproductive dis-
turbances, the metabolic environment alters the
HPO axis, leading to disruptions in the menstrual
cycle that affect both the ovarian and uterine cy-
cles and, in turn, influence reproductive potential.

Types of EAMD

EAMD occur along a spectrum ranging from mild
to severe (Fig. 11.3). The least severe presenta-
tions of menstrual dysfunction include subtle
menstrual disturbances, also known as subclini-
cal menstrual disturbances that occur without a

171

change in cycle length and are, therefore, fre-
quently undetected; these subtle menstrual dis-
turbances include LPD and anovulation. Severe
menstrual disturbances, also known as clinical
menstrual disturbances, exist at the pathological
endpoint of the continuum and are characterized
by long intermenstrual intervals (oligomenor-
rhea) or the absence of menstruation for more
than 90 days which is referred to clinically as
functional hypothalamic amenorrhea (FHA).

Subtle Menstrual Disturbances: LPD

LPD are characterized by adequate ovulatory
function despite poor implantation and poor
endometrial quality [1, 17, 18]. More specifi-
cally, LPD cycles are characterized by ovulatory
cycles with normal and repeatable intermenstrual
intervals but luteal phase dysfunction; they are
defined by a short luteal phase length of 10 days
and/or inadequate progesterone production dur-
ing the luteal phase [17, 19] (Fig. 11.4a). It has
been suggested that a critical 3- or 5-day sum of
mid-luteal progesterone concentrations can be
used to identify inadequate progesterone expo-
sure associated with LPD [19, 20].

As such, previous reports have used either a
urinary pregnanediol glucuronide (PdG) peak of
< 5 pg/ml or the sum of a 3-day mid-luteal PdG
peak of <10 pg/ml as indicators of an inadequate
luteal progesterone production [5, 20]. Typically,
women with LPD demonstrate a prolonged fol-
licular phase in concert with the shortened luteal
phase; thus, for example, an individual with a
28-day cycle and a 7-day luteal phase will have

Increasing severity

>
] |

Regular, Ovulatory Luteal Phase Defects:
Cycles Short, Inadequate

Subtle (Subclinical) Menstrual Disturbances

Fig. 11.3 Spectrum of exercise-associated menstrual
disturbances (EAMD). The subtle menstrual disturbance,
luteal phase defects (LPD), is the least severe EAMD,

Anovulation

Oligomenorrhea Amenorrhea

Severe (Clinical) Menstrual Disturbances

whereas functional hypothalamic amenorrhea (FHA),
which represents a clinical menstrual disturbance, is the
most severe EAMD
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Fig. 11.4 Profile of daily urinary excretion of reproduc-
tive hormones for subtle menstrual disturbances. a Rep-
resentative menstrual cycle with a short and inadequate
luteal phase defect. Classic characteristics include a luteal
phase <10 days in length and suppressed progesterone
production during the luteal phase. b Representative an-

a 21-day follicular phase with an LH peak oc-
curring on day 21 compared to women with nor-
mal ovulatory cycles in whom the LH peak and
presumably ovulation occurs mid-cycle (days
12—-14) for a 28-day cycle [1, 19].

The etiology of LPD has been proposed to be
impaired folliculogenesis and oocyte maturation
that results from disruptions of the reproductive
axis [1, 17, 19]. Estrogen exposure during the
follicular phase is suppressed among LPD cycles
of exercising women compared to ovulatory cy-

ovulatory menstrual cycle. Classic characteristics include
the lack of both a mid-cycle E1G peak and LH surge and
the failure of PdG to rise during the latter part of the cycle,
indicating the absence of ovulation. £/G estrone-1-gluc-
uronide, PdG pregnanediol glucuronide, LH luteinizing
hormone

cles with normal luteal function [6]. Likewise,
there is a delayed rise in FSH concentrations dur-
ing the end of the preceding luteal phase, often
referred to as the luteal-follicular transition,
which is a critical time period for successful fol-
licle recruitment [6]. A reduction in the concen-
tration of the LH peak has also been reported in
LPD cycles [5, 21]. Each of these hormonal al-
terations may contribute to abnormal function of
the corpus luteum and, subsequently, suppressed
progesterone concentrations [5, 6, 17, 21].
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The determination of LPD in exercising
women relies on the measurement of mid-cy-
cle LH and daily progesterone concentrations
in the luteal phase via daily urine or a timed
serum sample during a single cycle; however,
the monitoring of multiple consecutive cycles is
advised for detection of LPD due to the incon-
sistency with which LPD cycles are observed in
exercising women [5, 6]. For example, women
may present with a normal, ovulatory cycle one
month followed by an LPD or anovulatory cycle
the next month. Inconsistent presentations of
LPD and anovulation during consecutive cycles
may also occur in the same individual. In fact,
it has been reported that almost half (46 %) of
exercising women present with inconsistent men-
strual status; therefore, monitoring only one cycle
may underestimate the incidence of menstrual
disturbances among exercising women by 38%
[6]. Procedures for daily urine or serum sampling
are costly and often not feasible; therefore, the
detection of LPD in exercising women is dif-
ficult and the majority of women with LPD are
often unaware of the presence of this subclinical
menstrual perturbation. Notably, self-report and/
or assessment of menstrual history alone will not
detect LPD, thereby further contributing to the
underestimation of the prevalence of menstrual
disturbances among exercising women.

Subtle Menstrual Disturbances:
Anovulation

Anovulation represents a subtle menstrual dis-
turbance that is more severe than LPD. The hall-
mark characteristic of anovulation is the failure
of follicular estrogen to rise concomitant with the
lack of the mid-cycle LH surge and the subse-
quent failure to ovulate [5] (Fig. 11.4b). Similar
to women with LPD, women with anovulatory
cycles are, for the most part, experiencing regular
intermenstrual intervals, making the identifica-
tion of anovulation difficult. Due to the absence
of ovulation and, consequently, the failure to
produce a corpus luteum, progesterone concen-
trations do not increase during the latter part of
the cycle. Therefore, anovulation has also been
defined as the lack of an increase in urinary PdG
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from a 5-day follicular phase baseline or a peak
PdG value < 2.49 pg/ml [5]. Both estrogen and
progesterone concentrations have been reported
to be lower in anovulatory cycles of exercising
women compared to ovulatory cycles of exercis-
ing women, suggesting that disruptions in FSH
and LH pulsatility contribute to anovulation [5,
6]. Adequate estrogen concentrations, however,
allow for degeneration of the functional layer of
the endometrium upon withdrawal of hormonal
support at the end of the luteal phase, thereby re-
sulting in normal menses [13].

Severe Menstrual Disturbances:
Oligomenorrhea

Oligomenorrhea represents cycles with long and
inconsistent intermenstrual intervals of 36-90
days that are often accompanied by 3—6 menses
events per year [1, 22, 23] (Fig. 11.5a). This se-
vere menstrual disturbance is perhaps the least
understood and most difficult perturbation to
interpret due to its inconsistent hormonal char-
acteristics. An oligomenorrheic cycle may be
ovulatory or anovulatory, and estrogen concen-
trations often produce erratic profiles during the
extended cycle as follicles seek dominance [1].

The etiology of oligomenorrhea in exercising
women may or may not be hypothalamic in na-
ture [22]. Oligomenorrhea can be associated with
prolactin-secreting tumors, thyroidtoxicosis and
other endocrinopathies, but most often, oligomen-
orrhea is associated with hyperandrogenism [22,
24-27]. Hyperandrogenism is often secondary to
polycystic ovarian syndrome (PCOS) [28], which
is causally linked to infertility in women [29].

In exercising women, oligomenorrhea has
been often associated with hyperandrogenism,
but may also occur secondary to an energy defi-
cit. Investigators have observed hyperandrogen-
ism concomitant with elevated LH/FSH ratio and
free androgen index, two additional markers of
PCOS, among athletes with menstrual dysfunc-
tion [24-26, 30]. Rickenlund et al. [24] identified
that a distinct group of athletes with menstrual
dysfunction presented with hyperandrogenism,
and upon comparison of the oligo-amenorrheic
athletes with hyperandrogenemia (H-OAM) to
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Fig. 11.5 Profile of daily urinary excretion of reproduc-
tive hormones for severe menstrual disturbances. a Repre-
sentative oligomenorrheic, anovulatory menstrual cycle.
Classic characteristics include a cycle 36-90 days in
length and an erratic hormonal profile. b Representative

oligo-amenorrheic athletes with normal androgen
profiles (N-OAM), the H-OAM group demon-
strated a higher LH/FSH ratio than the N-OAM
group, indicating that the profile of reproductive
hormones differed between the two groups.

Of interest, however, is that circulating con-
centrations of triiodothyronine (TT3), a marker
of energy deficiency, were significantly lower in
both the H-OAM and N-OAM groups compared
to a control group of sedentary women, suggest-
ing that both groups may have been in an energy-
deficient state [24].

amenorrheic 28-day monitoring period. Classic character-
istics include chronic suppression of E1G and PdG. E1G
estrone-1-glucuronide, PdG pregnanediol glucuronide,
LH luteinizing hormone

On the other hand, when assessing athletes
based on type of menstrual disturbance, Rick-
enlund et al. [25] observed that 24-h diurnal
secretion of testosterone was significantly el-
evated among oligomenorrheic athletes com-
pared to amenorrheic and regularly menstruat-
ing athletes. In addition, amenorrheic athletes
demonstrated reduced LH pulsatility, a surrogate
marker of GnRH inhibition at the hypothalamus,
compared to regularly-menstruating controls,
whereas oligomenorrheic athletes demonstrated
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an LH pulse pattern similar to that observed in
regularly-menstruating controls [25].

Therefore, oligomenorrheic athletes did not
display the normal hormonal pattern typical of
hypothalamic inhibition due to an energy deficiency
as was observed in amenorrheic athletes, suggest-
ing that other factors such as hyperandrogenism
could be a mechanism underlying oligomenorrhea
in athletes. As such, the etiology of oligomenor-
rhea among exercising women with hyperandro-
genemia is ambiguous, thereby complicating the
treatment of menstrual dysfunction among this
subgroup of exercising women. Careful screening
of oligomenorrheic exercising women is necessary
to determine if the long, inconsistent cycles are
due to an energy deficit or PCOS [22].

Severe Menstrual Disturbances: FHA

At the extreme end of the menstrual disturbance
continuum is FHA, the most severe menstrual dis-
turbance that is associated with severe estrogen
deficiency and typically defined as the absence
of menses for at least 90 days [1, 23], although
definitions have varied [23, 31]. FHA is typically
classified as either primary or secondary in na-
ture [27]. Primary amenorrhea is defined as the
failure to menstruate by 15 years of age in girls
with secondary sex characteristics [27]; whereas,
secondary amenorrhea is the abnormal cessation
of the menstrual cycle after menarche [27].

FHA among exercising women refers to men-
strual dysfunction that is caused by disruptions in
the hypothalamus due to energy conservation and
is unrelated to other causes of FHA associated
with the four-compartment model [27, 32]. Exer-
cising women with FHA present with chronically
suppressed estrogen and progesterone concentra-
tions [5, 33, 34] (Fig. 11.5b). This suppression is
most likely the result of impaired GnRH, LH, and
FSH pulsatility that are, therefore, inadequate to
stimulate ovulation from the ovary as well as ap-
propriate proliferation and removal of the func-
tional layer of the endometrium.

As such, the ovaries and uterus of amenor-
rheic women are largely quiescent with minimal
production of reproductive hormones. FHA is as-
sociated with the most severe clinical sequelae
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such as low bone mineral density (BMD) [35,
36], poor bone quality [37], and cardiovascular
consequences, including a poor lipid profile and
endothelial dysfunction [38—40].

Prevalence of EAMD

The prevalence of menstrual disturbances among
exercising women has been reported to range
from 0 to 60%, a large range that encompasses
the prevalence of both subtle and severe men-
strual disturbances [41]. The range in prevalence
rates in exercising women is large because of the
variations in definitions used and methods of as-
sessment in exercising women [5, 6, 42—53]. The
prevalence estimates, however, frequently exceed
that observed in the general population of nonath-
letic women that is as low as 3-5% [5, 54-56].

Prevalence of Subtle Menstrual
Disturbances

Due to the burdensome nature of investigating the
presence of subtle menstrual disturbances, only a
few investigators have reported their prevalence
among exercising women [5, 6, 42-44] despite
LPD and anovulation together representing the
most common menstrual disturbances linked to
exercise training [5, 6]. The prevalence of subtle
menstrual disturbances is alarmingly high given
that these disturbances are masked by regular in-
termenstrual intervals. Prevalence estimates range
from 5.9t043.0% [5, 6,42, 44] and 12.0 t0 30.0%
[5, 6, 44] for LPD and anovulation, respectively.
Indeed, the ideal method of identifying subtle
menstrual disturbances requires the measurement
of daily urinary excretion of reproductive hor-
mones over multiple consecutive cycles.

Based on reports from our lab which has under-
taken the task of assessing multiple cycles among
exercising women, we observed that 27 and 25%
of exercising women with self-reported eumenor-
rheic cycles (i.e., 26-35 days in length) presented
with an LPD or anovulatory cycle, respectively
[5]. Therefore, over half of exercising women pre-
sented with a subtle menstrual disturbance, com-
pared to only 5% of sedentary women (Fig. 11.6).
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of 20 women

Fig. 11.6 Prevalence of subtle menstrual disturbances
among sedentary and exercising women. a Proportion
of sedentary women categorized as having ovulatory or
abnormal (LPD or anovulatory) cycles. b Proportion of
exercising women categorized as having ovulatory or ab-
normal (LPD or anovulatory) cycles. Exercising women
compared with sedentary women: f indicates p=0.050; §
indicates p<0.001. Reprinted with permission of Oxford
University Press from De Souza et al. [5]

Similarly, upon evaluation of individual
menstrual cycles among exercising women
monitored for 1-3 menstrual cycles, 21 and 29 %
of the cycles demonstrated evidence of an LPD
and anovulation, respectively, representing 50 %
of the 120 cycles assessed in exercising women
[5]. Only 4% of the cycles of sedentary women
had a subtle menstrual disturbance, all of which
were characterized by an LPD [5] (Fig. 11.7).

Therefore, these results clearly demonstrate
the high prevalence with which these largely un-
derdiagnosed menstrual disturbances occur, most
often indicative of an energy-deficient state and

other underlying health concerns. The strength
of our study lies in the daily urinary assess-
ment of reproductive hormones, which provides
a complete picture of the hormonal fluctuation
throughout the cycle. Therefore, this methodol-
ogy allows for a more accurate estimate of the
prevalence of EAMD than can be obtained from
relying solely on self-report measures that often
underestimate EAMD prevalence. The frequency
at which these “hidden” menstrual disturbances
present in exercising women is cause for concern
due to the negative impact of an energy deficit
and menstrual disturbances on health outcomes
and lack of symptomatic indicators that such dis-
turbances are present.

Prevalence of Severe Menstrual
Disturbances

Several investigators have evaluated the preva-
lence of the severe menstrual disturbances
(FHA and oligomenorrhea) in female athletes,
including both high school [48, 57-59] and adult
women [5, 6, 4547, 60—65]. The earliest preva-
lence estimates of clinical menstrual disturbances
were evaluated in long-distance runners [49-53,
66], dancers [67, 68], and gymnasts [69], and in
general, severe menstrual disturbances are docu-
mented at much higher rates in premenopausal
exercising women than in sedentary women
[54-56].

Based on these reports in female athletes and
exercising women, the prevalence of primary and
secondary amenorrhea ranged from 0 to 56.0%
(determined in 13 studies) [41] and 1 to 60.0%
(determined in 35 studies) [41], respectively;
whereas, the range in prevalence of oligomenor-
rhea was 0.9-52.5% (determined in 23 studies)
[41]. In a recent report that assessed menstrual
status in recreationally active women based on
daily urinary steroid excretion, investigators ob-
served that 7% of exercising women presented
with oligomenorrhea; whereas, 37 % were amen-
orrheic [5]. No sedentary women in the sample,
however, presented with either oligomenorrhea
or amenorrhea [5]. Therefore, menstrual distur-
bances among exercising women are relatively
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8.3%

Fig. 11.7 Prevalence of subtle menstrual disturbances
among individual cycles of sedentary and exercising
women. a Proportion of cycles displaying subtle men-
strual disturbances among sedentary women. b Propor-
tion of cycles displaying subtle menstrual disturbances

frequent, highlighting the need for awareness of
the problem and its associated consequences in
an effort to promote healthy exercise habits.

Changes in HPO Activity Associated
with EAMD

Chronic energy deficiency targets the pulsatile se-
cretion of GnRH from the arcuate nucleus of the
hypothalamus. Disruptions in GnRH pulsatility
often lead to changes in the frequency and ampli-
tude of LH and FSH pulses, longer cycle length
(particularly a longer follicular phase), reductions
in average and peak luteal phase progesterone
concentrations, and suppressed estradiol and pro-
gesterone [70]. It is believed that GnRH pulsatil-
ity, as governed by the pulse generator located in
the hypothalamus [8], is sensitive to changes in
the metabolic environment that are characteristic
of an energy deficiency [7, 71]. (For a detailed
description of metabolic adaptations that affect

10 of 120 cycles

Short/inadequate LPD
92% 1
11 of 120 cycles

Short LPD
1.7%1
14 of 120 cycles

among exercising women. Cycles of exercising women
compared with cycles of sedentary women: I indicates
p<0.050; § indicates p<0.001. Reprinted with permis-
sion of Oxford University Press from De Souza et al. [5]

reproductive function, refer to Chap. 12). Thus,
an energy deficit disrupts GnRH pulsatility, be-
ginning the cascade of alterations in FSH and LH
secretion, estrogen and progesterone production,
and ultimately reproductive dysfunction.

Effects of Energy Deficiency on LH
Secretion

One of the characteristics of the HPO axis in
response to an energy deficit that is created by
either energy intake restriction or increased en-
ergy expenditure or both is the disruption of LH
pulsatility. In an environment of chronic energy
deficiency, a reduction in LH frequency has been
observed [72, 73].

Loucks et al. [72] compared LH secretory dy-
namics among regularly menstruating athletes
(CA), amenorrheic athletes (AA), and regularly
menstruating sedentary women (CS). The fre-
quency of LH pulses was significantly lower in
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the AA group compared to both CA and CS groups
[72]. In addition, relative quiescence of 24-h LH
pulsatility was observed in AA, as evidenced by
no significant changes in the wake and sleep val-
ues of LH in AA compared to the slowing of LH
pulse frequency and increase of pulse amplitude
that were observed during the sleep hours versus
awake hours in both CA and CS women [72].

Likewise, in a similarly designed study, Veld-
huis et al. [73] also observed decreased LH pulse
frequency among amenorrheic/oligomenorrheic
athletes when compared with sedentary, regu-
larly menstruating control women. In response to
GnRH administration, however, the amenorrhe-
ic/oligomenorrheic athletes demonstrated greater
LH secretion than the control women [73], a
result that was replicated by Loucks et al. [72].
These results suggest that the reduced LH pulsa-
tility among amenorrheic athletes is likely due to
metabolically induced alterations in GnRH pul-
satility rather than diminished pituitary respon-
siveness to GnRH [72, 73].

Causal evidence of the effect of a chronic en-
ergy deficiency derived from either dietary en-
ergy restriction or increased energy expenditure
or both on LH pulsatility was demonstrated by
Scheid et al. [74] in a longitudinal model and by
Loucks et al. [75] and Williams et al. [76] in an
acute model.

Scheid et al. [74] exposed previously seden-
tary women to a 3-month longitudinal model of
energy deficiency that consisted of dietary re-
striction (—30 to—60 % of baseline energy needs)
combined with regular aerobic exercise (70-80 %
of maximum heart rate) performed 5 days per
week. Before and after the 3-month intervention,
women underwent 24-h repeated blood sampling
to determine the impact of a long-term energy
deficiency on LH pulsatility [74]. After comple-
tion of the intervention, a significant decline in
24-h LH pulse frequency was observed among
the women exposed to the energy deficit; where-
as, women in a control group who neither exer-
cised nor restricted dietary intake demonstrated
no change in LH pulse characteristics [74]. This
decrease in LH pulse frequency is evident in
Fig. 11.8 which depicts individual 24-h profiles
of LH pulsatility pre- and post-intervention.
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An acute energy deficiency has also been
demonstrated to impact LH pulsatility [75, 76].
In a classic study, the induction of low energy
availability (EA) (<20 kcal’kg LBM/day) for 5
days in sedentary, regularly menstruating women
resulted in suppressed LH pulse frequency and
increased LH pulse amplitude compared to a re-
plete EA (45 kcal’kg LBM/day) [75]. Similarly,
restriction of energy intake by 60% for 7 days
concomitant with a short-term increase in exer-
cise training volume for 3 days in premenopausal
women resulted in a significant decrease in LH
pulse frequency compared with an experimental
condition characterized by a 3-day increase in
exercise volume with 7 days of eucaloric intake
[76]. In fact, LH pulsatility appears to rapidly
respond, even within minutes, to shifts in EA in
the animal model [7]. Taken together, these ob-
servations provide evidence that both chronic
and acute energy deficits driven either by dietary
energy restriction or increased energy expendi-
ture or both lead to disruption of LH secretory
patterns, likely due to energetically-driven altera-
tions in GnRH pulsatility.

Energy Deficiency and FSH Secretion

Although it is well established that energy defi-
ciency alters LH pulsatility, likely via disruptions
in GnRH pulsatility, the role of FSH in menstru-
al disturbances has not been well characterized
[75]. 1t appears, however, that FSH secretion is
indeed impacted by an energy deficiency and
contributes to menstrual disturbances.

Among exercising women with LPD and
a low EA, De Souza et al. [6] observed sig-
nificantly lower FSH concentrations during the
luteal-follicular transition (last 5 days of the
cycle) compared with cycles of sedentary ovu-
latory women, suggesting that a decline in FSH
concentrations may contribute to the suppressed
ovarian function that is observed among women
with EAMD. This decrease in FSH secretion
during the luteal-follicular transition is believed
to impact follicular recruitment and maturation,
thereby contributing to the low estrogen concen-
trations that were also observed in this group of
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Fig. 11.8 Examples of individual 24-h profiles of LH
pulsatility before (pre) and after (post) a 3-month in-
tervention consisting of dietary restriction and aerobic
exercise. a Subject #1 was in the Control group, lost
0.1 kg body weight, and increased LH pulse frequency
by 0.02 pulses/h. b Subject #2 was in the Energy Defi-
cit group, lost 3.3 kg body weight, and decreased LH

exercising women during days 6—12 of the cycle
[6]. However, the imposition of low EA for 5
days among regularly menstruating women did
not result in changes in FSH concentrations de-
spite changes in LH pulsatility and estrogen con-
centrations compared with an adequate EA [75].
These findings suggest that FSH may respond
differently to acute and chronic energy deficits.

Energy Deficiency and Ovarian
Hormone Production

Disruptions in LH and FSH secretion, in turn,
lead to suppression of estrogen and progester-
one production from the ovaries, a hallmark
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pulse frequency by 0.75 pulses/h. ¢ Subject #3 was in the
Energy Deficit group, lost 6.3 kg body weight, and de-
creased LH pulse frequency by 0.89 pulses/h. * represents
LH pulse determined using cluster analysis software. LH
luteinizing hormone. Reprinted with permission of The
American Physiological Society from Scheid et al. [74]

characteristic of EAMD. Reductions in FSH dur-
ing the luteal-follicular transition may cause de-
layed follicular maturation and, thus, a decrease
in estrogen production from the developing fol-
licles during the follicular phase.

Anovulatory cycles of exercising women
demonstrated significantly lower estrogen excre-
tion and area under the curve during the follicular
phase compared to ovulatory cycles of both sed-
entary and exercising women [5]. Likewise, mean
estrogen concentration and estrogen exposure
during a 28-day monitoring period among amen-
orrheic exercising women has been observed to
be significantly lower than that observed dur-
ing a monitored cycle of exercising ovulatory
women [34]. Disruption of LH pulsatility and the



180

LH surge may contribute to lower progesterone
production as has been demonstrated in LPD, an-
ovulatory, and amenorrheic cycles of exercising
women compared with ovulatory cycles of sed-
entary and exercising women [5, 34]. As such,
urinary and serum measurements of ovarian hor-
mone concentrations in exercising women with
menstrual disturbances indicating a chronic ener-
gy deficit or regularly menstruating women with
an acute energy deficit have revealed declines in
estrogen and progesterone concentrations [5, 33,
34,75, 77].

The suppression in ovarian hormone concen-
trations varies with the severity of the menstrual
disturbance, with the degree of suppression in-
creasing from the least severe menstrual dis-
turbance of LPD to the most severe menstrual
disturbance of amenorrhea [5]. In fact, a char-
acteristic hormonal profile of amenorrhea is a
chronic suppression of estrogen and progester-
one, with the normal peaks of these ovarian hor-
mones notably absent (Fig. 11.5b). Therefore,
taken together, menstrual dysfunction associated
with exercise, of which the underlying etiology
is an energy deficit, is the result of a sequence
of reproductive hormone changes, beginning in
the hypothalamus and affecting each level of the
HPO axis.

Stress Hypothesis Versus EA
Hypothesis

Although exercising women frequently pres-
ent with menstrual dysfunction, it is imperative
to highlight that it is not the exercise per se that
leads to menstrual dysfunction and the cascade of
subsequent health consequences; rather, it is the
energy deficiency caused by inadequate caloric
intake to compensate for energy expenditure that
leads to the altered metabolic and hormonal en-
vironment typical of women with FHA. The “ex-
ercise stress hypothesis™ postulates that the stress
of exercise, defined as everything related to ex-
ercise except the energy cost, upregulates the
hypothalamic—pituitary—adrenal (HPA) axis, dis-
rupting reproductive function at the level of the
hypothalamus by altering GnRH secretion [78].
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On the other hand, the “energy availability
hypothesis” suggests that markers of energy sta-
tus alter reproductive function by influencing
the GnRH pulse generator and subsequently LH
pulsatility [78] (refer to Chap. 12 for a detailed
description of the metabolic markers that alter re-
productive function).

These hypotheses were tested by Loucks et al.
[78] using a carefully designed experimental pro-
tocol that included both exercising and nonexer-
cising treatment groups among sedentary women.
For 4 days on two separate occasions, the exercis-
ing treatment group engaged in 30 kcal’kg LBM/
day of exercise and were provided with either (1)
a 75 kcal’kg LBM/day diet to set EA at 45 kcal/
kg LBM/day (balanced) or (2) a diet of 40 kcal/
kg LBM/day to set EA at 10 kcal/kg LBM/day
(deprived). The nonexercising treatment group
did not expend energy via exercise but were pro-
vided with either (1) a diet of 45 kcal’kg LBM/
day (balanced) or (2) a diet of 10 kcal’kg LBM/
day (deprived). It was previously demonstrated
that an EA of 30 kcal/kg LBM/day was adequate
to maintain optimal TT3 concentrations and LH
pulsatility [75, 79]; whereas, at an EA below
25-30 kcal’/kg LBM/day, a cascade of negative
metabolic and hormonal adaptations occurred,
indicating an energy-deficient state [75, 79, 80].

In the exercise treatment group, the deprived
condition demonstrated a significant reduction
in TT3 concentrations, a hormone that is a key
marker of energy status and is typically sup-
pressed among amenorrheic exercising women
[79], as well as a reduction in LH pulse frequency
compared to the balanced condition [78]. Within
the nonexercise treatment group, these results
were mimicked with the exception of LH pulse
frequency which showed a much larger reduction
in the deprived condition. However, upon com-
parison of the exercise treatment group with the
nonexercise treatment group, the stress of exer-
cise did not suppress TT3 concentrations or LH
pulse frequency [78, 79]. Taken together, these
results indicate that exercise itself, apart from
its energy cost, does not disrupt the reproductive
axis. On the contrary, alterations in LH pulsatility
that translate to EAMD are due to the energetic
cost of exercise, in particular, when energy intake
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is inadequate for energy expenditure, creating an
energy deficit.

These findings have been supported by stud-
ies in monkeys that demonstrated that the in-
duction of amenorrhea was associated with an
increase in exercise energy expenditure that was
not combined with compensatory increases in
energy intake, thus creating an energy deficit
[81]. Among eight monkeys that began exercise
training (progressive increase to 12.3+0.9 km/d
of running) without changes in energy intake,
each monkey developed amenorrhea (defined as
absence of menses for at least 100 days) 7-24
months into the intervention, coinciding with
suppressed estrogen, progesterone, LH, and
FSH concentrations [81]. Four of the monkeys
were then fed supplemental calories (138—181 %
of energy intake during amenorrhea) without
changes in exercise training [70]. These monkeys
resumed normal menstrual cycles in response to
the adequate energy intake, corresponding with
increases in LH, FSH, and estrogen during the
follicular phase and increases in progesterone
during the luteal phase [70]. Accordingly, the re-
covery of menses correlated with energy intake
during refeeding and an increase in TT3 [70]. As
such, these results provide further support for the
hypothesis that EA rather than the stress of ex-
ercise is primarily responsible for regulating the
HPO axis in exercising women.

Reproductive Potential and Clinical
Relevance

In terms of reproductive and clinical significance,
the impact of menstrual dysfunction at any point
along the continuum in exercising women has a
profound impact on fertility. The acute effects of
FHA on reproductive potential are clear in that
the complete absence of the menstrual cycle
precludes pregnancy. Likewise, the inconsistent
presentation of oligomenorrhea with varied cycle
lengths and the occurrence of both ovulatory
and anovulatory cycles may create an unstable
environment for both unwanted and wanted con-
ception due to the uncertain status of the cycle
at any given time. LPD are a unique menstrual
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disturbance in that, unlike other disturbances,
the irregular cycles are masked in the presence
of regular length and ovulation. However, LPD
are associated with infertility and spontaneous
abortion due to the inadequate progesterone en-
vironment [17]; the low progesterone production
inhibits proper maturation of the endometrium,
leading to poor endometrial quality that cannot
support blastocyst implantation and causes em-
bryonic loss [18-20, 82]. Therefore, in summary,
women with LPD associated with inadequate
progesterone production often experience dis-
ruptions in follicular growth, suppressed oocyte
maturation, and endometrial dysfunction, which
may lead to compromised fecundity, spontaneous
abortion, and infertility [17, 19, 20].

An important consideration for reproductive
potential among exercising women, particularly
those presenting with apparently regular men-
strual cycles, is the consistency at which ovulato-
ry and abnormal cycles occur. De Souza et al. [5]
reported that A greater proportion of sedentary
women (Sed) presented with consistently ovula-
tory cycles compared to exercising women (Ex)
(Sed: 95% vs. Ex: 32%); whereas, exercising
women presented with more consistently ab-
normal cycles (Ex: 32% vs. Sed: 0%) and more
inconsistent cycles than sedentary women (Ex:
36% vs. Sed: 6%) [5]. These findings indicate
that exercising women are more likely to experi-
ence abnormal cycles over the course of several
consecutive cycles [5]. The inconsistent presen-
tations of normal and abnormal cycles in exercis-
ing women introduce challenges for exercising
women with respect to fertility.

Although the impact of EAMD onreproductive
potential is unfavorable, consequences of EAMD
on reproductive function appear to be acute and
do not cause permanent damage [83, 84]. Upon
recovery of an optimal energy status, exercising
women with menstrual dysfunction can recover
normal menstrual function [83-86], allowing
proper follicular, ovarian, and endometrial func-
tion. It is believed that as the improvement in
energy status progresses, menstrual disturbances
may also move along the spectrum from the most
severe (i.e., amenorrhea) to the least severe (i.e.,
LPD) before attaining eumenorrheic, ovulatory
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cycles [83, 88] thus, complete restoration of en-
ergy status is essential for optimal reproductive
function. For example, an amenorrheic woman
who resumes normal menses may still present
with anovulatory or LPD cycles, identifying that
a small degree of energy deficiency may still be
present. Continued improvement in energy sta-
tus would be necessary to prevent infertility and
spontaneous abortion.

Effective = nonpharmacological treatment
strategies for EAMD include an increase in ca-
loric intake and weight gain. Dueck et al. [85]
and Kopp-Woodroffe et al. [86] described case
studies of five amenorrheic recreationally active
women and female athletes who participated in
a diet and training intervention to reverse amen-
orrhea. Caloric intake was increased by approxi-
mately 360 kcal/day and training was reduced by
1 day/week for 12-20 weeks, contributing to a
weight gain of 1-3 kg [85, 86]. During the inter-
vention, three of the five women resumed menses
[85, 86]. Of the two that did not resume menstru-
ation during the intervention, one woman main-
tained the increased caloric intake and resumed
menses 3 months after completion of the inter-
vention [85]. The other woman withdrew from
the study to begin oral contraceptives; therefore,
it cannot be determined if resumption of menses
would have eventually occurred [86].

Other case reports in recreationally active
women with amenorrhea have revealed that
an increase in caloric intake of approximately
300 kcal and a weight gain of 3—4 kg contrib-
utes to resumption of menses [88]. Although the
actual time to resumption of menses may vary
for women depending on the severity of the en-
ergy deficiency and menstrual disturbance, the
amount of weight that is typically gained lead-
ing to resumption of menses is not exorbitant,
thereby alleviating some concerns that exercising
women may have about weight gain.

In addition, weight gain that leads to resump-
tion of menses is also associated with improve-
ment of other clinical sequelae characteristic of
exercise-associated amenorrhea [87]. Miller et al.
[87] reported that resumption of menses occurred
in anorexic women who gained 4 kg of body
mass, on average, and the combined effects of

R. J. Mallinson et al.

weight gain and resumption of menses contrib-
uted to significant improvements in lumbar spine
and hip BMD. As such, relatively small increases
in body mass can lead to a cascade of beneficial
health outcomes among women with menstrual
dysfunction associated with an energy deficiency.

Conclusion

Adolescent girls and premenopausal women en-
gaging in regular exercise, including both rec-
reational and competitive physical activity, are
at risk of developing a menstrual disturbance if
energy intake is inadequate to compensate for en-
ergy expenditure, resulting in an energy deficit.
EAMD include both clinical presentations (i.e.,
FHA and oligomenorrhea) and subclinical pre-
sentations (i.e., LPD and anovulation); therefore,
awareness of the importance of adequate energy
intake among exercising girls and women is es-
sential. Each menstrual disturbance is linked to
spontaneous abortion or infertility, thereby hav-
ing a profound effect on fecundity. However, with
the maintenance of a replete energy state, EAMD
that is commonly observed among exercising
women can be avoided. Nonpharmacological
strategies to prevent and reverse EAMD include
consuming adequate kilocalories on a daily basis
to support healthy body weight and menstrual
function. Although energy intake requirements
vary among individuals, regular estimations of
daily energy expenditure and energy intake and
subsequent calculations of energy balance (en-
ergy intake—energy expenditure) will promote
maintenance of a positive energy balance that
should ultimately result in favorable outcomes
for both reproductive and overall health.
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Introduction

Menstrual disturbances are frequently observed
in exercising women participating in recreational
and competitive-level training and sport [1]. The
etiology of these menstrual disturbances is linked
to inadequate energy intake relative to high ener-
gy expenditure, also referred to as an energy de-
ficiency [2, 3]. Exercising women may induce an
energy deficit for several reasons: (1) intention-
ally, that is, to improve performance by modify-
ing body size and composition; (2) compulsively,
that is, as a result of disordered eating behavior or
pathological weight control; or (3) inadvertently,
that is, failing to match energy intake to exercise-
induced energy expenditure [4].

Exercising women often adopt restrictive eat-
ing behavior to maintain or reduce their body
weight as a means to achieve optimal perfor-
mance or physical attractiveness [5]. Conse-
quently, chronic energy deficiency may develop,
which is characterized by hallmark changes in
resting energy expenditure (REE) and an endo-
crine panel of metabolic hormones (i.e., total tri-
iodothyronine (TT}), ghrelin, peptide YY (PYY),
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and leptin) that if sustained for a prolonged pe-
riod, the cumulative effect of these energetic/
metabolic disturbances will translate to exercise-
associated menstrual disturbances (EAMD) [6].

Chronic energy deficiency promotes compen-
satory mechanisms to conserve metabolic fuel
for vital physiological processes [7]. As already
mentioned, these energy conservation mecha-
nisms are associated with changes in energetic
and metabolic signals to restore energy homeo-
stasis [6] and to suppress growth-related func-
tions, the least critical physiological process [7].
In the presence of a sustained energy deficiency,
the next physiological process considered least
vital for survival is reproduction. Consequently,
reproductive function is suppressed [7] and typi-
cally, reproductive dysfunction results in sub-
clinical (luteal phase defects (LPD) and anovula-
tion) or clinical EAMD (functional hypothalamic
amenorrhea (FHA) and oligomenorrhea) [1]
(Fig. 12.1). In turn, the energy- and estrogen-
deficient environment contributes to loss of bone
mass or the failure to achieve peak bone mineral
density (BMD) [8].

Chronic Energy
Deficiency

Disruption in Energy
& Metabolic
Homeostasis

| REE
LTT,
1 Leptin
LIGF-1
1 Ghrelin
T PYY

1 GH

Fig. 12.1 The association between chronic energy defi-
ciency and exercise-associated menstrual disturbances.
Chronic energy deficiency in both humans and animals
promotes a disruption in energy and metabolic homeo-
stasis (suppressed resting energy expenditure, total triio-
dothyronine, leptin, and insulin-like growth factor-1 and
increases in ghrelin, peptide YY and growth hormone)
and changes in the partitioning of energy wherein the
least critical physiological processes for survival are
suppressed, that is, growth and reproductive function, in
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This constellation of sequelae (chronic en-
ergy deficiency, menstrual disturbances, and
low BMD) is a syndrome known as the Female
Athlete Triad [9]. The Female Athlete Triad was
first defined in 1997 by the American College
of Sports Medicine (ACSM) as a condition con-
sisting of three components: disordered eating,
FHA, and osteoporosis [10—12]. These clinical
consequences are most commonly observed in
exercising women participating in sports that em-
phasize a lean physique or low body weight, such
as distance running and gymnastics [13]. As more
research was completed in this area [14—17], our
understanding of the etiology, pathophysiology,
and clinical consequences of this syndrome was
advanced. In 2007, a revision to the 1997 ACSM
position stand [9] was published to present up-
dated scientific information on this syndrome
and to offer new recommendations for screening,
diagnosis, prevention, and treatment. The most
recent conceptual model of the Female Athlete
Triad presents energy availability (EA) (with or
without disordered eating), menstrual function,
and BMD across a continuum of healthy (opti-

Exercise-Associated
Menstrual
Disturbances

Suppression of Growth
and Reproductive

Function

Clinical
FHA
Oligomenorrhea

Subclinical
Anovulation
LPD

Vital Bodily Processes

Protected
(Thermoregulation,

Cellular Maintenance,

Locomotion)

order to protect vital bodily processes, that is, thermoreg-
ulation, cellular maintenance, and locomotion. Typically,
reproductive dysfunction manifests as subclinical (luteal
phase defects and anovulation) or clinical exercise-asso-
ciated menstrual disturbances (functional hypothalamic
amenorrhea and oligomenorrhea) in exercising women.
REE resting energy expenditure, 77 total triiodothyro-
nine, PYY peptide YY, /GF-1 insulin-like growth factor-1,
GH growth hormone FHA functional hypothalamic amen-
orrhea, LPD luteal phase defects
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Optimal Energy
Availability

Reduced EA With
or Without DE

Low EA With or
Without DE

Low
BMD

Clinical Menstrual
Disturbances
(FHA and Oligomenorrhea)

Fig. 12.2 Model of the Female Athlete Triad character-
izing an interrelated syndrome of low energy availability
(EA) with or without disordered eating (DE), low bone
mineral density (BMD), and clinical menstrual distur-
bances (functional hypothalamic amenorrhea (FHA4) and

mal EA, normal menstrual cycles, and optimal
BMD) to increasingly severe pathological pre-
sentations (low EA, FHA, and low BMD) [9]
(Fig. 12.2).

Exercising women may exist anywhere along
the continuum for any one component and can
move in either direction (from health — disease
and vice versa) at different rates depending on
factors such as energy intake, energy expendi-
ture, eating behavior, and type and amount of
mechanical loading [9].

The Female Athlete Triad is associated with
significant health risks, such as FHA, eating dis-
orders, infertility, premature osteoporosis, and
stress fractures [9]. Per se, inadequate exposure
to reproductive hormones, particularly estrogen
[8, 18] and metabolic hormones, such as insulin-
like growth factor 1 (IGF-1), TT;, and leptin [19,

Bone Loss
or Failure to
Reach PEM

Disturbances

Optimal
Bone @
Health £

=

Healthy Menstrual
Function
(Eumenorrhea
and Ovulation)

Subclinical
Menstrual

(LPD and
Anovulation)

oligomenorrhea) across a continuum of healthy/optimal
conditions to subclinical and clinical disorders. ED eat-
ing disorders, LPD luteal phase defects, PBM peak bone
mass. (Modified from [6] with permission from Oxford
University Press)

20], impairs bone mineral accrual during ado-
lescence [21-23] and promotes bone loss during
adulthood [24]. Alternatively, healthy energy sta-
tus promotes both a normal ovulatory menstrual
cycle and BMD [8]. This chapter will focus pri-
marily on the metabolic, hormonal, and repro-
ductive changes that occur in exercising women
to result in clinical consequences such as chronic
energy deficiency and EAMD.

EAMD: Subclinical and Clinical
Disturbances

The menstrual cycle is a repetitive process in-
volving the interaction of the hypothalamic—pi-
tuitary—ovarian (HPO) axis with cyclic structural
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and hormonal changes in support of reproduction
and fertilization [25]. Each cycle is defined by
the interval between the first day of menstrual
bleeding in consecutive cycles. The length of the
menstrual cycle varies, and a regular cycle length
in eumenorrheic women is generally 26-35 days
[6]. As mentioned earlier, menstrual disturbances
occur across a continuum of severity from sub-
clinical to clinical perturbations [6] wherein es-
trogen and progesterone exposure decreases with
increasing severity (See Chap. 11 for more in-
depth discussion of the changes in reproductive
hormones and potential associated with physical
activity and exercise).

Subclinical menstrual disturbances, which in-
clude LPD and anovulation, are the least severe
along the spectrum of menstrual disturbances and
characterize those perturbations that occur in the
presence of apparently regular cycle length [26].
LPD are characterized by a short luteal phase
(<10 days in length), an inadequate luteal phase
(suppressed progesterone concentrations) or both
[27]. Anovulatory cycles, which represent the
more severe form of subclinical menstrual dis-
turbances, are typically characterized by the lack
of a luteinizing hormone (LH) surge, absence of
an ovulatory event, and subsequently suppressed
progesterone concentrations [1]. Subclinical
menstrual disturbances occur in cycles of regu-
lar length and as such are not readily apparent
without hormonal assessment of an entire cycle
[1,6,27].

Clinical menstrual disturbances, which in-
clude oligomenorrhea and FHA, are easily de-
tected by a change in cycle length and represent
more severe perturbations of menstrual function
[1]. Oligomenorrhea is characterized by long and
inconsistent intermenstrual intervals of 36-90
days in length [1]. This severe menstrual distur-
bance is perhaps the least understood and most
difficult perturbation to interpret due to its incon-
sistent hormonal characteristics. Oligomenorrhea
presents with or without ovulation, and analysis
of ovarian steroid profiles in oligomenorrheic
women has revealed erratic yet overall sup-
pressed estrogen production [1, 6, 28].

The etiology of oligomenorrhea may or may
not be hypothalamic in nature, and moreover,
oligomenorrheic cycles are often associated with

J. C. Gibbs et al.

hyperandrogenism [28] and polycystic ovarian
syndrome (PCOS), causally linked to infertility
in women [29, 30]. Recently, investigators have
recommended performing rigorous screening of
oligomenorrheic exercising women to rule out
the presence of PCOS [28, 31, 32]. FHA, the
most severe form of EAMD and the disturbance
associated with the most severe health conse-
quences, is typically defined as the absence of
menses for at least 90 days [1]. FHA originates at
the hypothalamus (specifically the arcuate nucle-
us) and is the outcome of reduced LH pulsatility,
chronically suppressed ovarian steroid hormones
(estrone-1-glucuronide, E1G and pregnanediol
glucuronide, PdG) and unaltered pituitary re-
sponsiveness to gonadotropin-releasing hormone
(GnRH) [6, 25]. FHA may be classified as either
primary or secondary. Primary amenorrhea is
defined as the failure to menstruate by 15 years
in girls with secondary sex characteristics [33],
whereas secondary amenorrhea is the abnormal
cessation of menses after menarche [33]. The
criteria defining FHA has varied in the literature
[34, 35]; however, a conservative definition spec-
ifies no menses for at least 3 months [1, 6].

The Etiology of EAMD in Exercising
Women

The etiology of EAMD in exercising women is
linked to energy deficiency where dietary energy
intake is inadequate relative to energy expen-
diture [6]. Chronic energy deficiency has been
postulated as one of the key factors inducing al-
terations in metabolic and reproductive function
[2, 3, 36-39]. In a wide variety of mammalian
species, reproductive function is dependent on
cellular availability of oxidizable metabolic fuel
[7], and in general, any experimental model of
energy deficiency (i.e., famine, eating disorders,
excessive exercise, and cold exposure) can pres-
ent with aberrations in reproductive status [7,
38]. Alternatively, reproduction can be resumed
when an optimal energy status is restored [3, 7].
Definitive work by Wade et al. [7] in Syrian
hamsters demonstrated experimental models in
support of the EA hypothesis wherein dietary
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energy is oxidized to metabolic fuel that is par-
titioned to five major physiological processes
(thermoregulation, locomotion, cellular main-
tenance, reproduction, and growth). In circum-
stances of insufficient energy intake, less critical
physiological functions, such as growth and re-
production [7], may be compromised to maintain
energetic partitioning to vital functions, such as
thermoregulation and cellular maintenance. Fur-
thermore, classic work by Warren [40] illustrates
that an “energy drain” is incurred in those women
who experience an imbalance in energy input
versus output and, as such, menarche may be de-
layed in adolescent girls and reproductive dys-
function may occur in premenopausal women.
Chronic energy deficiency translates to meta-
bolic and reproductive changes via a cascade

of energy conservation mechanisms [6, 38, 41].
Once initiated, these compensatory responses
may acutely affect energy expenditure, that is,
suppression of REE [41, 42], and metabolic hor-
mone concentrations, including reduced TT; [36,
41, 42], IGF-1/IGF-binding protein-1 [19, 43],
leptin [44], and insulin concentrations [19, 43],
and elevated cortisol [19, 45, 46], growth hor-
mone (GH) [19, 43], PYY [47], and ghrelin [48].

In turn, these metabolic indicators of energetic
and nutritional status target the HPO axis during
an energy deficiency, suppressing the normal re-
lease of reproductive hormones, that is, GnRH,
LH, and FSH, thereby altering the production
of ovarian steroids, that is, E1G and PdG [6]
(Fig. 12.3). As such, an energy deficiency ulti-
mately leads to menstrual disturbances character-

Energy Replete deficiency

Reductions in EA or acute energy

Chronic Energy Deficiency

Ovulatory
Menstrual Cycles

i1l

Luteal Phase Deficient Cycles

Amenorrheic Cycles

i

CHANGES IN METABOLIC HORMONES ACROSS CONTINUUM

OF ENERGYAND MENSTRUAL STATUS

—-REE | REE
= TT; _L TT3

— Ghrelin — Ghrelin
- PYY - PYY
— Leptin | Leptin
—IGF-1 —IGF-1

— Growth hormone

1 Growth hormone

Ll REE

L TT;

T1 Ghrelin

TTPYY

1| Leptin

1] IGF-1

11 Growth hormone

CHANGES IN REPRODUCTIVE HORMONES ACROSS CONTINUUM

OF ENERGY AND MENSTRUAL STATUS

— LH Pulsatility | LH Pulsatility 1| LH Pulsatility
—-FSH | FSH 1| FSH

— Estrogen | Estrogen || Estrogen

— Progesterone | Progesterone || Progesterone

Fig. 12.3 Changes in metabolism and reproductive hor-
mones in exercising women across the continuum of ener-
gy and menstrual status. Reductions in energy availability
(EA) or an acute energy deficiency induce a cascade of al-
ternations in resting energy expenditure (REE), metabolic,
and reproductive hormones indicative of an energy defi-
ciency acting to restore energy homeostasis and prevent

any significant deviation from a set point of body weight.
When an energy deficiency is sustained for a prolonged
period of time, reproductive function is suppressed and
results in functional hypothalamic amenorrhea (FHA).
FHA is characterized by a metabolic hormone profile of
supressed REE, total triiodothyronine (773), leptin, and
insulin-like growth factor-1 (/GF-1I) and elevated ghrelin,
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ized by altered release and production of several
hormones from the level of the hypothalamus to
the ovaries [25, 49].

Several hypotheses have been proposed to ex-
plain the mechanism underlying the induction of
menstrual disturbances in exercising women. Past
notions wherein “exercise stress” was deemed
the primary factor in the induction of reproduc-
tive dysfunction have been refuted [2]. A classic
theory based on a study by Frisch and McAr-
thur [50] suggested that reproductive function
was compromised below a body fat percentage
of 22% and that menarche occurs once percent
body fat is above 17% in young girls. The lack
of causal evidence in support of this theory infers
that these findings are merely associative, and on
the contrary, menstrual abnormalities have been
shown to occur at various percentages of body
fat above and below these proposed thresholds
[51]. In spite of these early hypotheses [50], the
accumulating evidence in support of the role of
energy status in reproductive function has sug-
gested that those exercising women who are in
an energy deficit (also referred to as “low EA”
or “energy drain”) are more likely to experience
metabolic alterations and menstrual disturbances
[2, 36-38, 40].

Causal links between the energetic cost of ex-
ercise training and menstrual dysfunction have
been provided in both human and animal stud-
ies wherein energy intake and expenditure have
been manipulated. For example, in a prospective
exercise training study by Bullen et al. [52], an
abrupt increase in exercise training was imposed
in 28 untrained, eumenorrheic women for two
menstrual cycles wherein the women were ran-
domly assigned to either a weight-loss or weight-
maintenance group. Throughout the study, only
four of the 28 women (three in the weight-main-
tenance group, one in the weight-loss group)
maintained regular menses during training.
Specifically, strenuous exercise combined with
weight loss resulted in a higher incidence of an
absent LH surge (81% vs. 42%) and delayed
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menarche (75 % vs. 8 %) in previously untrained
women compared to similar exercise in women
in the weight maintenance group. Alternatively,
the participants in the weight-maintenance group
did not demonstrate similar changes in hormonal
dysfunction over the course of the study. Notably,
all participants regained normal menstrual func-
tion upon completion of the study.

Taken together, Bullen et al. [52] demonstrated
that women who completed strenuous exercise
training and dieting for two menstrual cycles
were more likely to present with menstrual dis-
turbances than women who only exercised. In a
follow-up study by Beitins et al. [53], investiga-
tors corroborated menstrual abnormalities with
hormonal assessments of LH, FSH, estriol, and
free progesterone (P,) in these same 28 partici-
pants. In this sample, 18 of the 28 women dem-
onstrated an inadequate or short luteal phase (20
out of 53 monitored cycles) among the 2 months
of exercise training. To this end, these researchers
provided evidence of an altered neuroendocrine
regulation of key reproductive hormones associat-
ed with exercise training in previously ovulating,
untrained women, specifically a delay in the LH
peak and suppressed LH and P, in the luteal phase
indicative of corpus luteum dysfunction [52].

Using an animal model, Williams et al. [3] in-
vestigated the induction and reversal of EAMD
in female cynomolgus monkeys. The study pro-
tocol involved an increase in exercise volume
(12.3+0.9 km/day of running) without changes
in energy intake in eight female monkeys. All
eight monkeys developed amenorrhea (defined
as absence of menses for at least 100 days, with
consistently suppressed LH, FSH, estradiol (E,),
and P,) within a 7-24-month period. Despite
interindividual variability, abrupt decreases in
LH and FSH, average and peak E,, and average
and peak P, occurred within one or two cycles
prior to the induction of amenorrhea. Moreover,
the induction of amenorrhea was preceded by a
decrease in TT;. Four of the monkeys were then
fed supplemental calories (138—181 % of energy

peptide YY (PYY), and growth hormone profile of sup-
pressed luteinizing hormone (LH) pulsatility, follicular-
stimulating hormone (F'SH), estrone-1-glucuronide (E1G)

and pregnanediol glucuronide (PdG) in comparison to an
energy replete, regularly menstruating woman. (Modified
from [6] with permission from Oxford University Press)
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intake during amenorrhea) without a reduction
in exercise training volume. These monkeys re-
sumed normal menstrual cycles in response to
increased energy intake, and accordingly, the
recovery of menses correlated with volume of
energy intake during refeeding. In other words,
the monkeys that ate the most during refeeding
regained menses the fastest.

To summarize, from data in human and animal
models, changes in reproductive function second-
ary to energy deficiency in exercising women are
proposed to reflect an energy-deficient environ-
ment and present with a suppression of gonadotro-
pin (LH and FSH) release followed by an increase
in follicular phase length and a corresponding re-
duction in luteal phase P,, which likely precedes
the development of amenorrhea [3, 39, 53].

Metabolic Considerations
in Amenorrheic Exercising Women

REE

REE is a major factor influencing total daily en-
ergy expenditure [54] in premenopausal women,
and comprises 60—75 % of an individual’s energy
losses. REE is defined as the energy necessary to
maintain physiological function and homeosta-
sis [54]. When energy intake fails to compensate
for energy expenditure, mechanisms of energy
conservation are initiated, including a reduction
in REE, and concomitant adaptations in fasting
circulating hormone concentrations, including
reduced TTj, to restore homeostasis [41, 55, 56].
As such, REE represents an indication of en-
ergy status, and previous evidence in exercising
women with FHA demonstrates an association
between suppressed REE and chronic energy
deficiency [8, 41, 47]. Suppressed REE is also
often observed concomitant with alterations in
metabolic hormonal profiles indicative of energy
restriction [41, 42].

De Souza et al. [41] observed decreases in
REE controlled for fat-free mass (FFM) along-
side changes in key metabolic hormones (TTj,
ghrelin, and leptin) reflective of an energy de-
ficiency in exercising women with FHA versus
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their ovulatory counterparts (sedentary and ex-
ercising). Furthermore, exercising women with
subclinical menstrual disturbances (consistently
anovulatory or inconsistent presentations of ovu-
latory, LPD, or anovulatory cycles) also demon-
strated lower REE controlled for FFM compared
to sedentary, ovulatory women [41].

A ratio of measured REE compared to pre-
dicted REE (REE/pREE) has been calculated
to provide an estimate of energy deficiency in
amenorrheic exercise women [8, 41, 47, 55, 57].
A reduced ratio of REE/Harris—Benedict pREE
in the range of 0.60-0.80 has been observed in
women with anorexia nervosa during periods of
low body weight and prior to refeeding [58—60].
Energy deficiency has been operationally defined
as an REE/Harris-Benedict pREE of < 0.90 since
this cut-off best discriminated energy status (en-
ergy deficiency vs. energy replete) and menstrual
status (amenorrheic vs. ovulatory) in exercising
women [8, 55, 57]. Exercising women with FHA
typically demonstrate REE/pREE between 0.80
and 0.88 [8, 47] reflective of less severe under-
nutrition compared to women with anorexia ner-
vosa who demonstrate REE/pREE between 0.60
and 0.80 [58-60].

L

TTj; is the most active form of thyroid hormone
and is produced mostly in the peripheral tissues
from thyroxine (T,) [61]. TT; is involved in the
regulation of several physiological processes
such as growth and development, metabolism,
body temperature, and heart rate [61]. TT; is
tightly coupled with REE, oxygen consumption,
and total energy expenditure [62]. As such, there
is evidence in animal and human experiments
that supports the influence of energy and macro-
nutrient intake directly on thyroid hormone status
and indirectly on REE [63-65].

TT; is frequently used as an indicator of ener-
gy deficiency because reductions in TT; concen-
trations are suggested to initiate energy conserva-
tion mechanisms to restore homeostasis in under-
weight individuals [63, 64] and in sedentary, reg-
ularly menstruating women exposed to low EA
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treatment [36, 37]. Onur et al. [66] demonstrated
low plasma TT; concentrations in women with
anorexia nervosa in conjunction with decreased
REE. In addition, anorexic women who gained
weight exhibited increases in TT; concentrations
and concomitant increases in REE independent
of FFM [66].

Evidence of the effect of manipulations of
EA on TT; has been demonstrated in a series
of eloquent experiments in sedentary, regularly
menstruating women [36, 37]. In these studies,
reductions in TT; were induced in response to
low EA treatment and then restored to normal
values alongside appropriate increases in EA
[36]. Furthermore, these changes in TT; were in-
dependent of exercise intensity and in particular,
it was the energetic cost of exercise on EA that
impacted TT; concentrations. Loucks et al. [37]
revealed in a follow-up study wherein reductions
in TT; were induced abruptly in participants with
EA values between 19 and 25 kcal/kg lean body
mass. Thus, TT; represents a sensitive marker of
changes in EA associated with energy restriction
and/or exercise training in women [36, 37].

Low TT; has also been linked to reproduc-
tive dysfunction in women with anorexia nervosa
[67] and exercising women with FHA [41, 68,
69]. Loucks et al. [69] demonstrated suppressed
TT; concentrations in amenorrheic female ath-
letes but not in their eumenorrheic counterparts.
TT; concentrations, similar to REE, have been
shown to be significantly lower in exercising
women with FHA compared to exercising and
sedentary ovulatory groups [41]. These findings
support the premise that REE and TTj; are highly
correlated. Furthermore, REE and TTj; present in
a dose—response manner across the continuum of
menstrual disturbances such that increases in en-
ergy conservation (reductions in REE and TT;)
occur in association with increases in the severity
of EAMD [41] (Fig. 12.4).

Causal links between thyroid hormones and
reproductive function have been demonstrated
in both human and animal experiments. In a
study by Michaud et al. [70], thyroidarche (the
maturation of the thyroid axis occurring between
9-11 years) has been shown to precede menarche
(the maturation of the ovarian axis) in healthy
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adolescents. Williams et al. [3] demonstrated that
changes in circulating TT; were correlated with
the induction and reversal of amenorrhea in fe-
male monkeys. Specifically, TT; concentrations
dramatically decreased by 27 % during the period
of restricted dietary energy intake, whereas TT;
concentrations increased significantly by 18%
during the resumption of regular menses. Taken
together, these findings [3, 41, 68, 69] are in
agreement that menstrual dysfunction is linked to
energy conservation mechanisms underlying an
energy deficiency with TT; and REE represent-
ing key markers of the induction of these mecha-
nisms. Alternatively, recovery of menstrual func-
tion is associated with restoring an adequate en-
ergy intake relative to energy expenditure [3, 39],
which also may be indicated by increases in TT;
and REE.

Gastrointestinal Peptides:
Ghrelin and PYY

Ghrelin and PYY are gastrointestinal peptides
that are released into the periphery and travel
through blood-borne and neural pathways to in-
fluence central mechanisms regulating energy
homeostasis [71] and reproductive function [72—
77]. Ghrelin is an orexigenic hormone secreted
from a distinct endocrine cell type, also known as
X/A-like or ghrelin cells, in the stomach and gas-
trointestinal tract [78, 79]. PYY is an anorexigen-
ic hormone secreted from the endocrine L cells
of the intestine [71, 80]. Both ghrelin and PYY
control the actions of neuropeptide Y (NPY) and
agouti-related protein (AgRP) which interact
with proopiomelanocortin (POMC) and cocaine-
and amphetamine-regulated transcript (CART) in
the arcuate nucleus of the hypothalamus [81].
Ghrelin and PYY have well-documented ac-
tions associated with the regulation of energy
homeostasis and appetite in exercising and sed-
entary humans [82, 83]. Ghrelin is the only pe-
ripheral gut hormone known to stimulate appetite
and per se, increases in ghrelin are proportional
to increases in hunger and food intake [82, 84,
85]. The mechanism whereby ghrelin regulates
appetite is via the activation of NPY/AgRP and
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the suppression of POMC/CART [81]. Ghrelin
concentrations increase in the fasted state, and
alternatively, decrease in the fed state [84]. Con-
sequently, changes in ghrelin act as metabolic
signals for meal initiation and meal termination
by rising preprandial and falling postprandial, re-
spectively [84].

Ghrelin is also associated with 24-h energy
intake [85] and when administered intravenously
in nonobese men and women, ghrelin has been
shown to be associated with a large increase in
energy intake [86]. PYY has well-recognized
actions as a satiety factor [86]. PYY converts to
its active form, PYY; ;¢ [87, 88], which subse-
quently binds to Y2 receptors initiating the op-
posite actions to ghrelin on the NPY/AgRP and
POMC/CART pathway [89].

This cascade of responses at the level of the
hypothalamus leads to decreases in energy intake
and, supposedly, decreases in body weight [89].
Changes in ghrelin and PYY are proposed to act
as homeostatic feedback mechanisms involved
in the regulation of energy intake and appetite to
return to a predetermined set point and promote
resultant changes in body weight [71, 90-92]. As
such, alterations in these gut peptides are consid-
ered pivotal in weight loss and weight mainte-
nance in healthy populations [90-92]. These hor-
mones are also implicated as critical factors in
the development of clinical outcomes associated
with reproductive dysfunction [93] as observed
in models of severe chronic energy deficiency,
that is, women with anorexia nervosa [94-96]
and as observed in models of moderate chronic
energy deficiency, that is, exercising women with
FHA [6, 47].

Ghrelin is a well-known marker of energy
deficiency and chronic undernutrition [6, 47,
94-96]. Studies in women with anorexia nervosa
[94-96] and exercise-associated FHA [47, 48]
have consistently observed elevated fasting ghre-
lin concentrations compared to control groups.
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Interestingly, women with anorexia nervosa [94,
97, 98] do not demonstrate the typical meal-in-
duced decline in ghrelin and furthermore, total
ghrelin secretion over a subsequent 12-h period
is in fact elevated compared to healthy controls
[94].

Similarly, De Souza et al. [48] observed eleva-
tions in fasting ghrelin in exercising women with
FHA, 85% higher than exercising women with
LPD/anovulation and exercising and sedentary
ovulatory women. Changes in total ghrelin pat-
terns, to include fasting, mealtime peak, and noc-
turnal peak, have been observed in premenopausal
normal-weight women following a 3-month diet
and exercise intervention resulting in a negative
energy balance [91, 92]. Specifically, Leidy et al.
[91] demonstrated that 24-h ghrelin is elevated
after diet- and exercise-induced weight loss. Fur-
thermore, these investigators demonstrated that
circulating ghrelin is sensitive to changes in body
weight. Such findings in energy-deficient popu-
lations are perplexing such that despite elevated
fasting ghrelin concentrations, these women con-
sistently report suppressed hunger, lower energy
intake and/or weight loss [47, 48, 99, 100]. Thus,
the mechanism whereby exercising women with
FHA present with chronically low energy intake
or lose body weight despite elevated ghrelin con-
centration is complex and involves both physi-
ological and psychological explanations.

There is emerging interest in examining the
role of PYY in the etiology of chronic energy de-
ficiency and associated menstrual disturbances in
exercising women with FHA. Notably, elevated
PYY concentrations have been observed in an-
orexic women [101-103]. As such, a metabolic
profile wherein both fasting PYY and ghrelin
concentrations are elevated is proposed to have an
anorexigenic effect such that PYY may restrain
the orexigenic effects of ghrelin in women with
anorexia nervosa [101] and exercising women
with FHA [47]. In a study by Scheid et al. [47],

exercising women categorized by menstrual status. £/G
and PdG data for SedOv, ExOv, and ExIncon groups are
aligned by LH peak, defined as day 0. The ExAnov and
ExAmen participants’ E/G and PdG data are aligned by
chronological day of daily urinary hormone collection.
Number of days depicted for ExAmen participants is the

mean cycle length of the menstruating participants. Val-
ues are mean +SEM. SedOv sedentary ovulatory, ExOv
exercising ovulatory, Ex/ncon exercising ovulatory, luteal
phase defect and anovulatory inconsistent cycles, Ex4nov
exercising anovulatory, Ex4men exercising amenorrheic.
(Reprinted from [41] with permission from Elsevier)
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elevated fasting ghrelin concentrations concomi-
tant with elevated fasting PY'Y were shown in ex-
ercising women with FHA similar to women with
anorexia nervosa (Fig. 12.5). Additionally, fast-
ing PYY concentrations were negatively corre-
lated with REE/FFM indicative of the association
between appetite-related hormones and energy
conservation mechanisms [47]. Taken together,
chronically elevated fasting PY'Y may represent a
physiological mechanism in support of energy re-
striction in exercising women with FHA despite
elevated fasting ghrelin concentrations.

From a psychological standpoint, subclinical
and clinical disordered eating behavior is another
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pathway to chronic energy deficiency in exercis-
ing women with FHA [55, 57]. It is hypothesized
that appetite-related hormones (i.e., ghrelin and
PYY) might represent underpinnings of an eating
behavioral phenotype associated with a greater
susceptibility to chronic energy deficiency and
EAMD [47, 55]. Researchers have recently ex-
amined the relationship between gut hormones
and psychometric indicators of eating behav-
ior, such as the drive for thinness (DT) subscale
[47, 55]. Evidence of a link between subclini-
cal, and if severely elevated clinical, elevations
in DT score and a metabolic profile indicative
of chronic energy deficiency has been exhibited
in exercising women [47, 55, 57]. Accordingly,
De Souza et al. [55] demonstrated that women
with high DT present with significantly higher
ghrelin concentrations compared to women with
normal DT. Thus, a high DT may contribute to
the suppression of energy intake in the presence
of elevated ghrelin concentrations. Scheid et al.
[47] also found a positive correlation between
fasting PYY concentrations and DT score in
women categorized by exercise (exercising vs.
sedentary) and menstrual status (FHA vs. ovula-
tory). Interestingly, despite consistently observ-
ing a positive correlation between DT and cog-
nitive dietary restraint DR scores [55, 57, 104],
DR has been notably unsuccessful at discriminat-
ing energy status (differences in REE controlled
for FFM or REE/pREE and metabolic hormones
such as TT;, ghrelin, and PYY) [104]. Women
with higher DR scores do not differ from women
with normal DR scores with respect to ghrelin
and PYY concentrations [104]. In summary, el-
evated PYY concentrations, with simultaneously
elevated ghrelin, are suggested to prevent com-
pensatory increases in energy intake secondary to
psychological markers of subclinical disordered
eating (i.e., high DT) and increased exercise en-
ergy expenditure in exercising women with FHA
[47,55].

Several researchers have explored the effect
of acute exercise on ghrelin and PYY to better
understand the regulation of energy balance in
nonobese and obese populations [105-107]. A
well-documented suppression of appetite has
been consistently observed in response to an
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acute exercise bout [105-108] and has been sug-
gested to promote a decrease in relative energy
intake in both women and men. Experimental
findings by Hubert et al. [108] demonstrated that
a diet-induced energy deficit increased hunger,
whereas an exercise-induced energy deficit did
not. These results suggest that a lack in initia-
tive to match energy intake to exercise energy
expenditure may be biologically driven [4]. Fur-
thermore, high carbohydrate diets, routinely pre-
scribed in endurance athletes, may perpetuate
the ad libitum energy deficit following exercise
[109—111]. This mechanism, known as “exercise-
induced anorexia,” is complex, but appetite-relat-
ed hormones have been proposed as contributing
factors [106, 107]. Suppressed concentrations of
acylated ghrelin have been demonstrated during
aerobic exercise [105-107] and interestingly, ad
libitum energy intake following an exercise bout
has been shown to be similar to ad libitum energy
intake following a rest condition [105]. However,
exercise-induced suppression of ghrelin seems to
be temporary, and it is per se elevations in cir-
culating PYY concentrations that oppose the ac-
tions of ghrelin to promote satiety and chronic
energy restriction [106, 107]. This anorexigenic
hormone profile following exercise has been pro-
posed as the mechanism whereby gut hormones
suppress appetite [106] and lead to an uncou-
pling between energy intake and energy expen-
diture. If sustained for prolonged periods, this
phenomenon is thought to support “inadvertent
under eating” where exercising women simply
do not consume enough energy to compensate
for exercise energy expenditure [4]. “Inadvertent
under eating” has been hypothesized to lead to
the development of chronic energy deficiency in
exercising women [4]. Therefore, the cumula-
tive effect of this anorexigenic appetite-related
hormone profile at rest and following exercise is
advanced as an explanation for the induction of a
chronic energy deficiency and EAMD in exercis-
ing women.

Ghrelin and PYY are proposed as key meta-
bolic signals in a complex network of mecha-
nisms underlying disruption or restoration of
energy homeostasis and reproductive function in
exercising women [72, 93] (Fig. 12.6). As such,

J. C. Gibbs et al.

energy deficiency-induced changes in ghrelin
and PYY are advanced as important factors in-
volved in the suppression of the HPO axis [89,
93] and, ultimately, the transition to FHA. Ghre-
lin has been linked to reproductive function by
directly acting on hypothalamic neurons in the
arcuate nucleus or indirectly altering GnRH pul-
satility [89, 93] to result in suppressed LH secre-
tion and pulsatility [72].

Experiments in animals [73, 74, 112] and men
[75, 76] have demonstrated a direct relationship
between elevated ghrelin and reproductive sup-
pression (specifically via decreased LH secre-
tion). A recent study by Scheid et al. [72] ex-
amined the impact of diet- and exercise-induced
weight loss on LH pulsatility in premenopausal
women. Scheid et al. [72] found decreases in
LH pulse frequency alongside increases in 24-h
mean ghrelin in the participants who underwent
exercising training and lost weight. Change in
LH pulse frequency was negatively associated
with the change in mean 24-h ghrelin and change
in peak ghrelin at lunch [72]. These findings infer
that ghrelin is involved in the suppression of LH
pulsatility associated with an energy deficiency
in premenopausal trained women and, to this
end, elevated ghrelin concentrations may have a
suppressive effect on reproduction. These find-
ings extend to menstrual cyclicity as observed
in women with anorexia nervosa and exercising
women with FHA, both clinical populations that
typically experience reproductive suppression
concomitant with elevated ghrelin concentrations
[48, 99, 100]. Future prospective intervention re-
search is necessary to determine the role of ghre-
lin and PYY in the induction and resumption of
menstrual function in women with EAMD.

Leptin

Leptin, an adipocyte-secreted protein product
of the ob gene, has been proposed as a factor
involved in the hormonal regulation of both re-
productive function and energy homeostasis in
humans [113]. Leptin is implied to play a role
in the coordinated response of the HPO axis to
metabolic fuel availability [113]. Leptin regu-
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lates energy homeostasis via similar pathways as
ghrelin and PYY and can also cross the blood—
brain barrier to activate leptin receptor-bearing
cells in the arcuate nucleus in the hypothalamus
[114] (Fig. 12.6). Specifically, leptin is a satiety
factor and displays opposing actions to ghrelin
[94]. Mechanistically, leptin inhibits NPY/AgPR
neurons that subsequently activate POMC/CART
to decrease food intake [114]. Experiments in
animals [115] and humans [116] infer that hy-
poleptinemia plays a causal role in the develop-
ment of obesity. Leptin resistance supposedly
perpetuates an obesity-related metabolic profile
characterized by a decrease in satiety alongside
an increase in food intake and weight gain [117].
Alternatively, leptin is relevant in the neuroen-
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regulated transcript (CART) located in the arcuate nucle-
us. These hormones also are proposed in the regulation
of reproductive function via the hypothalamic—pituitary—
ovarian axis affecting gonadotropin-releasing hormone
(GnRH) pulsatility and downstream release of luteinizing
hormone (LH) and follicular-stimulating hormone (FSH).
(Reprinted from [93] with permission from Elsevier)

docrine adaptation to starvation, particularly as
a protective mechanism in support of restoring
a eumetabolic state [118]. In the short term, fast-
ing or severe energy restriction is associated with
reduced leptin concentrations independent of
declines in fat mass [118]. Diet-induced weight
loss also results in a decrease in circulating leptin
concentration [119, 120]. As such, leptin repre-
sents a metabolic signal controlling short-term
and long-term energy homeostasis at both ends of
the weight spectrum (energy deprived vs. obese).

Leptin is a well-known indicator of chronic
energy status based on a tight correlation be-
tween leptin concentration and body fat [121].
Low leptin concentration acts as a metabolic
signal to the hypothalamus communicating a
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state of energy deficiency, whereas high leptin
concentration promotes subsequent leptin re-
sistance in support of suppressing appetite and
increasing energy expenditure [121]. Models of
chronic energy deficiency, that is, women with
anorexia nervosa and women with FHA, con-
sistently display suppressed leptin concentra-
tions [44, 94, 122—124]. As such, serum leptin
concentrations in women with anorexia nervosa
are typically lower than those of normal-weight
controls [125-131]. Tolle et al. [94] observed
decreased leptin concentrations in women with
anorexia nervosa across a 24-h sampling period
and, alternatively, exhibited that leptin returns to
control values following refeeding. Women with
disordered eating and low energy intake, which
are less severe presentations of abnormal eating
behaviors compared to clinical eating disorders,
also demonstrate significantly lower leptin con-
centrations, with both a lower baseline value and
a blunted diurnal leptin pattern [40, 44].
Investigations in animal and human studies
suggest that leptin plays a role in the regulation
of the reproductive function [20, 129, 130]. In
vivo and in vitro experimental findings identified
leptin receptors at all levels of the HPO axis [132,
133]. Furthermore, impaired GnRH pulsatility
and secretion is demonstrated in leptin-deficient
animals and conversely, ovulation is restored by
leptin administration [134, 135]. Leptin has also
been linked to the maintenance of LH pulsatility
[136-138] and the preovulatory LH surge [139].
Similar to women with anorexia nervosa,
women with FHA typically present with lower
leptin concentrations than their ovulatory coun-
terparts [123]. Miller et al. [122] observed sup-
pressed leptin concentrations in women with FHA
compared to age-, weight-, and body-fat-matched
eumenorrheic controls. Similarly, Kaufman et al.
[124] found a higher incidence of FHA in bal-
let dancers with suppressed leptin concentrations
versus age-, weight-, and body-fat-matched con-
trols. Thus, suppressed leptin concentrations are
likely associated with chronic energy restriction
in women with FHA versus controls. In exercis-
ing and non-exercising female adolescents, Ack-
erman et al. [140] reported a significant positive
association between leptin and LH secretion.
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Additionally, leptin pulsatile secretion and area
under the curve were significant predictors of
LH pulsatile secretion and area under the curve,
respectively [140]. Therefore, these results sug-
gest that suppressed leptin concentration may act
as a metabolic signal communicating nutritional
inadequacy from the periphery to the hypothala-
mus to initiate reproductive consequences.

To date, the relationship between leptin and
reproductive function in exercising women with
FHA is unclear. Since FHA is a hallmark condi-
tion presenting in women with chronic energy
deficiency and these women often demonstrate
low leptin concentrations, a critical leptin thresh-
old hypothesis has been postulated in the litera-
ture [129, 141, 142], which states that a specific
leptin concentration (approximately 2.57 ng/
mL) is necessary for regular menses to occur in
underweight women. However, this hypothesis
remains to be confirmed by intervention studies
[129, 130, 143, 144]. On the contrary, there is
evidence of variability in leptin concentrations in
exercising women with FHA and these concen-
trations have been shown to overlap with concen-
trations observed in ovulatory women.

Corr et al. [123] demonstrated that the ranges
in leptin were similar in exercising women with
FHA (range: 0.30-16.98 ng/mL) and ovulatory
cycles (range: 2.57-18.28 ng/mL), and after
adjusting for adiposity, the difference in leptin
concentrations were no longer significant. These
results conflict with the premise of a critical
leptin threshold associated with menstrual cy-
clicity [129, 141, 142]. As such, the regulation
of menstrual function may not be associated with
leptin alone and thus, other factors should also be
considered in the etiology of FHA in exercising
women [123].

Notably, exercising women irrespective of
menstrual status have been shown to present with
decreased body fat compared to sedentary con-
trols. To this end, significant differences in leptin
concentration between exercising women with
FHA versus ovulatory cycles may not be cap-
tured [41, 44, 48]. De Souza et al. [41, 48] and
Laughlin and Yen [44] observed similar leptin
concentrations in women with exercise-associ-
ated FHA compared to their ovulatory counter-
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parts. However, definitive work by Laughlin and
Yen [44] demonstrated an absence of the diurnal
leptin rhythm in only the amenorrheic athletes.
This finding indicates an association between nu-
tritional and reproductive status that is not neces-
sarily related to leptin but the absence of a diur-
nal rhythm pattern in leptin.

The modulation of leptin in women with
exercise-associated FHA is complex and repre-
sents a research area in need of further investi-
gation. Certain investigators propose that other
hormones and metabolic substrates may inter-
act with leptin to promote normal cyclicity [43,
141]. Proposed modulators of leptin concentra-
tion include plasma insulin concentration [123,
145], carbohydrate intake [146], glucose avail-
ability [147], sympathetic nervous activity [148],
glycerol [123], and gonadal steroid environment
[149]. Laughlin and Yen [44] proposed that ad-
aptations consistent with an energy deficiency in
female athletes such as suppressed insulin and
elevated cortisol concentrations may influence
leptin regulation. Additionally, the modulation
of leptin synthesis differs in exercising women
based on menstrual status [123]. In exercising
women with FHA, insulin and glycerol explained
an additional significant portion of the variance
in leptin [123], whereas percent body fat in both
amenorrheic and ovulatory exercising women
best predicted leptin. Therefore, additional re-
search is necessary to describe the integrated
control of reproductive function associated with
several hormones and metabolic substrates in ad-
dition to leptin in exercising women with FHA.

Leptin has been implicated as a factor in-
volved in the maintenance or restoration of nor-
mal menstrual cyclicity in women with FHA [20,
150]. Welt et al. [20] demonstrated that the ad-
ministration of recombinant leptin restored nor-
mal ovulation in three of eight women with FHA.
Additionally, leptin administration was associ-
ated with improvements in reproductive, thyroid,
and GH axes [20], suggesting that leptin repre-
sents an important metabolic signal relaying the
adequacy of energy stores to the hypothalamus in
support of normal reproductive function.

In a study by Chou et al. [150], human re-
combinant leptin (metreleptin) was administered

for 36 weeks in women with FHA. During the
intervention, seven of the ten women receiving
metreleptin resumed menses, and four of these
women were considered to be ovulatory [150].
In addition, E, and PdG concentrations increased
significantly among the women treated with me-
treleptin compared to the women treated with
placebo [150]. Conversely, in a study by Audi
et al. [130], investigators compared amenorrhe-
ic and eumenorrheic weight-recovered patients
with anorexia nervosa and despite similar BMI
and leptin levels in these groups, the eumenor-
rheic weight-recovered women presented with
increased serum-free E, and urinary GH com-
pared to their amenorrheic counterparts. These
findings infer that leptin plays a permissive role
and is not necessarily a prerequisite signal in the
restoration of menses [130]. Further, it must be
underscored that the other metabolic hormones
associated with chronic energy deficiency also
need to be fully normalized prior to the recovery
of normal menstrual cyclicity [123].

Treatment studies in women with anorexia
nervosa present an increase in serum leptin con-
centrations as weight recovers and this rise in
leptin also correlates with increases in gonado-
tropins [125, 144, 151]. The rise in gonadotro-
pins is indicative of the sensitivity of leptin to
changes in weight gain that are associated with
activation of the HPO axis [125, 144, 151]. Simi-
lar interventional research is required in women
with EAMD to elucidate the effect of energy sta-
tus on circulating leptin concentration and signal-
ing patterns during the induction and resumption
of EAMD in women.

Conclusion and Future Directions

In conclusion, physical activity and exercise is
associated with changes in metabolic and repro-
ductive hormones in the presence of a chronic
energy deficiency and menstrual dysfunction in
women. Classic work in animal and human stud-
ies have illustrated that the etiology of clinical
and subclinical EAMD is linked to a cascade of
alternations in REE and metabolic hormones,
such as TT;, ghrelin, PYY, and leptin, indicative
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of a chronic energy deficiency. Alternatively, the
restoration of an optimal energetic/metabolic and
reproductive environment in exercising women
is associated with favorable changes in REE and
the metabolic hormone profile. An interrelated
network of these hormonal responses are under-
pinning factors involved in the mechanisms asso-
ciated with the induction and recovery of EAMD
in exercising women. Dietary strategies to restore
menstrual function (i.e., by increasing energy in-
take) appear to be optimal approaches such that
the focus of the treatment is on improvement of
the full metabolic hormone profile (occurs within
weeks) concomitant with recovery of menstrual
function (occurs within months). Future research
on the effectiveness of these non-pharmacolog-
ical treatment strategies associated with EAMD
is necessary. Additionally, the identification of
metabolic biomarkers indicative of risk for or
presence of EAMD in exercising women would
be beneficial to prevent and manage EAMD and
other Triad-related clinical sequelae.
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and Michelle Barrack

Introduction

Data support the many benefits of female com-
petitive athletic participation. Regular exercise
increases overall strength and aerobic fitness,
thus improving girls’ cardiovascular health and
lowering their risk of chronic degenerative dis-
eases, such as atherosclerosis and diabetes [1-4].
Sports participation enhances female athletes’
self-esteem, self-efficacy, and reduces feelings of
depression [5]. Various reports document higher
academic performance, cognitive function, and
degree completion rates among girls and young
women who engage in competitive sports [6, 7].
Furthermore, female athletes partake in tobacco
or illicit drug use, and sexual promiscuity to a
lesser degree than nonathletes [8, 9]. Therefore,
female athletic involvement promotes many pos-
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itive health, cognitive, and psychogenic effects
[10].

The 2012 London Olympic Games were the
first Olympics to include only sports in which
both females and males could participate. Every
sporting event at the London Games had a wom-
en’s and men’s division, and every participating
nation was represented by at least one female
athlete. In fact, for the first time in US history,
there were more female American Olympic par-
ticipants than male. At the 2014 Sochi Olympics,
women finally were added to ski jumping. As
women have lobbied for gender equity through-
out the globe, and have demonstrated what the
female body can do, they have pushed their bod-
ies to new physical limits.

It is well-established that women can safely
run ultradistant marathons, swim the English
Channel, and climb Mount Everest. American
volleyball player, Kerri Walsh-Jennings, even
showed the world that she could win an Olympic
gold medal while pregnant! But in the process of
women pushing their bodies and benefitting from
sport, some of the negative consequences of ex-
ercise participation in the setting of underfueling
have emerged. Thus, this chapter will discuss the
effects of inadequate energy availability in sport,
the Female Athlete Triad (Triad) , and those ath-
letes most susceptible. Also presented will be the
risk biotypes and treatment and prevention strat-
egies to help keep girls and women safely in the
game.
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The “Female Athlete Triad” Definition

The “Female Athlete Triad,” aterm first coined in
1992 by the Task Force on Women'’s Issues of the
American College of Sports Medicine (ACSM),
described the interrelationships of three distinct
conditions: disordered eating (DE) , amenorrhea,
and osteoporosis [11]. The ACSM’s original po-
sition statement on the Triad, published in 1997,
reported that athletes with DE or eating disorders
(EDs) may develop menstrual disturbances due
to an inadequate energy intake relative to the en-
ergy expended from exercise [12]. The original
position proposed that low energy availability
may disrupt the gonadotropin releasing hormone
(GnRH) pulse generator of the hypothalamus,
thus disturbing luteinizing hormone (LH) pulse
frequencies from the pituitary, and therefore neg-
atively affecting sex steroids from the gonads.
The low concentrations of ovarian hormones
found in amenorrheic and oligomenorrheic ath-
letes have been associated with decreased bone
mineral density (BMD) and increased rates of
bone loss [12].

With more clinical experience and research
performed over the subsequent 10 years, the
ACSM updated the Triad position statement in
2007 [10]. In the 2007 position paper, the Triad
was described as a “spectrum” of energy avail-
ability, menstrual function, and BMD. At the
ideal end of the spectrum, an athlete has optimal
energy availability, eumenorrhea, and optimal
bone health, which may then decline to “reduced
energy availability with or without DE,” low
BMD, and/or subclinical menstrual disorders,
including oligomenorrhea, luteal deficiency, and
anovulation. At the pathologic end of the spec-
trum are the combination of “low energy avail-
ability with or without an ED,” functional hypo-
thalamic amenorrhea [FHA; absence of menses
caused by suppression of the hypothalamic—pitu-
itary—ovarian (HPO) axis without a known ana-
tomic or organic disease cause], and osteoporo-
sis [10]. This position statement emphasized the
concept of a continuum, clarifying that athletes
are at risk for developing aspects of the Triad that
could have negative consequences without being
at the extreme end of the Triad spectrum.
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More recently, in 2014, the Female Athlete
Triad Coalition published a consensus statement
on treatment and return to play for female athletes
with the Triad [13]. The purpose of the consen-
sus statement was to provide more comprehen-
sive guidelines regarding screening, assessment,
treatment, and management of the components
of the Triad and to recommend an algorithm for
return to play of Triad athletes at different stages
of severity [13]. Additionally, in 2014, the Inter-
national Olympic Committee (IOC) produced
a consensus statement suggesting a change in
terminology to “Relative Energy Deficiency in
Sport (RED-S),” to reflect a broader scope of the
syndrome, including many aspects of physiologi-
cal function, health, and athletic performance
[14]. Because the 2007 Triad Position Statement
and the 2014 Triad Coalition Consensus State-
ment also mention additional potential conse-
quences of the Triad, including increased risk of
injury and consequences to endocrine, gastroin-
testinal, renal, and neuropsychiatric systems as
well as effects on musculoskeletal and cardio-
vascular health [12, 15], for the purposes of this
chapter, we will continue to use the term “Triad.”

The Interrelationship of the Three
Components of the Triad

When discussing the three main components of
the Triad, it is widely accepted that maintaining
an appropriate level of energy availability (30—
45 kcal/kg of fat-free mass/day), by consuming
an adequate level of energy relative to exercise
energy expenditure, is paramount to optimize
health, performance, and injury risk. An energy
deficit develops when an athlete is unable to
consume sufficient energy to compensate for the
calories burned from exercise. Among some ath-
letes, the energy deficit is intentional, as in those
with DE/EDs. However, others develop a caloric
deficit inadvertently because of a lack of educa-
tion and knowledge of the nutritional needs relat-
ed to their sport and exercise. Regardless of the
cause of energy deficit, the results can be similar.

Studies by Loucks, De Souza, and others have
clearly demonstrated a link between decreased
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energy availability and menstrual dysfunction
[15-17]. We now know that menstrual distur-
bances are common in female athletes and range
from subtle disturbances, such as luteal phase
defects (LPD) and anovulation in asymptom-
atic, eumenorrheic women, to more severe men-
strual dysfunction, including oligomenorrhea and
amenorrhea. Exercise-associated amenorrhea,
a form of FHA, is a disruption in hormone cy-
cling that includes abnormal patterns of GnRH
secretion at the hypothalamus. FHA in athletes
has been causally linked to decreased energy
availability, as energy is diverted away from the
reproductive axis to more vital bodily processes,
such as cell maintenance and immune function.
Suppression of the HPO axis is coupled with en-
ergy-conserving mechanisms [10]. For example,
amenorrheic athletes have consistently demon-
strated lower resting energy expenditure (REE)
and triiodothyronine (T3) than their eumenor-
rheic counterparts [18, 19].

Normal GnRH pulsatility is critical for LH
and FSH release from the anterior pituitary. LH
and FSH subsequently induce production of a va-
riety of hormones including estradiol, progester-
one, androstenedione, testosterone, inhibin, ac-
tivin, and insulin-like growth factor I (IGF-1). In
addition, many hormones and neurotransmitters
can modulate GnRH secretion, illustrating the
complexity of GnRH control. These include the
gonadal steroids, which have positive and nega-
tive effects on GnRH pulsatility, as well as pro-
lactin, corticotropin-releasing hormone (CRH),
neuropeptide Y (NPY), catecholamines, and opi-
ates. Some factors, including CRH and NPY, also
impact areas that affect caloric consumption and
appetite. Additionally, appetite regulating hor-
mones, such as leptin, ghrelin, and peptide YY
(PYY), can impact GnRH pulsatility, as can hor-
mones such as insulin and IGF-1 [20].

Prior research suggests that many of these
complex hormonal processes are disrupted in
athletes with FHA. Specifically, amenorrheic
athletes have a decrease in GnRH, FSH, LH,
estradiol, androgens, insulin, glucose, IGF-1,
T3, and leptin [21]. All of the aforementioned
hormones have been implicated in bone metabo-
lism. Estrogens have an important antiresorptive
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effect on bone, as do androgens such as testoster-
one. Estradiol levels in female athletes correlate
highly with lumbar, hip, and whole body BMD
in various studies [22]. While the exact mecha-
nism is unclear, clinical and animal data suggest
an anabolic role for insulin on bone metabolism
[23]. IGF-1 exerts an anabolic effect on bone and
the effects of growth hormone are primarily me-
diated through IGF-1. Hypothyroidism decreas-
es metabolic rate, and while some studies have
demonstrated increases in BMD in those with
hypothyroidism, bone quality was poor, leading
to a positive association between hypothyroidism
and increased fracture risk [24]. T3 is important
for local IGF-1 secretion in bone, which may ac-
count for poor bone quality in patients with hy-
pothyroidism [25].

Leptin acts as a key messenger of nutritional
status and influences appetite, energy balance,
and reproduction [26]. It exerts centrally and pe-
ripherally mediated effects on bone. Centrally,
mouse models suggest that leptin induces cortical
bone formation, but also induces trabecular bone
loss, acting via sympathetic signaling, the GH-
IGF-1 axis, kisspeptin, and NPY [27]. Peripher-
ally, leptin increases the expression of osteogenic
genes versus adipogenic genes in bone marrow
stromal cells, increases osteoblast proliferation,
decreases osteoclastogenesis, and has a positive
effect on the appendicular skeleton [28].

Athletes with FHA also exhibit an increase
in fasting PYY, ghrelin, cortisol, and growth
hormone resistance [21, 29, 30]. PYY, an an-
orexigenic peptide hormone secreted by neu-
roendocrine L cells of the distal intestine, typi-
cally increases in response to caloric intake. Utz
et al. demonstrated a strong inverse relationship
between mean overnight PYY levels and lum-
bar, hip, and radius BMD in adult women with
anorexia nervosa [31]. In a study of adolescent
amenorrheic and eumenorreic athletes and eu-
menorrheic controls, PYY negatively predicted
the bone formation marker, PINP, as well as lum-
bar bone mineral apparent density, a surrogate for
volumetric bone density [32]. More research is
needed to better understand the relationship of
PYY and bone.
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Ghrelin is secreted primarily by the P/D1 cells
in the gastric fundus and is another hormone that
reflects energy status. Levels are high in condi-
tions of fasting and hypoglycemia and decrease
after food, particularly carbohydrate intake [33].
Ghrelin negatively correlates with BMI, body
fat percentage, fat mass, body weight, insulin,
T3, and leptin in cross-sectional and longitudi-
nal studies of individuals at the extremes of the
weight spectrum: anorexia nervosa and obesity,
as well as in athlete studies across the menstrual
spectrum: amenorrhea to eumenorrhea [34-38].
De Souza et al. have reported that fasting ghrelin
levels are elevated by about 85 % in amenorrheic
exercising females compared with sedentary
ovulatory women, exercising ovulatory women,
and even luteal phase defect/anovulatory ex-
ercisers [37]. Direct effects of ghrelin on bone
have yet to be fully elucidated, however. Finally,
cortisol secretion is higher in amenorrheic ath-
letes than eumenorrheic athletes and controls,
and correlates negatively with BMD in those
with FHA as well as other hypercortisolemic
populations [39].

Interestingly, among athletes with the Triad,
treatment through dietary behavioral change
and increased intake of energy has been shown
to successfully reverse the menstrual cycle dis-
ruption and promote normal menstruation and
fertility [40—43]. However, prior research indi-
cates that an inability to accrue optimal levels of
bone mass during the adolescent years may be
irreversible and consequences to bone during the
adolescent years may lead to lifelong low bone
mass [44, 45].

Additional Consequences of the Triad

Along with effects on menstrual function and
bone mass, other negative outcomes of the Triad
include increased risk of bone stress or muscu-
loskeletal injury, hindered performance, negative
effects on the cardiovascular system (e.g., endo-
thelial dysfunction), metabolic and reproductive
dysfunction, and gastrointestinal disorders [10,
46]. Additionally, the Triad, particularly among
those with ED or DE, may exhibit psychologi-
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cal comorbidities, including anxiety disorders,
depression, low self-esteem, and/or body image
disturbances [10]. The following paragraphs will
explore three of these additional consequences
in more detail: bone and musculoskeletal injury,
hindered performance, and endothelial dysfunc-
tion.

Bone and Musculoskeletal Injury

The development of a bone stress injury, ranging
from a low grade stress reaction to a frank stress
fracture, depends on many factors, including
those related to nutritional status, biomechanics,
bone mass and bone metabolism, impact attenu-
ation, training volume, training surface, among
other influences. The Triad negatively impacts
several factors, including nutritional status, bone
metabolism, and bone mass. Research in healthy
women indicates that energy availability below a
critical threshold of 30 kcal/kg of fat-free mass/
day lowers leptin, estradiol, and IGF-1 [39, 47,
48]. This hormone profile parallels changes in
biomarkers of bone formation and resorption
consistent with reduced bone formation and en-
hanced bone loss. This may reduce the body’s
ability to form new bone and repair microdam-
age from repetitive exercise loading, stress, and
strain. Low energy availability may also contrib-
ute to micronutrient deficiencies, which may also
limit new bone formation.

In adult women, there is a strong relationship
between bone density and fracture risk. Prior
reports indicate that in postmenopausal women,
for every 1 SD decrease in bone density T-score,
fracture risk doubles [49]. However, studies that
evaluated the relationship between bone density
levels and rate of bone stress injury in adoles-
cents and young adult athletes yield conflicting
results. Some research among cross country run-
ners, track and field athletes, and female adoles-
cents report an association between lower bone
mass [50, 51] or a family history of osteoporosis
[51, 52] and fracture risk; however other studies
report no association [53-56]. Two prospective
investigations, by Bennell et al. and Kelsey et al.,
who followed female adult runners for 1-2 years,
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found a significant negative relationship between
bone mass and risk of developing a stress fracture
[50, 51]. In a recent study of over 250 active girls
and young women, a BMD Z-score <—1.0 was
one of the strongest factors associated with the
development of bone stress injury. Furthermore,
in a study of male and female collegiate athletes,
Nattiv et al. found that low BMD negatively in-
fluenced time to full return to sport among ath-
letes who had developed a bone stress injury [57].

In addition to low bone mass, DE and men-
strual dysfunction (i.e., amenorrhea) correlate
with bone stress injury. Five prior studies re-
ported associations between DE and fracture
history [53, 54, 58-60]. Runners with a history
of stress fracture had higher cognitive dietary
restraint [58] or restrictive eating [60], a more
prevalent history of anorexia nervosa or bulimia
nervosa [59], or scored higher on the EAT-40
[54] than those who never sustained a fracture.
A study among ballet dancers also reported that
those with stress fracture history more often re-
ported an ED or restrictive eating [53]. FHA and
oligomenorrhea have been repeatedly associated
with stress fracture. Two prospective studies that
evaluated track and field or cross country athletes
for 2-5 years found that menstrual irregularity
was a significant independent predictor of bone
stress injury in their multivariate models [51, 60].
Another found that those who developed stress
fractures had fewer menses in the past year [50].
Several other cross-sectional studies found an
association between stress fracture history and a
history of amenorrhea or oligomenorrhea [51, 52,
54,55,59, 61, 62]. Furthermore, a dose—response
relationship between the number of Triad-related
risk factors and bone stress injury incidence has
been noted [63]. These findings provide strong
support for the negative effect of the Triad on
bone stress injury.

Additionally, the Triad has been linked to the
development of soft tissue musculoskeletal in-
jury. Rauh et al. prospectively assessed the rate
of musculoskeletal injury among high school ath-
letes participating in a variety of sport types [64].
Among the high school athletes, DE [classified
using the Eating Disorder Examination Question-
naire (EDE-Q)], oligomenorrhea or amenorrhea
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in the past year, and low BMD (Z-score <—2.0)
were independently associated with the develop-
ment of a soft tissue or bone-related musculo-
skeletal injury [64]. This study provides prelimi-
nary evidence, but further research is needed to
better clarify the relationships between the Triad
and soft tissue musculoskeletal injury.

Performance

While some athletes with an intentional or inad-
vertent energy deficit may perform well in the
short term, persistent undereating leads to nu-
merous physiological effects that could negative-
ly affect performance in endurance, power, and
skill-based sports. Low energy and carbohydrate
intake deplete muscle glycogen stores, leading to
premature fatigue. Additionally, reduced carbo-
hydrate intake lowers blood glucose, reducing the
supply of energy to the brain, which may hinder
cognitive function and promote mental fatigue
[65]. Inadequate energy and protein intake wastes
muscle stores and further leads to weakness and
fatigue, increasing risk of injury. Consistent with
these findings, consuming a low-fat diet has been
associated with lower calorie intake and reduc-
tions in endurance performance among runners
[66]. Though few studies specifically address the
effect of chronic low energy availability or the
Triad on exercise performance, a recent study by
Vanheest and colleagues explored this relation-
ship in junior elite swimmers [67]. The athletes
were categorized as cyclic or ovarian suppressed
based on gonadal hormone status. The ovarian
suppressed swimmers had lower energy intake,
energy availability, total T3, and IGF-1. The
ovarian suppressed swimmers had a 9.8% de-
cline in 400-m swim velocity compared with an
8.2% improvement in the cycling group after 12
weeks of training. Ovarian steroids (progesterone
and estradiol), metabolic hormones (T3 and IGF-
1), and energy status markers (energy intake and
energy availability) were highly correlated with
swim velocity [67]. This study demonstrated that
when exercise training occurs in the presence of
underfueling, it can result in ovarian suppression
and energy conservation, and is associated with
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poor sport performance [67]. Further research
directly investigating the effect of low energy
availability on athletic performance in athletes
representing a variety of sport types is needed.

Endothelial Dysfunction

Triad has also been associated with endothelial
dysfunction, a precursor in the development of
cardiovascular disease [68]. Shear stress on vas-
cular endothelium leads to nitric oxide (NO) re-
lease, which in turn promotes vascular smooth
muscle cell (VSMC) dilatation. In addition, NO
has anti-atherosclerotic properties including in-
hibiting platelet aggregation, smooth muscle pro-
liferation, leukocyte adhesion, and LDL oxida-
tion. Estrogen serves a cardioprotective effect by
stimulating the endothelial NO synthase (eNOS)
signaling system, binding to estrogen receptors
of the endothelial cell caveolae, and also via a
genomic mechanism, binding to estrogen recep-
tors with a resultant increase in eNOS gene ex-
pression [69]. Flow-mediated dilation (FMD) of
the brachial artery can be measured using ultra-
sound. Prior research has found a 95 % positive
predictive value of abnormal brachial dilation in
predicting coronary endothelial dysfunction [70].

Hoch et al., in their study of 32 collegiate run-
ning athletes, found significantly lower FMD in
amenorrheic athletes compared with oligomen-
orrheic and eumenorrheic athletes [71]. Rick-
enlund et al. studied FMD and lipid profiles in
endurance athletes with amenorrhea, oligomen-
orrhea, and eumenorrhea, along with sedentary
eumenorrheic controls. FMD was significantly
decreased in the amenorrheic athletes versus the
other groups, and the amenorrheic athletes also
had the worst lipid profiles (higher total choles-
terol and LDL) of the three athlete groups [72].
In a study of teenage amenorrheic and eumenor-
rheic volleyball players and eumenorrheic non-
athlete controls, FMD was again lowest in the
amenorrheic athletes [73]. Serum estradiol lev-
els were lowest in the amenorrheic athletes, and
levels positively predicted vascular function. In
the amenorrheic athletes who became eumenor-
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rheic after quitting their strenuous sporting ac-
tivity, restored vascular function was associated
with increased serum estrogen levels [73]. In a
study of 22 professional ballet dancers, 64 % had
decreased FMD. The authors found that FMD
correlated significantly with serum estrogen and
whole body and lumbar BMD [74].

Risk Biotypes and Prevalence

All female athletes are potentially at risk of de-
veloping the Triad; however, athletes who partic-
ipate in sports emphasizing leanness or low body
weight may be at increased risk. In a study by
Torstveit and Sundgot-Borgen, which included
669 elite female Norwegian athletes, 70.1% of
athletes competing in leanness sports were clas-
sified as being at risk for the Triad compared with
55.3% of athletes in non-leanness sports [75].
Multiple studies have shown that athletes are
more susceptible to developing EDs than nonath-
letes [76—79]. Besides the sociocultural demands
placed on females to maintain an “ideal” body
shape, elite athletes are confronted with the stress
of optimizing performance, meeting the specific
requirements of their sport, and being evaluated
by coaches and judges on a regular basis [80].
These factors can lead to harmful dieting, the
potential development of EDs, low energy avail-
ability, hormone disturbances, and low bone mass
among leanness sport athletes. For instance, the
age of menarche in athletes competing in activi-
ties that demand low weight is significantly later
than that of nonathletes [81]. Other studies report-
ed higher prevalence of menstrual dysfunction
in athletes competing in leanness sports (24.8 %)
compared with those competing in non-leanness
sports (13.1%) [82, 83]. In a study of 788 Iranian
female competitive athletes (mean age 21.1+4.5
years), Dadgostar et al. found that girls and young
women who participated in weight class or endur-
ance sports had a 23 times higher risk of develop-
ing oligomenorrhea or amenorrhea [84, 85]. Fur-
thermore, other research has shown that females
participating in leanness sports have lower BMD
than non-leanness sports [86, 87] (See Table 13.1).
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Table 13.1 Examples of leanness sports: sports in which leanness and/or a specific body weight are considered impor-

tant for performance
Endurance sports
Aesthetic sports
Weight-class sports

Cross-country skiing, cycling, rowing, running, speed skating, and swimming
Cheerleading, dance, figure skating, gymnastics, and synchronized swimming
Boxing, judo, kickboxing, lightweight rowing, mixed martial arts, tackwondo,

weightlifting, and wrestling

Anti-gravitational sports

Leanness sports often include those that (1)
involve high volume training, (2) require reveal-
ing uniforms, (3) use weight categories, and/or
(4) emphasize a prepubertal body for optimal
performance or aesthetics [10]. The following
paragraphs include further details about various
leanness sport categories and data regarding the
increased prevalence of low energy availability
(with or without DE/EDs), clinical or subclinical
menstrual disturbances, and/or low bone mass for
each group.

Endurance Athletes

Studies suggest that endurance athletes exhibit a
higher risk of developing DE or EDs, menstrual
dysfunction, and low bone mass compared with
those participating in other sport types. While the
loading nature of endurance sports can be charac-
terized as less osteogenic than ball or other sports
involving high- and odd-impact loads, endurance
athletes are also at high risk of developing an en-
ergy deficit, which negatively impacts bone.

Runners Prior research indicates a higher preva-
lence of DE/ED among endurance runners, par-
ticularly elite competitive runners participating at
the collegiate or postcollegiate level. Thompson
et al. reported that among a sample of 300 col-
legiate cross country runners, 19.4% either cur-
rently or previously had had an ED [88], while
Hulley et al. found that 16 % of their sample of
elite women distance runners had a current ED
[89]. These ED estimates are considerably higher
than the 0.5—2 % occurrence of anorexia nervosa
or bulimia nervosa, respectively, among normal,
healthy young adults [17]. Beals and Hill evalu-
ated the eating attitudes and behaviors, menstrual

Cycling, swimming, and synchronized swimming

function, and bone mass among 112 US colle-
giate athletes. They observed that the leanness
sport group (consisting largely of endurance run-
ners) reported a significantly higher frequency of
moderate to extreme body dissatisfaction, binge
eating, and trended (P=0.08) toward reporting
a self-diagnosed ED more frequently than non-
leanness athletes [83]. However, among a sample
of 423 high school athletes, Nichols et al. did
not find a higher prevalence of DE among girls
participating in a leanness (consisting largely of
runners) compared with those participating in a
non-leanness sport [90]. How the questions were
initially asked and the presence or absence of fol-
low-up questioning may have contributed to the
differing results.

Previous studies document higher estimates of
menstrual dysfunction among endurance runners
spanning various ages and levels of competition.
Reports indicate that up to 66 % of female com-
petitive endurance runners exhibit menstrual dis-
turbances [91-93], values that are approximately
3-5 times higher than the 5-15% [94, 95] preva-
lence reported in normal, healthy young women
and girls. Gibson et al. observed a 66 % preva-
lence of menstrual irregularity among 50 elite en-
durance runners, while Dusek et al., upon evalua-
tion of 72 female athletes, found a 3 times higher
prevalence of secondary amenorrhea among ath-
letes compared with controls, with the highest
prevalence of secondary amenorrhea (65 %) re-
ported among female endurance runners [93, 96].

Additionally, it is established that adolescent,
collegiate, and postcollegiate runners spanning
a range of levels of competition exhibit lower
bone mass than athletes in other sports. In studies
among endurance runners, prevalence estimates
of low bone mass are as high as 40 %, using a Z-
score <—1.0 cutoff. This is significantly higher
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than the 5-10 % prevalence reported among non-
endurance runner athletes, and the 16% preva-
lence expected in a normal population distribu-
tion [91, 92]. Mudd et al., when comparing data
from 99 collegiate athletes participating in 12
sport types, found that endurance runners had
lower total body and lumbar spine BMD values
when compared with gymnasts and softball play-
ers [97, 98]. Robinson et al. evaluated bone mass
among a sample of collegiate gymnasts, runners,
and nonathlete controls [98]. Runners exhibited
significantly lower lumbar spine, femoral neck,
and total body BMD compared with the other
two groups [98].

Triathletes, Cyclists, and Swimmers There has
been less research investigating Triad in triath-
letes, endurance cyclists, and swimmers. How-
ever, the current literature suggests that athletes
participating in these sports also exhibit an ele-
vated prevalence of Triad components. Studies
report elevated levels of DE attitudes and behav-
iors, including food restriction and body image
distortion, in triathletes [99, 100]. This is consis-
tent with findings from Hoch et al., who reported
a 60 % prevalence of energy deficiency and 40 %
prevalence of current or previous amenorrhea
among a group of club triathletes [101]. Inter-
estingly, research assessing bone mass among
triathletes has not found reduced bone mass
in this group of athletes [102]. One explana-
tion accounting for the lack of low BMD levels
among the triathletes may be the fact that many
club triathletes begin training and competing in
the sport in adulthood, after peak bone mass is
achieved. This may lessen any potential negative
effects to bone that could have occurred if the
athlete were exposed to the DE and subsequent
energy deficits during adolescence. Most of these
studies did not take into account the various
weight-bearing activities the triathletes may have
participated in during their childhood/adolescent
periods. As individuals begin training for triath-
lon at a younger age, further investigations will
be needed to better understand the unique risk
profile among triathletes.

Little research has evaluated eating attitudes and
behaviors, menstrual function, and bone mass among
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female endurance cyclists. Unlike other endur-
ance sports, more has been reported in male
rather than female cyclists. Among these stud-
ies, male cyclists exhibit an increased pressure to
lose weight, have elevated scores on the eating
attitudes test (EAT), and have a higher use of diet
pills, laxatives, and self-induced vomiting, par-
ticularly during competition [102]. Additionally,
studies report lower levels of bone mass among
endurance cyclists, particularly among male mas-
ter cyclists with an average of 20 years of partici-
pation in the sport. According to Nichols et al.,
male master cyclists had significantly lower lum-
bar spine and total hip BMD compared with age-
matched controls and young adult cyclists [103].
Additionally, 15% of the male master cyclists
exhibited BMD T-scores <—2.5, the cutoff used
in the diagnosis of osteoporosis in older adults
[103]. Further research is needed among female
cyclists to better identify the prevalence of DE,
menstrual dysfunction, and low bone mass.

The few studies evaluating swimmers also
identified an elevated prevalence of DE. Da
Costa and colleagues assessed eating attitudes
and behaviors using three surveys among adoles-
cent swimmers and reported a 44 % prevalence of
DE [104]. Anderson and Petrie utilized the Eat-
ing Disorder Diagnosis questionnaire and found
that approximately 28 % of collegiate swimmers
met criteria for either subclinical DE or a clinical
ED [105]. Additionally, among Norwegian elite
athletes, swimmers exhibited lower BMD val-
ues than athletes in ball or power sports [106].
In a systematic review of 64 studies focused on
swimmers’ bone mass, structure, and metabo-
lism, most of the studies found similar BMD val-
ues in swimmers versus sedentary controls, but
many showed lower BMD in swimmers versus
other sport groups, including gymnasts, runners,
volleyball players, soccer players, and basketball
players [107]. This indicates that while swim-
ming does not exert a weight-bearing, osteogenic
effect on bone, it does not appear to be associ-
ated with a high prevalence of low BMD. There
may be a lower rate of menstrual dysfunction
and higher fat mass in swimmers versus athletes
in leaner sports, which complicates conclusions
regarding the additive effects of non-weight-
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bearing exercise in the setting of eumenorrhea.
Future research is needed to investigate the prev-
alence of menstrual dysfunction among swim-
mers with better control for menstrual function
and lean and fat mass.

Aesthetic Sports

One important concern of athletes participating
in leanness activities is the focus on body ap-
pearance in their sports. For example, a high lean
to fat mass ratio is important in sports such as
figure skating, gymnastics, and sports dance for
aesthetic reasons [80]. Aesthetic sports are asso-
ciated with a negative self-perception during pu-
berty because of body maturation, physiological,
and behavioral changes [108]. Moreover, certain
characteristics of some athletes such as competi-
tiveness, concern with performance and body
shape, and perfectionism, have also been associ-
ated with eating problems [109]. Therefore, all
of these factors can influence athletes to start
irregular eating behaviors, in order to improve
performance and meet a specific body shape.
Van Durme et al. showed that eating pathology
is prevalent in aesthetic sports, especially in fe-
male athletes, and that eating concerns and sport-
related factors such as competition anxiety could
contribute to the dieting behavior of these ath-
letes [110]. In general, studies of female skaters,
dancers, and gymnasts have revealed a tendency
toward energy-restricted diets, and high rates of
clinical and subclinical EDs [79, 110-112]. One
meta-analysis concluded that elite athletes in
lean sports, especially dance, were at higher risk
of developing EDs [109]. A large study of elite
athletes showed that the prevalence of EDs in
female athletes was as high as 42 % in aesthetic
sports compared with 24% in endurance, 17 %
in technical, and 16 % in ball games sports [78].
Additionally, it is common to start aesthetic ac-
tivities in early childhood. In a study of 5 and
7-year-old girls, those participating in aesthetic
sports reported higher weight concerns than girls
in nonaesthetic sports or no sports [113]. Over
time, those who had reported high weight con-
cerns or body dissatisfaction across ages 5 to 7
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reported higher dietary restraint, poorer eating at-
titudes, and increased likelihood of dieting at age
9, regardless of their weight status [114]. A study
in elite female synchronized skaters observed
significant differences between perceived ideal
and current body shape and reported a low mean
energy intake of just 26 kcal/kg body weight
[115], well below what would be required to fuel
exercise expenditure and basic metabolic and re-
productive functioning.

Menstrual dysfunction is more common in
sports emphasizing thinness, with a prevalence
ranging between 1.4 and 27.7% [86]. However,
some studies have reported particularly higher
prevalence of menstrual disorders in aesthetic
athletes. A study including 311 female athletes
reported menstrual irregularities in 38.1% of
aesthetic athletes (including dance, sports, div-
ing, and gymnastics) compared with 19% in en-
durance athletes and team/anaerobic sports [116].
A meta-analysis showed that 36.5-70% of pro-
fessional ballet dancers had a lifetime history of
menstrual disturbances and also reported a 4-year
incidence of secondary amenorrhea as high as
85% [117]. Similarly, studies in gymnasts have
shown high prevalence of menstrual irregulari-
ties (71.4-78 %) and delayed puberty [87, 118].
Delayed puberty has also been reported in figure
skaters, especially in elite and more specialized
pair skaters [119].

Aesthetic sports have been variably associ-
ated with bone impairment. Some studies have
suggested that despite the high prevalence of
menstrual irregularities and EDs, female gym-
nasts and figure skaters have improved BMD in
weight-bearing bone sites [120, 121]. Stress frac-
tures in figure skaters have been linked more to
the excessive forces placed on the skeleton rather
than lower BMD [122]. Moreover, gymnasts
have shown improved BMD compared with run-
ners, despite menstrual status [98, 123, 124]. A
possible explanation is that the mechanical load-
ing of this sport, may counterbalance the negative
effect of menstrual disorders and hypoestrogen-
ism. Conversely, other studies of gymnasts and
dancers found lower BMD than other athletes
and controls, and concluded that the protective
effects of exercise on bone is lost in the presence



218

of menstrual irregularities [125, 126]. A study in
retired gymnasts showed greater spinal BMC and
BMD, trabecular volumetric density, and strength
in gymnasts without a history of amenorrhea, but
not in those with a history of primary or second-
ary amenorrhea [126]. It is possible that weight-
bearing exercise improves BMD when athletes
do not have accompanying metabolic, menstrual
or eating irregularities, and that bone impairment
is more pronounced later in life, when the protec-
tive effect of exercise is lost.

Weight-Class Sports

Other athletes at higher risk of developing the
Triad are those competing in sports with weight
categories such as wrestling, judo, karate, and
rowing. In these sports, athletes wish to gain a
competitive advantage by obtaining the lowest
possible body weight or weight category while
maximizing strength [80]. It is known that ath-
letes competing in combat sports periodically
practice short-term weight fluctuations prior to
a competition season. One study reported that
almost 90% of judoists participating in inter-
national tournaments had a rapid weight loss of
5-10% of their body weight over a 7-day pe-
riod [127]. Although weight reduction in these
athletes is motivated mainly by optimization of
performance, meeting sport-specific demands,
and is often seasonal [128, 129], a high propor-
tion of weight-class athletes are using extreme
weight-control methods [130]. The rules of some
sports may be associated with the risk of continu-
ous dieting, energy deficit, and/or use of extreme
weight loss methods that can be detrimental to
health and performance [130]. Even though high-
impact-loading sports have a protective effect on
bone [131, 132] and wrestlers have increased
BMD at the lumbar spine [133], chronic states
of low energy availability and cyclic weight lost
can have negative effects on health parameters
such as nutritional status, hormonal status, and
immune functions [128].

For instance, one study of adolescent female
athletes showed that the exercise-induced osteo-
genic benefits were less when rowing training
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was associated with low estrogen and proges-
terone metabolite excretion [134]. Also a small
study in lightweight female rowers showed that
76% of athletes had a history of menstrual ir-
regularities and it was associated with lower
lumbar BMD [135]. There is a lack of literature
regarding the specific prevalence of Triad among
female athletes competing in weight class sports.
However, there are several studies in which these
sports are included and categorized as “leanness
sports,” with the prevalence of all components of
the Triad and stress fractures being higher than
other sports [86, 87, 136]. Finally, small studies
in male wrestlers have demonstrated hormonal
alterations such as lower testosterone and estra-
diol levels, and found that estrogen was a more
important predictor of BMD than testosterone in
this population [137, 138]. This evidence sug-
gests that female and male athletes competing in
these sports could be at risk of hormonal, bone,
and nutritional impairment.

Other Sports

There are other sports in which body composi-
tion and weight play an important role because
of mechanical and gravitational factors. This is
the case with ski jumping and high jump, which
require vertical movements of the body, with fat
mass being considered a disadvantage [80]. A
lower body weight may result in improved speed
in sports that require the body to be lifted against
the earth’s gravitational field [139]. For this rea-
son, most ski jumpers are underweight and can
present with EDs. For instance, the mean BMI
in ski jumpers has decreased from 23.6 kg/m? in
1970 to 19.4 kg/m? in 2002, with values as low as
16.4 kg/m? in World Cup athletes that year[139].
In an effort to prevent the myriad negative health
effects on such athletes, there have been recent
changes in the regulations of this sport in order to
make it less attractive and even disadvantageous
to be severely underweight. For instance, athletes
with lower weight must have shorter skis, which
represent an aerodynamic disadvantage that may
compensate for the lower weight.
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Weight concerns are also quite relevant in
horseracing. Jockeys are required to have very
low weight and strict weight control during the
competitive seasons. Unfortunately, weight con-
trol measures in these athletes include saunas,
smoking, excessive exercise, skipping meals, and
restricting food intake in the 24 h prior to rac-
ing that certainly are detrimental to health [140,
141]. In one study of jockeys, energy intake was
well below the recommendation for such athletes
[142]. Furthermore, other studies have shown
low BMD and disrupted hormonal activity in
jockeys [143—145]. Thus, it is important to main-
tain a high level of suspicion to identify athletes
at risk of the Triad, especially in sports with em-
phasis on lean appearance.

Special Populations

Adolescents Adolescents represent a unique sub-
population of athletes, since they must meet the
needs and demands of their sport and the physi-
ological demands of growth and development.
Key processes occurring during the adolescent
years include the development of secondary sex
characteristics, initiation of the menstrual cycle
(in females), and the process of bone mineral
accrual. If an adolescent athlete does not con-
sume sufficient energy to compensate for the
energy expended from their sport and growth,
over time, various metabolic and hormonal adap-
tations ensue, creating an environment that sup-
presses bone mineral accumulation, sexual matu-
ration, and normal menstrual cyclicity. This is due
to a disruption of a variety of growth hormones
(i.e., insulin-like growth factors), metabolic and
appetite-regulating hormones (i.e., leptin, ghre-
lin, TSH, and T3), and gonadal hormones (i.e.,
follicle-stimulating hormone, luteinizing hor-
mone, estradiol, androgens, and progesterone)
[48, 146-149]. Furthermore, energy deficiency
and stress may increase cortisol levels, which
augments the negative effects to bone develop-
ment, sexual maturation, and menstruation [146].

Several investigators have evaluated the prev-
alence of the Triad among adolescent athletes.
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Based on the original definition of the Triad (from
the 1993 ACSM Position Statement) [150], in-
cluding DE/EDs, amenorrhea, and osteoporosis,
among 170 high school athletes participating in a
range of interscholastic sports, there was an 18 %
prevalence of DE/EDs based on the EDE-Q, 24 %
prevalence of menstrual irregularity (amenorrhea
or oligomenorrhea), and a 22% prevalence of
low bone mass (Z-score <—1) [90]. In another
study, by Hoch et al., using the updated definition
of the Triad (the 2007 ACSM Position Statement)
[10], which includes low energy availability as
the first component, there was a 36 % prevalence
of low energy availability (defined as 45 kcal/kg/
lean body mass), a 54 % prevalence of menstrual
abnormalities, and a 16 % prevalence of low bone
mass (Z-score <—2.0) [151]. In this latter study,
the athletes exhibited a higher prevalence of
menstrual abnormalities, but a lower prevalence
of low bone mass compared with sedentary con-
trols [151].

Barrack et al. identified female adolescent
endurance runners as an athlete population
with an elevated prevalence of low BMD and
reported a 40 versus 10% prevalence of BMD
Z-scores <—1.0, among runners compared with
adolescent non-runner athletes [152]. In a subse-
quent investigation, risk factors associated with
low bone mass among the adolescent runners
included elevated dietary restraint, amenorrhea,
and participating in five or more seasons of an
endurance running sport [92]. In a 3-year follow-
up among the high school runner sample (mean
age of 16 years at baseline and age 19 years at
follow-up) the authors found that despite an av-
erage approximate 10 pound weight gain dur-
ing the 3 years, about 90 % of runners with low
BMD at baseline continued to exhibit low bone
mass at the follow-up assessment [153]. These
findings underscore the importance of accruing
sufficient bone mass during the adolescent years,
since it may be difficult to significantly increase
bone mass during and after the third decade of
life [44].

Male Athletes While research efforts center
on female athletes in the study of the Triad,
the occurrence of a similar male athlete Triad,
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consisting of (1) low energy availability, (2) dis-
ruptions in the hypothalamic pituitary gonadal,
growth hormone, thyroid, and adrenal axes, and
(3) insults to bone mass, has not been thoroughly
evaluated. Currently, little research exists on
male athlete groups at risk and the few studies
that have evaluated adolescent and young adult
male athletes are limited by a small sample size.

Current literature indicates that males partici-
pating in certain weight class sports are at risk
of developing DE behaviors to cut weight. Wres-
tling stands as one of the highest profile sports
associated with DE, as it is not uncommon for
wrestlers to attempt competition in a weight class
below their natural weight, as mentioned previ-
ously [102]. Behaviors reported among wrestlers
to lose weight include self-induced vomiting,
sauna use, excessive exercise, use of laxatives,
diuretics, and wearing heavy clothing [102]. Mis-
use of these weight-cutting techniques has been
associated with the death of at least three colle-
giate wrestlers [154]. As a result, new regulations
have been implemented to promote the health
and safety of the athletes, which included ban-
ning pathogenic behaviors and changing the tim-
ing of weigh-ins [102].

Other male athlete groups at risk of develop-
ing DE, altered hormone levels, and reduced bone
mass include endurance runners and cyclists. As
mentioned previously, male young adult endur-
ance cyclists report increased pressure to lose
weight, use of pathogenic behaviors, and DE,
while male master cyclists exhibit reduced bone
mass [102]. Several studies report significantly
lower testosterone levels among male endurance
runners compared with nonathlete controls [155—
159], while other investigators identified lower
lumbar spine BMD levels in male endurance run-
ners compared with non-runner athletes [160] or
nonathlete controls ([161]).

Interestingly, investigators report negative as-
sociations between running training volume and
bone mass or sex hormones among male endur-
ance runners [162, 163]. In these instances, run-
ning training volume may serve as a proxy for
exercise energy expenditure, which may suggest
that the insults to bone and reductions in the sex
hormone levels may be due to an energy deficit,
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much like the effect of an energy drain on sex
hormone levels and bone in the Female Athlete
Triad. This is a notable finding since short-bout,
explosive exercise movements are associated
with increased testosterone levels [164]. These
studies suggest that male, like female, endurance
runners may be subject to similar hormone dis-
ruptions and bone-related risks.

While traditionally testosterone was thought
to be the critical hormone in males for bone
health, more recent research suggests that it is the
conversion of androgens to estradiol that makes
it beneficial to bone. In fact, in a study by Acker-
man et al., estradiol levels, BMI, and resistance
training were found to be more important de-
terminants of BMD in male collegiate athletes
(wrestlers, runners, and golfers) than testoster-
one [137]. Other male athlete sport groups with
preliminary data potentially implicating them as
an at-risk sport associated with behaviors and
outcomes consistent with the Triad include ski
jumping, sport climbing, sprint football, body-
building, weight lifting, rowing, and horseracing
[102]. Future research is needed to more compre-
hensively outline male athletes” risk profile and
potential negative short- and long-term effects.

Treatment

A multidisciplinary approach is required to treat
and prevent further complications of Triad. In-
volvement of a primary care physician and/or
sport physician, dietician, psychiatrist or thera-
pist, team coaches, and family members is neces-
sary during recovery of athletes. There are non-
pharmacological and pharmacological therapies
for treating the Triad; however, there is still some
controversy about which is the best approach.

In general, the primary goal of treatment is
to normalize body weight and energy balance
with lifestyle and dietary modifications. Diet and
exercise regimen modifications should be the
main focus to increase daily energy availability.
When addressing these issues with athletes, a re-
strained and stepwise manner is advisable. For
instance, modest exercise reduction (10-20%)
and an increase of energy availability to at least
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3045 kcal/kg of fat-free mass per day are rea-
sonable goals [10]. Caloric intake should be in-
creased slowly to avoid raising the patient’s fear
of becoming fat and to avoid the negative sequel-
ae of “refeeding syndrome.” Referral to a sports
nutritionist/dietitian will also promote a gradual
increase in energy intake and optimize overall nu-
trient intake. Restoration of menstrual cycles and
increases in BMD have been seen with weight
gain in several studies [10, 165]. Though get-
ting BMD to an optimal range is sometimes not
possible, an improvement in BMD may be seen
depending on the timing, severity, and duration
of energy restriction [166]. Athletes should be
advised to achieve a BMI >18.5 kg/m? or 90%
of ideal body weight [13]. However, these weight
goals may be difficult to attain and are not al-
ways sustained over time. It is also important to
remember that some athletes may need to achieve
even higher weight goals to restore normal men-
strual function, because they may have a higher
amount of lean muscle mass and a relatively
lower amount of adipose tissue.

Another challenge for the physician is that
many athletes are reluctant to follow activity and
dietary recommendations. Therefore, pharma-
cological therapy may need to be considered in
conjunction with behavior modifications. Oral
contraceptive pills (OCPs) containing estrogen
and progestin are commonly used in athletes suf-
fering amenorrhea, although evidence regarding
the effects on bone density is inconclusive [13,
167, 168]. Recently, research has focused on al-
ternative ways of delivering hormonal therapy.
Transdermal estrogen may have a better impact
on bone than OCPs because of minimal effects
on IGF-1, which is a bone trophic hormone es-
sential for bone formation and remodeling [169].
Studies on postmenopausal women have shown
that transdermal estrogens (alone or plus proges-
terone) are more effective than OCPs in increas-
ing BMD and decreasing fracture risks [170,
171]. Spine and hip BMD improvement was also
seen with transdermal estrogen and oral proges-
terone therapy in adolescent anorexia patients
[172]. However, further studies proving the ef-
ficacy of transdermal estrogen in treating Triad
are needed. Some small studies have also tested
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the subcutaneous analog leptin therapy for recov-
ering menstrual cycles and improving BMD in
those with FHA, but with its side effect of weight
loss, adjusting dosing and confirmation of an
overall benefit of leptin therapy through larger
studies is absolutely required [173, 174].

Additionally, calcium, vitamin D, and some-
times potassium supplementation is recom-
mended in athletes, especially those with restric-
tive eating behaviors. The daily doses suggested
are 1300 mg/day of elemental calcium in di-
vided doses in adolescents (1000 mg in women
>19 years old), 400-800 IU of vitamin D, and
60-90 mg of potassium [169, 175]. In general,
bisphosphonates are not recommended for BMD
treatment in premenopausal populations, except
in extreme circumstances and under the guidance
of a bone metabolism specialist, such as an en-
docrinologist [13]. Antidepressant medications,
specifically selective serotonin reuptake inhibi-
tors (SSRIs), may be useful in certain cases. Sev-
eral studies have shown SSRIs to be effective in
the treatment of bulimia nervosa, significantly
reducing the frequency of binge eating and purg-
ing; however, the evidence is less clear in the
case of anorexia nervosa [176, 177]. Another ad-
vantage of using antidepressants is the treatment
of comorbid conditions such as anxiety, depres-
sion, and obsessive compulsive disorder [13].
The main drawback of SSRIs is that they have
been linked with weight loss in some individuals
with negative effects on BMD [13, 178, 179].

The Triad is a challenging diagnosis and the
management has several difficulties. Therefore,
education and prevention are fundamental in re-
ducing morbidity and mortality. Prevention and
early detection are more effective strategies to
reduce symptoms and decrease the risk of serious
long-term complications.

Early Detection and Prevention

Awareness of the Triad is the first step. When 180
Australian female exercisers (ages 18—40 years)
were surveyed about the Triad, only 10% could
name all three components and 45 % did not think
amenorrhea could affect bone health. A total of
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22 % of those in lean-build sports answered that
they would do nothing if they were amenorrheic
[180]. Of 103 American female high school track
athletes, more than 90% provided incorrect an-
swers about the consequences of bone loss and
the link to menstrual irregularity [181]. In a sur-
vey of 240 health care professionals and coaches,
fewer than half the physicians could identify
the three Triad components and only 8% of the
coaches answered correctly [182]. Thus, more
information needs to be disseminated to health
professionals, coaches, and athletes, alike.

The preparticipation evaluation (PPE) is an
excellent time to screen athletes for the Triad.
The majority of the US National Collegiate Ath-
letic Association (NCAA) Division 1 universities
require a PPE, including a history and physical,
prior to sports participation. However, only about
a third require an annual update [183]. The Fe-
male Athlete Triad Coalition developed 12 ques-
tions for inclusion in the PPE [184]. However,
only 9% of the NCAA Division 1 schools had >9
of the 12 recommended Triad-related questions
as part of their PPEs, with 44% of the univer-
sities including <4 items [183, 184]. The most
recent edition of the PPE history and physical
examination form endorsed by the American
Academy of Family Physicians, American Acad-
emy of Pediatrics, ACSM, and others, is the most
commonly recommended tool for use with PPEs
for middle school through college-aged athletes.
It includes 7 of the 12 items recommended by the
Female Athlete Triad Coalition, omitting some
DE-related questions [185].

Recently, athlete-focused DE prevention pro-
grams have been evaluated. In an 8-week pro-
gram called Athletes Targeting Healthy Exercise
and Nutrition Alternatives (ATHENA), coaches
and peers led sessions with high school athletes.
Topics in the sessions included depression, self-
esteem, healthy norms, societal pressures to be
thin, and steroid use. Student athletes who par-
ticipated in the ATHENA program reported less
diet pill use and positive improvements in diet
habits and exercise self-efficacy versus those
who only received informational pamphlets on
the topics. When followed for up to 3 years, ath-
letes in ATHENA showed decreases in marijuana
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and alcohol use, but unfortunately not in eating
pathology [186].

In cognitive dissonance-based prevention
(DBP), participants confront the thin-ideal stan-
dard of female beauty through various activities
and discussions in order to create cognitive dis-
sonance. In a healthy weight intervention (HWI),
participants learn to make small lifestyle changes
to their dietary and exercise habits in order to
maintain a healthy weight. Becker et al. com-
pared an athlete-modified DBP (AM-DBP) and
an athlete-modified HWI (AM-HWI) approach
in a study of 157 female collegiate athletes [187].
Both interventions reduced thin-ideal internaliza-
tion, dietary restraint, bulimic pathology, shape
and weight concern, and negative affect at the
6-week follow-up, with sustained reductions in
bulimic pathology, shape concern, and negative
affect at 1 year. In addition, there was an increase
in students spontaneously seeking medical con-
sultation for the Triad [187].

In a small study of college athletes who had
achieved recovery from EDs, participants were
asked what advice they would give to coaches,
parents, and other athletes at risk for EDs [188].
Coaches were advised to (1) become educated
on EDs to increase awareness, (2) emphasize
proper athlete nutrition, (3) focus on sport skill
rather than body weight to achieve performance
goals, (4) refrain from singling out athletes for
their body weight or shape, (5) confront an ath-
lete with an ED if even suspected, (6) provide
emotional support, (7) refer the athlete to profes-
sional care (e.g., physician, psychologist, and/or
nutritionist), (8) prohibit sports participation if
health risks are evident, (9) try to pair the athlete
up with another athlete who has recovered from
an ED, and (10) notify the athlete’s family. Ad-
vice to parents also involved providing emotional
support, encouraging professional treatment, and
becoming educated about EDs. Suggestions for
other athletes with EDs included (1) keeping op-
timistic about recovery, (2) determining the un-
derlying cause of and triggers for the ED, (3) get-
ting professional treatment, (4) seeking out emo-
tional support from others, (5) focusing on the
benefits of recovery, (6) putting the ED in per-
spective in terms of how it is skewing life values,
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and (7) focusing on what has been learned from
the ED experiences [188]. Certainly enhancing
awareness and taking the advice of those who
have experienced aspects of the Triad are future
directions in which we need to head.

Conclusion

The Triad and its individual components can
occur in female athletes at any age and in any
sport. Early awareness and education can help
prevent struggles ranging from unsatisfying
sports performances to lifelong emotional and
physical health problems. Because we know
there are certain sport populations at increased
risk for the Triad, increased efforts need to be
made to improve detection and care in these
groups. Following suggestions provided by the
10C, the Female Athlete Triad Coalition, ACSM
and other groups of professionals with expertise
on this topic is important. In the past decade, re-
searchers have gained a better understanding of
the complexity of the Triad and the interrelation-
ship of its components. This understanding needs
to be more widely disseminated and further re-
search needs to be conducted to enhance the care
of those afflicted by the Triad.
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Introduction

Anabolic-androgenic steroids (AAS) are fre-
quently used by athletes, especially by weight-
lifters [1]. Presently, the use of AAS is becoming
more popular among a large number of compet-
ing and amateur athletes [2—6]. Instead of de-
creasing, this practice seems to be gaining adher-
ents not only among male but also female [7-9]
and adolescent athletes [10—12].

Side Effects Associated with Anabolic-
Androgenic Steroids

The use of AAS is not a practice without risk for
the athletes’ physical and psychological health
regardless of gender or age. Androgen recep-
tors are located in all major tissues, including the
brain. Thus, the androgenic and anabolic proper-
ties and influence of AAS is widespread through-
out the body.

One would hope that most athletes would
think about it twice if they knew the risks that
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they face by using high doses of AAS. Usually,
and regrettably, the potential risks are minimized
by athletes, coaches, and many times by doctors.
However, this attitude is dangerous and reveals
irresponsibility and selfishness, especially when
athletes and coaches believe that there are more
benefits than potential risks associated with AAS
use. Several key studies have shown the poten-
tial risks for these athletes [13—16]. For example,
Pérssinen et al. [13] found that, among a sample
of 62 Finnish weightlifters, the percentage of
deaths was almost five times more than for the
population of a similar age, sex, and origin. The
average age of death for the weightlifters was 43
years, and the causes of death often appeared to
involve the use of AAS or other endogenously
administered hormones.

The health and quality of life risks for athletes
using AAS depend on diverse factors such as the
steroid chemical structure, its quality, dose, time
of application, age of use by the athlete, and the
athlete’s individual characteristics [17]. How-
ever, the risk increases when there is no medical
control or supervision of AAS use. Even so, there
is no evidence that the threat is resolved with an
important and direct collaboration of a health-
care professional.

The most common adverse effects include
the following: appearance of acne, hair loss,
water retention, headaches, strokes, morphologi-
cal changes in the myocardium, cardiovascular
problems and hypertension, adverse changes in
plasma lipids (cholesterol), hepatic peliosis and
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cholestasis, liver tumors, abnormal liver enzymes
with increases in blood levels of glutamic-oxa-
loacetic transaminase (GOT), glutamic pyruvic
transaminase (GPT), and lactate dehydrogenase
(LDH) especially with the 17a-alkylated, altera-
tions in the male reproductive system (oligo-
spermia, decreased testosterone, and infertility),
prostate problems (significant increase in pros-
tate-specific antigen or cancer), gynecomastia
(enlarged mammary glands in males), changes
in behavior (euphoria, aggressiveness, impaired
libido, etc.), advanced closure of the epiphyseal
lines of ossification, ataxias, and decrease of im-
munoglobulins (IgA and IgM).

Effects of Anabolic-Androgenic Steroid
Use in Women

Synthetic AAS are derived from testosterone and
commonly used by men and women to increase
the muscle mass or improve performance. Con-
sequently, its use increases artificially the rate of
circulating testosterone with positive and nega-
tive effects for these athletes’ organisms. Diverse
studies have assessed and analyzed the side ef-
fects of AAS on male athletes [1, 18, 19]. De-
spite its effect on women not having been deeply
evaluated, some studies have reported hirsutism,
acne, changes in libido, virilization (dysphonia,
cliteromegaly, male-pattern baldness) [7, 18, 20],
alterations in the hypothalamic—pituitary—gonad-
al (HPG) system [21], and changes in the female
reproductive system morphology and function
(amenorrhea, oligoamenorrhea, vaginal and uter-
ine atrophy, etc.) [7, 18, 21, 22]. Some of these
androgenic effects may be irreversible [23].

To partially cushion these effects, athletes
often use low-potential androgenic AAS, such as
boldenone undecylenate (Equipoise, Equilon 100
or Equigan), bolazine caproate (Roxilon Inject),
drostanolone propionate (Masteron), methyl-
drostanolone (Superdrol), nandrolone decanoate
(ND; Decadurabolin), nandrolone phenylpropio-
nate (Durabolin), norclostebol acetate (Anabol
4-19), stananozolol (Winstrol), methenolone
acetate (Primobolan), oxandralone (Anavar), or
quinbolone (Anabolicum Vister). However, be-
cause the drug has low androgenic effects does
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not mean that it no longer produces adverse ef-
fects among user athletes.

Effect of Steroids in Female
Reproductive System and Female
Fertility

High rates of testosterone may cause a negative
effect on the female reproductive system and fer-
tility. In healthy women, the circulating rate of
testosterone is much less than in men. In normal
conditions, a female produces about 0.1-0.4 mg/
day [24-26]. In women, testosterone is secreted
by the ovaries (ovarian stroma: 25%), adrenal
glands (fasciculate zone: =25 %), and circulating
androstenedione [27], modulated by adrenocorti-
cotropic hormone (ACTH) (adrenal) and lutein-
izing hormone (LH; ovary) hormones, together
with intraglandular paracrine and autocrine
mechanisms [24]. The majority of testosterone
produced in women is converted to E2 in adipo-
cytes by the enzyme aromatase.

In female reproductive organs, the use of AAS
may cause atrophy of ovary and uterus [28—35]
and alterations in ovarian cyclical activity [7,
36-39]. The administration of AAS suppresses
gonadotropin secretion by the negative feedback
loop of the HPG axis in both men and women
and can result in infertility, testicular atrophy,
disturbances of the menstrual cycle, and second-
ary amenorrhea [40]. The use of AAS leads to
impaired function of the HPG axis by increasing
the circulating androgen levels, thus reducing
the release of gonadotropins through negative
feedback, which decreases the secretion of es-
trogen in females [41-42]. The study by Penatti
et al. [43] suggests that AAS treatment imposes a
diestrous-like pattern of activity in gonadotropin-
releasing hormone (GnRH) neurons. Therefore,
these authors suggest that this effect may arise
from suppression of presynaptic kisspeptin-me-
diated excitatory drive arising from the neurons
of the anteroventral periventricular nucleus. Such
hormonal changes affect the menstrual cycle
negatively and potentially reduce the woman’s
reproductive capacity.

Also, the reproductive tissues are indirect-
ly affected by the use of synthetic steroids as
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these substances alter the function of the HPG
axis by artificially increasing androgen levels.
Such alterations suppress estrous cyclicity, lead-
ing to follicular atresia and absence of corpora
lutea [30-32]. Some vacuolated epithelial cells
and stromal fibrosis have also been observed.
The administration of AAS to cynomolgus ma-
caques (Macaca fascicularis) revealed changes
in weight and endometrial thickness of the uter-
ine structure [33]. In addition, adenomyosis-like
alterations and the incidence of mucometra have
been documented [28]. It has also been reported
that the bioconversion of AAS to estrogens may
influence the estrous cyclicity by altering the aro-
matase activity [44]. De Almeida-Chuffa et al.
[33] suggested that these enhanced estrogenic/
antiestrogenic effects may explain the changes in
cyclicity and uterine morphology with AAS use.

In the ovary, the cellular contribution to ste-
roidogenesis is very different from that in the
testis, and both granulosa cells and theca cells
contribute to this process [45]. Anderson [46]
proposes that high concentrations of androgens
in cultured granulosa cells contribute to their
degeneration through altered structure, which
is associated with functional change. The fila-
mentous actin of granulosa cells cultured in the
presence of dehydroepiandrosterone was found
to be deficient when compared with that of con-
trols [47]. As suggested by this author, this lack
of filamentous actin coupled with other organelle
degeneration is believed to lead to early atresia
of granulosa cells in vitro in the presence of high
concentrations of androgens.

Animal Research

In general, biomedical research begins with the
most basic aspects: in vitro effect at cellular lev-
els, evidence of toxicity, dose-response curves,
determination of reference dose, etc. However, so
far, the most sophisticated simulations have not
always managed to reproduce the interactions to
tissue and systemic level. For this reason, it be-
comes necessary to use the in vitro procedure.
The use of animals for experimentation has al-
lowed significant scientific advances without
submitting humans to too invasive, aggressive, or

dangerous practices. The use of AAS is no strang-
er to this situation, and the risk involved in sup-
raphysiological doses leads to the fact that most
mechanistic studies are performed in animals.
Some of the studies performed on the ef-
fect of AAS have used ND. In the first study,
Obasanjo et al. [28] evaluated the long-term ND
effects (25 mg every 3 weeks for 24 months) on
uterine endometrium and myometrium and on
the mammary gland of female cynomolgus ma-
caques randomized into four treatment groups:
(a) intact sham ovariectomized + placebo for
2 years (sham), (b) ovariectomized, (c) ovari-
ectomized+ND for 2 years, and (d) ovariecto-
mized + ND + nandrolone treatment beginning 1
year after ovariectomy. The results showed ND-
induced pathologic changes in ovariectomized
monkeys similar to adenomyosis in the uterus.
Changes induced were an increase in uterine
weight, endometrial thickness, and glandular
area, and a high incidence of mucometra. Glan-
dular architecture was also altered in such man-
ner that glands extended into the myometrium
(producing an adenomyosis-like lesion).
Rubiera-Gerez et al. [30] analyzed the effects
after 1, 2, or 3 weeks of administering ND in-
traperitoneally (one, two, or three doses of 3 mg/
kg of body weight) on the ovaries and uterus of
adult female rats. The data indicated that ND af-
fects the sexual cycle and promotes histological
alterations in the ovaries and uterus. These rats
showed estral acyclicity, and there was destruc-
tion of follicular units and an absence of corpus
luteum in the ovaries. In the uterus, ND promoted
morphological changes, characterized by vacu-
olated epithelium and endometrial stroma fibro-
sis. However, ovary, uterus, and pituitary weights
were not affected by the steroid treatment.
Mobini-Far et al. [48] also propose that supra-
physiological doses of ND (15 mg/kg once daily
during a 2-week treatment) cause morphological
and physiological alterations in the uterus of fe-
male rats, such as endometrial atrophy and glands
with tortuous and irregular branching. These
changes were associated with a suppression of
their reproductive capacity. The rats showed an
enhanced rate of weight gain and myometrium
thickness, while the endometrium was signifi-
cantly thinner. Furthermore, these authors found
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that ND caused a significant proportion of the
treated animals to display tortuous and irregu-
larly branching endometrial glands, as well as
a lack of the physiologically normal infiltration
of eosinophilic leukocytes into the endometrium
(endometrial eosinophilic homing). The weight
of ovaries and hypophysis, the number of antral
and atretic follicles, and the area of corpus lute-
um were all affected by the steroids.

Cherici-Camargo et al. [31] found that in
adult rats ND (6 mg/kg of body weight, 4 con-
secutive weeks), whether it is associated with
physical effort (swimming 20 min daily, 5 days/
week, for the 4 weeks of treatment) or not, af-
fected the morphological pattern of the ovaries
(weight, number of antral and atretic follicles,
and the area of corpus luteum) and the weight of
the hypophysis. Conversely, in the ovaries of the
control groups, a well-developed corpus luteum
was observed. In the treated groups, the cortical
stroma was occupied by ovarian interstitial tis-
sue. Thus, the females treated with steroids pre-
sented estral acyclicity.

De Almeida-Chuffa et al. [33] suggested that
in female Wistar rats ND has a different pattern
of response and effect independent of exercise.
These authors investigated the effect of ND
(5 mg/kg body weight for 4 weeks), whether as-
sociated with physical effort or not (swimming
20 min/day), and observed histomorphometric
changes of the uterus, estrus acyclicity, and de-
creased thickness of both the epithelium and en-
dometrial stroma. In the ND-treated rats submit-
ted to exercise, a reduction in the number and size
of blood vessels was observed, in comparison to
the ND sedentary rats. ND-treated rats, regard-
less of exercise, exhibited stromal fibrosis and
reduced gland ducts that displayed high mitotic
activity. It should be taken into consideration
that androgenic receptors are expressed in both
endometrium and myometrium and regulate the
proliferative response to ND. The authors sug-
gest that this atrophy was promoted by the main-
tenance of metestrus phase (depletion of estrogen
levels) induced by AAS use.

The study by Karbalay-Doust and Noorafsh-
am [34] aimed to assess the way that changes in
the number and size of oocytes can lead to fer-
tilization problems. The study’s purpose was to
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evaluate the number, volume, and surface area
of oocytes in healthy and ND-treated (one, two,
and three doses of 3 mg/kg body weight in the
Ist, 2nd, and 3rd weeks) mice using stereological
methods. The volumes of the ovary, cortex, and
medulla decreased (~50%) in the ND-treated
mice and caused the reduction in the number of
oocytes but not in the volume or the surface area.
More recently, Bordbar et al. [35] reported the
negative effect of the administration of intraperi-
toneal ND (3 to 19 mg/kg) over a 1-month period
on the reproductive system of adult rats (Sprague-
Dawley). ND was administered with and without
concurrent human menopausal gonadotropin. In
this regard, the authors observed that ND had
a negative effect on the reproductive system as
evidenced by decreased ovarian volume, number
of primordial follicles, and gonadotropin levels.
Human menopausal gonadotropin used along
with ND was observed to have a protective effect
for the low dose of ND (Table 14.1).

Other studies have compared the effects of
using ND and other AAS. In this line of work,
Blasberg et al. [39] observed that the treatment
with 17 a-methyltestosterone, methandrosteno-
lone, and ND, at doses that mimic those used
by human athletes, produced reversible and a
dose-dependent sexual receptivity conduct and
estrous vaginal cytology in rats over a 2-week
period. During the intervening period, the effects
of the treatment with ND at a dose of 7.5 mg/
kg on the estrous cycle of these animals were
longer while vaginal estrous resumed within 2
months of treatment completion. Another study
[32] analyzed the effects of using ND (7.5 mg/
kg of body weight), testosterone esters (7.5 mg/
kg of body weight), or both steroids at once dur-
ing 8 weeks. The results showed that the steroidal
treatment did not affect the uterine weight. In this
study, all the androgenized females presented es-
tral acyclicity and endometrium characterized by
papilliferous luminal lining, edematous stroma
with hemorrhagic areas, and secretory activity.
Changes were observed in the morphometrical
thickness parameters of the luminal epithelium,
myometrium, and perimetrium in the androgen-
ized groups. In addition, none of the female rats
got pregnant when treated with steroids in the
pre-gestational period. Thus, the treatment dur-



14 Consequences of the Use of Anabolic-Androgenic Steroids on Female Athletes’ Fertility

233

Table 14.1 Effect of the use of decanoate nandrolone in female reproductive system and reproductive capacity in

animals
Research Steroid Dose
Obasanjo et al. [28] Nandrolone 25 mg/3 weeks for
decanoate 24 months
Rubiera-Gerez et al. Nandrolone One, two, and three
[30] decanoate  doses of 3 mg/kg
BW in the 1st, 2nd,
and 3rd weeks
Mobini-Far et al. Nandrolone 15 mg/kg once daily
[48] decanoate  during 2 weeks
Cherici-Camargo Nandrolone 6 mg/kg BW for
etal. [31, 32] decanoate 4 weeks and
exercise
De Almeida-Chuffa Nandrolone 5 mg/kg BW for
et al. [33] decanoate 4 weeks and
exercise
Karbalay-Doust and Nandrolone One, two, and three
Noorafsham [49] decanoate  doses of 3 mg/kg
BW in the 1st, 2nd,
and 3rd weeks
Bordbar et al. [35]  Nandrolone 3-19 mg/kg for
decanoate 1 month

BW body weight

ing organogenesis affected negatively the repro-
ductive parameters. Collectively, these findings
are summarized in Table 14.1.

Some other AAS have also been used in the
investigation of the effects caused by these sub-
stances on the female reproductive system, such
as testosterone undecanoate [50] or testosterone
[51] (summarized in Table 14.2). Bento-Silva
et al. [S0] observed that testosterone undecanoate
(5 mg/kg, 3 days/week for 4 weeks) combined
with moderate physical training (50 min/day
swim, 5 days/week for 4 weeks) altered the re-
productive system of rats through interruption of
the estrous cycle and ovarian atrophy. Triemstra
and Wood [51] observed inhibitory effects on fe-
male reproduction by administering testosterone
(1.0 ng/pl) to female hamsters (n=12). Bronson
et al. [37] investigated (9 weeks) adult female
mice exposed to a combination of four AAS (tes-
tosterone, testosterone cypionate, methyltestos-
terone, and norethandrolone) at doses that were
either one or five times the androgenic mainte-

Effect

Increase in uterine weight
Increased endometrial thickness
Increased glandular area
Altered glandular architecture

Estral acyclicity

Destruction of follicular units

Absence of corpus luteum

Morphological changes in uterus

Endometrial atrophy

Glands with tortuous and irregular branching

Lack of normal infiltration of eosinophilic leukocytes
into the endometrium

Changes in weight of ovaries and hypophysis, number of
antral and atretic follicles, and the area of corpus luteum
Estral acyclicity

Histomorphometric changes to the uterus

Estrus acyclicity

Decreased thickness of the epithelium and endometrial
stroma

Decrease in the volume of the ovary, cortex, and medulla
Reduction of oocytes

Changes in dimension of the ovaries, number of follicles,
and sex hormone levels

nance level (silastic capsule implanted under the
skin on the back of a mouse). These authors sug-
gest that chronic treatment with AAS resulted in
suppression of LH, follicle-stimulating hormone
(FSH), and estradiol and cessation of the vaginal
cycle.

Research in Humans

Strauss et al. [7] examined the effects of high use
of AAS in ten weight-trained women athletes in
a pioneer study in the field of sports research and
observed modifications in several body features:
voice changes (ten cases); increased facial hair
(nine cases); clitoral enlargement (eight cases);
aggressiveness (eight cases); menstrual abnor-
malities (seven cases); increased libido (six
cases); acne (six cases); decrease in breast size
(five cases); body weight gain (five cases), and
hair loss (two cases). Almost all these athletes
were specialized in strength modalities but none
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Table 14.2 Effect of using different anabolic-androgenic steroids in the female reproductive system and reproductive

performance in animals
Steroid
Testosterone, tes-

Research Dose

Bronson et al.

Implanted silastic cap-

Effect
Suppression of LH, FSH, and estradiol

[37] tosterone cypionate, sule under the skinon  Cessation of vaginal cycle
Methyltestosterone the back of a mouse
Norethandrolone
Blasberg et al. 17 a-methyltestosterone, 7.5 mg/kg BW Disrupts female neuroendocrine function
[39] methandrostenolone 5.6 mg/kg BW
Nandrolone decanoate
Cherici-Camargo ~ Nandrolone decanoate 7.5 mg/kg BW Estral acyclicity
etal. 31, 32] Testosterone esters 7.5 mg/kg BW Papilliferous luminal lining
Edematous stroma
Changes in morphometrical thickness
parameters of luminal epithelium, myo-
metrium, and perimetrium
Bento-Silvaetal.  Testosterone undecano- 5 mg/kg BW Interruption of estrous cycle

[52] ate and exercise 3 days/week
4 weeks
Triemstra and Testosterone 1.0 pg/pl

Wood [51]

Ovarian atrophy

Inhibited female reproduction

BW body weight, LH luteinizing hormone, FSH follicle-stimulating hormone

of them practiced the most affected activities for
the use of anabolic substances, such as body-
building, powerlifting, or weightlifting.

Considering the frequent use of AAS and their
potential health risks, several studies were per-
formed assessing the effect of these drugs in fe-
males. Studies propose the use of AAS relation-
ship with suppression of gonadal steroidogenesis
[53], menstrual irregularity [53, 54], and uterine
atrophy [18]. Clark et al. [55] suggested that the
existence of different routes of the steroid me-
tabolism and its relationship with the reproduc-
tive function may be the cause of the decrease
in time of vaginal estrus during 2 weeks of treat-
ment with AAS. Also, the absence of estrus (i.c.,
persistent diestrus) during the recovery period,
pronounced with testosterone use, may be related
to the existence of different routes of metabolism
of the steroid and its relationship to the reproduc-
tive function.

Malarkey et al. [56] compared nine female
weightlifters using steroids with seven non-user
weightlifters. Thirty-fold elevations of serum tes-
tosterone were detected in the women that used
AAS. The authors observed that serum testoster-
one levels exceeded the upper limits for normal
male testosterone concentrations in three of these
women. Moreover, significant compensatory de-

crease in sex-hormone-binding globulin and de-
creased thyroid-binding proteins were noted in
these athletes. High-density lipoprotein choles-
terol decreased by 39 % in the female weightlift-
ers using AAS.

Example of Abuse of Anabolic-Andro-
genic Steroids in Sport: The Case of the
German Democratic Republic

The German government awards the prestigious
Heidi-Krieger-Medaille to individuals who have
a significant career in the fight against one of
the main scourges in modern sport: doping. This
award is named in the honor of Andreas Krieger
(ex-athlete from the German Democratic Repub-
lic (GDR), born as Heidi Krieger).

The case of Heidi (Andreas) Krieger, European
shot put champion in 1986, who retired in 1990,
is perhaps one of the most dramatic documented
cases regarding the use and abuse of AAS. Dur-
ing the trial against Ewal and Hoeppner, Krieger
reported the psychological and physiological ef-
fects of the massive use of steroids during youth
that made her look like a man, and drove her to
serious psychological disorders and attempted
suicide. Krieger underwent sex reassignment sur-
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gery and changed her name to Andreas Krieger.
Nowadays, he lives in Germany, married to for-
mer East German swimmer Ute Krause, who was
also a victim of massive doping.

Heidi Krieger was born in East Berlin (GDR)
in July 1966. At the age of 14, she was recruited
for her athletic talent to be part of the Dynamo
Berlin elite sports club. Two years later, she en-
tered into a massive doping project organized
by the communist GDR government. To start
the program, numerous scientists from the GDR
developed a highly sophisticated and method-
ological plan, backed by the government itself
and under the control of the Ministerium fiir Sta-
atssicherheit (STASI) [57]. The program manag-
ers and key players were Manfred Ewald (min-
ister of sports, 1961-1988, and president of the
National Olympic Committee, 1973—1990) and
the doctor Manfred Hoeppner. They did not act
alone, and certainly several official institutions
and many researchers were involved, among
them Riidiger Hicker, director of the /nstitute of
Leipzig and responsible for a program to improve
the effectiveness of steroids and avoid its detec-
tion. Also, different researchers from Jenapharm
pharmaceutical laboratories participated.

The secret doping program developed in the
GDR was successful in the field of sports and al-
lowed the country to reach leading positions in
many international sporting areas, such as swim-
ming, athletics, rowing, canoeing, and weightlift-
ing. However, there were many side effects, es-
pecially regarding the athletes’ physiological and
psychological well-being, with an average of 30
annual victims as a consequence of the biological
manipulation of their athletes.

To implement the project, various work pro-
grams were created, including the development of
steroids and their use. Their massive use started
from the early 1970s and was formalized as state
plan 14.25 in 1974 [57-59]. To optimize the sys-
tematic doping, the aim of one of the projects was
to develop different steroids for their athletes.
The main steroid used was a variant of Dianabol
(17a-methyl-178  hydroxy-1.4-androstandiene-
3-one) which they named Oral-Turinabol (4-chlor-
1-dehydro-17a-methyltestosterone).  However,
they used and performed researches with other oral
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anabolic substances (17o-methyl-17p-hydroxy-
Sa-androstane-3-on; 11-B-hydroxy-OT; 4-chlor-
17a-methyl-17p-hydroxy-5a-androst-4-en-3-one;
4-chlor-17a-methyl-17p-hydroxy-5a-androst-4-
en-3-one; 17a-methyl-17p hydroxy-1.4-androstan-
diene-3-one), Testosteron-Ampullen injectables,
Testosteron-Depot-Ampullen, Testo-Tropin-Am-
pullen, Turinabol-Ampullen (phenylpropionate
ester of 17B hydroxy-19-norandrost-4-en-3-one)
or Turinabol-Depot-Ampullen (decanoate ester of
phenylpropionate ester of 173 hydroxy-19-noran-
drost-4-en-3-one), nasal spray (testosterone esters
and androstenedione), and stimulating testosterone
synthesizing substances (Gonabion-Ampullen and
Clomiphen).

The accuracy of the programs was surprising
from a sporting point of view. However, its con-
sequences should have been taken into consider-
ation. After the fall of the wall, numerous athletes
recognized the use of hormone treatments at an
early age. In this sense, Werner Franke provided
the strongest information about this topic. Fran-
ke, a molecular biologist at the Research Center
of Cancer at Heidelberg, discovered many of the
secret documents and provided more information
about the studies performed in East Germany.
Furthermore, he uncovered the plot on which the
sport miracle of this little Central European Re-
public was based.

During the project, specific protocols for the
different sports modalities and athletes were de-
signed. From the documents found, we know
that the initially recommended steroids dose in
RDA corresponded to 0.125 mg/kg of lean mass.
Furthermore, doses increased and improved with
time. They also perfected the concept of intake
and rest cycles to ensure the steroid affinity with
its receptor. Doses varied depending on variables
such as gender, type of sport, and individual char-
acteristics. In addition, the use of Oral-Turinabol
was supplemented with other steroids and hor-
mones.

The effects of systematic and prolonged use
of AAS among most of the treated women result-
ed in high levels of virilization. In former East
Germany, some gynecological disorders were
observed as a consequence of androgenization in



236

sportswomen, such as long-term amenorrhea and
ovarian cysts [60].

Conclusion

Real-life and experimental data show that the
use of steroids can negatively influence athletes’
health. Among the numerous negative effects,
steroid abuse may adversely affect female fertil-
ity and reproductive organs. It is imperative that
athletes, coaches, and sports medicine doctors
be aware of these severe consequences and that
steps be taken to prevent athletes from the abuse
of such drugs.
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Neoklis A. Georgopoulos and Nikolaos D. Roupas

Introduction

Over the past decades, major social changes al-
lowed the development of a positive attitude
towards physical activity, highlighting the ben-
eficial role of exercise on mental and physical
health. Thus, individuals are becoming increas-
ingly involved in physical activities, ranging
from regular mild exercise to highly competitive
performance requiring intensive and strenuous
training. However, as the duration, frequency,
and intensity of exercise increases, great concern
and major reactions arouse regarding the del-
eterious effects of intensive physical activity on
somatic growth, pubertal development, and bio-
logical maturation.

Individual sports exert unique impacts on
body composition and development, depending
on the sport-related specific features, techni-
cal skills and training methods, and the state of
growth and maturation of the athlete. Beginning
at an early age, athletes performing at a high
competitive level are exposed to high levels of
physical and psychological stress resulting from
many hours of intense training and competitions.
The damaging effects of these factors on somatic
growth, skeletal and pubertal maturation have
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been described in individuals performing a vari-
ety of sports. Therefore, the whole picture is ex-
tremely complex and should be approached with
extreme caution and responsibility.

The aim of this chapter is to provide an over-
view of our current understanding and recent
development in the field of exercise-induced dis-
orders of pubertal development and reproductive
function.

Exercise and Pubertal Development

Puberty is the period of transition from childhood
to adolescence and is marked by the development
of secondary sexual characteristics, accelerated
growth, behavioral changes, and eventual attain-
ment of reproductive capacity [1]. Moreover, pu-
berty is a dynamic period of development with
rapid changes in body size, shape, and composi-
tion.

Available approaches for the assessment of
pubertal onset and progression include the use
of Tanner stages for female breast and pubic hair
development and male gonadal and pubic hair
development, while menarche is also an impor-
tant marker used for assessing puberty in girls
[1]. More specifically, the onset of puberty cor-
responds to a specific biological age, as deter-
mined by skeletal maturation and namely, a bone
age of 13 years for boys and 11 years for girls
[2]. Prolonged intensive physical training has
great impact on skeletal maturation, leading to a
significant delay in bone age compared to chron-
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ological age. As in the general population, puber-
tal development in highly trained athletes seems
to follow bone age rather than chronological age
[3]. However, genetic predisposition and varia-
tion among individuals should always be con-
sidered. Specific sports favor the early matures,
while others, like gymnastics, offer advantage to
the later-developing individuals. Therefore, any
assessment of sexual maturation must take into
account the biological indicators of bone age and
peak height velocity.

It should be noted that the vast majority of the
published data involve the influence of physical
activity on sexual maturation of female athletes.
This inconsistency possibly reflects the sensitiv-
ity of the female reproductive system, which is
been shown to be highly vulnerable to changes
regarding intrinsic and extrinsic factors.

Delayed pubertal development in female ath-
letes has been observed in a variety of sports,
mainly gymnasts, dancers, and long-distance
runners [4]. The documented delay is determined
by the type, the frequency, the intensity, and the
duration of exercise and is more pronounced in
sports requiring strict dietary restrictions that re-
sult in higher energy expenditure in the presence
of inadequate energy input.

In the case of gymnasts performing in the
high competitive level of the Olympic Games,
delayed menarche has been noted, compared to
high school, college, and club-level athletes [5].
On the other hand, young girls or adolescents en-
gaged in sports requiring training less than 15 h/
week do not show menstrual disturbances or
delay in sexual maturation [6].

In elite rhythmic (RG) and artistic (AG) gym-
nasts, the prepubertal stage was prolonged and
pubertal development was shifted to a later age,
retaining a normal progression rate [7-10]. Ex-
pectedly, the progression of puberty followed the
bone age rather than the chronological age [8,
9]. It should be underlined that, for both RG and
AG, pubertal progression, although delayed, was
not prolonged. Normal girls require an average
of 1.96+0.93 years (mean+SD) for their breast
development to progress from Tanner stage II
to Tanner stage IV [11]. A comparable period of
time was observed for both RG and AG in our
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study. Therefore, pubertal maturation was entire-
ly shifted to a later age, maintaining a normal rate
of progression.

The major factor responsible for the delay in
the onset of breast and pubic hair development
in both sports was low body weight. Low body
weight reflects an energy deficit, prominent in
both sports, as a result of intensive physical train-
ing (high energy expenditure) on the one side
and inadequate caloric consumption (low energy
input) on the other. Gymnasts indeed are subject-
ed to a significant energy drain, occurring early
in prepubertal age, and are highly motivated to
achieve low body weights consistent with their
sports requirements for a lean somatotype.

On the other hand, in ballet dancers under high
energy drain and low energy intake, a delayed
thelarche and a normal pubarche were document-
ed [12]. These findings suggest the existence
of independent central mechanisms involved in
triggering these aspects of pubertal development.
Indeed, breast development and subsequently
menarche are related to estrogen levels, while
pubarche is mainly related to adrenal androgen
production [13]. In conditions of energy imbal-
ance and consequent reduction in adipose tis-
sue mass, estrogen production is decreased and
breast development and menarche are delayed. It
is the onset, the duration, and the extent of energy
deficit that determines the degree of involvement
of all aspects of pubertal development. Indeed,
ballet dancers with a normal pubarche start their
training at the age of 8-9 years of age with only
3.5-7.3 h of training per week [12], while our ex-
amined RG and AG started their training at the
age of 6.4-7.7 years with more than 30 h of train-
ing per week.

With regard to age of menarche, athletes in-
volved in a large variety of sports, including run-
ners, swimmers, tennis players, ballet dancers,
and gymnasts, present a well-documented de-
layed menarche [12-20]. Although similar trends
depending on type of sport are apparent, men-
arche is more delayed in gymnasts than in swim-
mers or tennis players who began training at a
comparable age [3]. In RG, menarche was sig-
nificantly delayed compared to their mothers and
not trained sisters, an observation arguing against
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a genetic predisposition towards delayed men-
arche [10]. These adjustments reflect a natural
adaptation of the body to high energy demands.
In AG and RG, low body fat, low body weight
(low energy input) and prolonged intensive phys-
ical training (high energy output) were the major
factors influencing menarche. Low body weight,
however, remained the most significant factor in
delaying the onset of puberty. In addition, it is
to be noted that in both RG and AG, older ath-
letes without menarche presented lower height,
weight, and body mass index (BMI) compared to
their contemporaries with menarche.

Finally, with regard to the effect of physi-
cal activity on pubertal development and sexual
maturation of male athletes, the data are scarce.
In general, boys who participate in sports are
normal or advanced for their state of skeletal and
sexual maturation, and the advanced states of
maturation may be attributed to the power and
performance advantages associated with matura-
tion or the existence of preselection bias in terms
of sports that favor athletes who are more physi-
cally mature than other athletes of the same age
[3, 21]. More specifically, in sports where large
physiques were necessary for performance suc-
cess (i.e., swimming and tennis), these athletes
tended to have advanced sexual maturation [22].
However, for sports that may create an energy
drain, the effects on pubertal development re-
main inconclusive. In the case of male gymnasts,
a sport in which the prepubertal physique con-
fers a performance advantage, there are studies
suggestive of a late maturation status [22], while
other studies reported no significant influence
of intense exercise on pubertal development
[21]. These discrepancies should be attributed to
methodological differences, mainly regarding the
competition level of the studied athletes and the
pubertal development assessment methods.

Energy Homeostasis and Pubertal
Development

The hallmark of puberty is the reactivation of the
hypothalamic pulsatile secretion of gonadotro-
pin-releasing hormone (GnRH), which activates
the hypothalamic—pituitary—gonadal (HPG) axis
and establishes the production of sex steroids.
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This reactivation of GnRH production, known to
characterize the fetal and neonatal stages, takes
place under the influence of several stimuli that
are yet to be fully elucidated.

It is well known that a minimum weight-to-
height and a critical lean-to-fat-mass ratio are re-
quired for menarche. According to Frisch theory,
the attainment of a critical percentage of body fat
lowers the metabolic rate and induces a sensiti-
zation of the hypothalamus to gonadal steroids
[23, 24]. Although the principle of a critical
percentage of body fat is no longer considered
valid, the issue of energy balance and the sta-
tus of metabolic fuel and energy stores is one of
the cornerstones in the control of pubertal onset
and progression [25]. Subsequently, several pe-
ripherally produced hormones related to energy
homeostasis control have been shown to mediate
the regulatory role of neural circuits involved in
the control of pubertal development.

Among the numerous peripherally produced
hormones, leptin has the most prominent and
well-studied role connecting energy status with
the initiation of puberty and the maintenance of
the reproductive function [25]. Although leptin
has been considered to play a pivotal role in
signaling a metabolic interaction between body
composition and reproductive function [26], the
available data are inconclusive as to whether
leptin is a signal for the initiation of pubertal de-
velopment or if a critical leptin level is a con-
dition for pubertal onset, acting as a permissive
factor so that other critical processes of sexual
maturation can occur [25]. With regard to other
adipokines, there are conflicting data regarding
a possible role of resistin and adiponectin in con-
necting energy homeostasis and sexual matura-
tion [25].

Furthermore, the gut-derived hormone ghrelin
has a well-established role in the regulation of
appetite and energy balance, while there are suf-
ficient data to support the possible involvement
of ghrelin in the regulation of puberty and sexual
function [25]. More specifically, it has been sug-
gested that ghrelin signals energy availability and
determines the onset and the progression of pu-
bertal development, and this effect is predominant
in males and dependent on the pubertal stage.
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Exercise and Reproductive Dysfunction
in Females

It is well documented that the female reproduc-
tive system is highly sensitive to changes regard-
ing intrinsic and extrinsic factors. Thus, female
athletes exposed to intensive training, psycho-
logical stress, and strict dietary restrains are vul-
nerable to developing reproductive dysfunction.

Prevalence
Reproductive abnormalities are present in
6-79% of females involved in sports activities
[27]. Female athletes involved in a large variety
of sports, including runners, swimmers, tennis
players, ballet dancers, and gymnasts, present
a well-documented delayed menarche [12-20].
The prevalence of menstrual dysfunction has
been studied widely and varies with the specific
sport and the level of competition [27].
Considering the sport-related specific fea-
tures, the training methods and the technical
skills, the sports could be divided into technical,
endurance, aesthetics, weight class, ball game,
power, and antigravitation sports. Moreover, tak-
ing into account the optimal for the specific sport
somatotype, the athletic events can be divided
into leanness and non-leanness sports [28].

Clinical Patterns of Exercise-Related
Menstrual Abnormalities

Menstruation represents a particularly delicate
function, indicating normal reproductive activity.
Interrelated functions of the hypothalamus, pitu-
itary, ovaries, and endometrium give rise to pre-
dictable, cyclic menses that indicate regular ovu-
lation. Ovarian function and menstrual regularity
depend on normal cyclic pituitary gonadotropin
stimulation. The secretion of gonadotropins oc-
curs in response to pulsatile GnRH release from
the hypothalamus. The secretion of GnRH is
regulated by various neurotransmitter and neuro-
peptide pathways.

Female athletic performance has been asso-
ciated with a broad spectrum of menstrual dys-
function. The dysfunction ranges from primary
amenorrhea or delayed menarche to luteal phase
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deficiency, oligomenorrhea, anovulation, and
secondary amenorrhea.

The term amenorrhea refers to the absence or
abnormal cessation of the menses. The reproduc-
tive dysfunction in amenorrhea is characterized
of deranged, abnormal, infrequent or absent lu-
teinizing hormone (LH) pulses, suppressed fol-
licular development, ovulation and luteal activ-
ity, leading to persistently low levels of estrogens
and progesterone and absence of endometrial
proliferation [29]. Primary amenorrhea is indi-
cated when there has been a failure to menstruate
by the age of 15 years, in the presence of normal
secondary sexual development (two standard de-
viations above the mean of 13 years) or within
5 years after breast development if that occurs
before the age of 10 [30]. Secondary amenorrhea
is defined as the absence of three or more con-
secutive menstrual cycles after menarche (given
that pregnancy is excluded), while oligomenor-
rhea describes menstrual cycles of 35 days or
more (alternatively, menstrual intervals of 45-90
days).

Luteal phase deficiency denotes asymptomat-
ic subclinical menstrual disturbances, resulting in
low estradiol levels in the early follicular phase,
decreased but normal LH pulse frequency with
increased pulse amplitude. Ovulation occurs, but
the developed corpus luteum produces reduced
progesterone support for proper endometrial de-
velopment in the secretory phase. Thus, success-
ful implantation of fertilized egg is prevented and
infertility ensues.

Anovulation is a more severe asymptomatic
reproductive dysfunction, characterized by sup-
pressed follicular maturation leading to lack of
ovulation. Both estrogen and progesterone levels
are low, but some proliferation of endometrium
is achieved, resulting in profuse bleeding at un-
expected times.

Pathophysiology of Exercise-Related
Menstrual Abnormalities

During the past decades, many studies have been
conducted regarding sports activities and athletic
performance, focusing on the influence of physi-
cal activity on reproductive function. The main
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factors etiologically correlated with menstrual
disturbances in athletes are energy balance (en-
ergy availability) and body composition, stress
(physical exercise and psychological stress), diet,
training methods (sports character), and repro-
ductive maturity.

Weight and Body Composition and Energy
Availability

One of the earliest and most interesting approach-
es to menstrual dysfunction in athletes was made
by Frisch et al., who theorized that the onset of
menarche is achieved when body fat reaches a
“critical threshold” of 17% of body weight and
that menstruation is disrupted when body fat
falls below a “critical threshold” of 22 % of body
weight. According to Frisch theory, the attain-
ment of a critical percentage of body fat lowers
the metabolic rate and induces a sensitization of
the hypothalamus to gonadal steroids [24]. Since
then, weight and body composition have been
considered the most common and most convinc-
ing explanation of female reproductive dysfunc-
tion in athletes.

Recent studies, however, argue the existence
of a critical body weight or fat percentage in
order to achieve menstruation, introducing dis-
pute over theoretical and statistical issues [31—
33]. Furthermore, available data suggest a central
role for energy availability (defined as dietary
energy input, minus exercise-induced energy ex-
penditure), rather than body weight, in the patho-
genesis of reproductive dysfunction in female
athletes [33]. It has been proposed that negative
energy balance (failure to meet the metabolic re-
quirements) causes an alteration in brain function
that disrupts the GnRH pulse generator.

Researchers studying monkeys concluded that
exercise-induced amenorrhea was reversed by
diet and caloric supplementation, without any
modification of their exercise regimen [34]. It
appears that energy deprivation leads to a dis-
ruption in LH pulsatility, in contrast to exercise
stress, while LH pulsatility is suppressed in the
presence of energy depletion, regardless of the
cause. In addition, caloric imbalance prevents the
normal pulsatile secretion of LH in exercising
women [35]. Thus, it is proposed that exercise
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has no detrimental effects on female reproductive
regulation, apart from the cost on energy balance.

The emerging role of adipose tissue as an ac-
tive endocrine organ has attracted the scientific
concern and revealed a number of adipose-se-
creted factors (known as adipokines) involved
in signaling and regulating homeostasis, energy
balance, insulin action, reproductive function,
and inflammation process. For instance, leptin
has an established role in energy homeostasis,
metabolism, and reproductive function, while
adiponectin attracts growing interest as a media-
tor in metabolism and reproduction.

The discovery of leptin boosted the interest on
the body composition hypothesis and provided
the missing link with the energy availability hy-
pothesis. Leptin has been investigated as a me-
diator between the adipose and the reproduction
system [26] and has been considered to play a
pivotal role in signaling a metabolic interaction
between body composition and reproductive
function. Serum leptin levels reflect the dietary
status and caloric balance: Rapid and profound
declines in leptin levels were documented in re-
sponse to fasting and dietary restrictions, while
extreme increases were noted in response to
overfeeding and refeeding after caloric depriva-
tion [33]. Furthermore, in severely undernour-
ished women, the preservation of neuroendocrine
control of reproductive function is mediated by
leptin [36]. In addition, a critical level of leptin
is required for the maturation and maintenance of
menstruation [37]. Moreover, it has been report-
ed that serum leptin levels were reduced in highly
trained athletes and the diurnal pattern of leptin
secretion was lost in amenorrheic, compared to
menstruating athletes [38]. Finally, exogenous
leptin (recombinant r-metHuLeptin) administra-
tion managed to improve the reproductive func-
tion of a small cohort of women with hypotha-
lamic amenorrhea, due to strenuous exercise or
low body weight [39].

In contrast with leptin, adiponectin is mark-
edly reduced in obesity and rises with prolonged
fasting and severe weight reduction. Despite a
well-described role in metabolism, cardiovascu-
lar protection, and inflammatory process, recent
studies suggest a potential role in the regulation
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of neuroendocrine reproductive processes. More
specifically, it has been reported that adiponec-
tin inhibits both basal and GnRH-stimulated
LH secretion in short-term treated rat pituitary
cells [40]. Furthermore, Lu et al. reported that
adiponectin acutely reduced basal and GnRH-
stimulated LH secretion but had no impact on
follicle-stimulating hormone (FSH) levels [41].
Consequently, high levels of adiponectin (as
found in lean and energy-restrained female ath-
letes) may contribute to suppression of LH levels
and chronic anovulation. Thus, adiponectin could
be considered as a link between adiposity and re-
production.

In addition to the role of the aforementioned
adipokines, there are gut-derived hormones sig-
naling energy homeostasis implicated in normal
reproductive function [25]. Among them, ghrelin
has a well-studied role in the regulation of pu-
berty and sexual function. Studies in rodents and
humans have shown that ghrelin reduces baseline
LH secretion, with reductions in both pulse am-
plitude and frequency [25].

Physical Stress

The hypothesis that menstrual disturbances in
athletes might be caused by the stress of exercise
was originally based on animal experiments and
recently on studies of amenorrheic athletes. The
interaction between HPA axis and reproductive
system was studied in rats and monkeys [42, 43],
demonstrating that the hormones of the HPA axis
could disrupt the reproductive function by both
central and peripheral mechanisms [44].

A few decades ago, Bullen et al. reported the
induction of menstrual disorders in regularly
menstruating women, by imposing strenuous
exercise [45]. Regularly menstruating, untrained
women were exposed to high-volume aerobic ex-
ercise, which leads to a large prevalence of luteal
phase deficiency and anovulation. Since then, a
mild degree of elevated cortisol levels has been
documented in amenorrheic athletes [29, 45, 46].

HPA axis activation provides a hormonal
mechanism of reproductive dysfunction in fe-
male athletes. Cortisol can suppress gonadotro-
pin secretion from the pituitary [47] and corti-
cotropin-releasing hormone (CRH) can suppress
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GnRH secretion from the hypothalamus by in-
creasing the hypothalamic opiate inhibition [48].
Furthermore, it has been suggested that athletes
presenting more profound menstrual disorders
exhibit a greater activation of the HPA axis [29].

Psychological Stress

Psychological stress is another factor commonly
implicated in the etiology and pathogenesis of
exercise-induced menstrual disturbances. Al-
though there are studies correlating behavioral
and psychological parameters in women with
functional hypothalamic amenorrhea, few data
exist to support this hypothesis in athletes [49].
Amenorrheic athletes exhibit similar psychologi-
cal profile compared with menstruating athletes
[50], while studies regarding musicians, with a
competitive lifestyle similar to that of athletes,
concluded that the psychological stress of com-
petitions has no causative role in reproductive
dysfunction of most individuals [12].

Diet

Few data exist regarding a possible role of diet
composition on the pathogenesis of menstrual
disorders in athletes. Apart from the influence of
inadequate caloric intake (insufficient to compen-
sate the increased energy expenditure), the diet
composition has been studied separately regard-
ing a possible correlation with reproductive dys-
function in female athletes. Protein and fat intake
appears to be decreased in amenorrheic athletes.
The controversial data resulting from studies at-
tempting to correlate the incidence of menstrual
disorders with vegetarian diets—favored by
some athletes—might imply the synergic effect
of other factors (such as energy balance, training
intensity, or emotional stress) in the development
of reproductive dysfunction [51, 52].

Training Methods/Sports Characteristic
Features

It is well known that the unique character of each
sport consists of specific skills requirements, fa-
vorable somatotype, and special training meth-
ods. The age of training onset, the optimal so-
matotype, the specific sports demands as well as
the intensity, frequency, and duration of training
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determine dietary restrictions and certain energy
and metabolic profile, influencing the menstrual
status of female athletes.

Heavy training load appears to exert more
harmful effect on menstrual function when initi-
ated abruptly, compared with a gradual accelera-
tion [53]. Moreover, long-term training at levels
of energy expenditure above the lactate threshold
affects menstrual function more than long-term
training at or below the lactate threshold [54].
Furthermore, exercise-induced menstrual disor-
ders are more common in endurance runners and
ballet dancers than in swimmers and cyclists [17,
55, 56]. This observation could be interpreted
considering the optimal somatotype demands,
attracting individuals of certain body character-
istics to different types of elite competitive sports
(e.g., thinness in ballet dancers and long-distance
runners), combined with dietary adaptations and
restrictions.

Reproductive Maturity

It has been suggested that intense training has
less effect on menstrual function of previously
sedentary menstruating individuals, compared
with premenarcheal adolescents [57]. This might
be due either to a sensitivity of reproductively
immature females to the influence of intense ex-
ercise or as a predisposition of young individuals
to exercise-mediated reproductive disorders [58].
Nevertheless, it seems very difficult to isolate
and evaluate reproductive maturity as a factor in-
terfering in the pathogenesis of exercise-induced
reproductive dysfunction, separated from energy
availability, body fat, and body weight [33].

Menstrual Disorders in Specific Sports

Somatic growth and biological maturation in
runners have been well studied and described.
Although in the same sport field, runners are di-
vided in recreational, small distance, and long
distance, considering the training methods, the
technical skills, the favorable somatotype, and
the specific requirements of each event. Athletes
participating in power events (e.g., sprints, hur-
dles) train at maximal or near-maximal intensity
in short bursts. Conversely, athletes participating
in endurance events (e.g., middle-distance and
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long-distance running) train at lower intensity
levels for extended periods. Power athletes are
heavier and have more total lean mass than their
endurance counterparts [59].

Menstrual disorders characterize as much
as 24-26% of female runners [60, 61]. Within
distance runners, prevalence of amenorrhea in-
creased from 3 to 60% as training distance in-
creased from <13 to >113 km/week, while their
body weights decreased from >60 to <50 kg
[56]. Furthermore, subclinical menstrual disor-
ders are present in both highly trained [29] and
recreational [62] eumenorrheic athletes; luteal
deficiency or anovulation was found in 78 % of
eumenorrheic recreational runners in at least one
menstrual cycle out of three [62]. On the other
hand, in sub-elite moderately exercising female
runners, no effect on pubertal development was
demonstrated [63].

Dance training has been shown to be asso-
ciated with a high incidence of menstrual dys-
function, particularly in disciplines such as bal-
let [55]. Ballet dancers begin strenuous training
at an early age, undergo intensive exercise and
heavy caloric restrictions leading to energy defi-
cit, in order to perform at a competitive level and
retain a lean physique. Teenage ballet dancers are
lighter, with less body fat and higher incidence
of delayed puberty and primary and secondary
amenorrhea, compared with less physically ac-
tive girls [53, 55].

Swimmers present normal weight, less fat,
and more muscle mass than nonathletic girls but
a greater percentage of fat than that of amenor-
rheic athletes in other sports [12]. The latter
reflects an adjustment to the sport-specific re-
quirements, as in aquatic sports, subcutaneous
fat helps floatation, reducing energy expendi-
ture for water surface maintenance. Constantini
et al. studied swimmers of competitive level and
demonstrated that menstrual cycles were more
irregular or anovulatory rather than absent. Con-
sidering the greater amount of fat in swimmers,
functioning as an estrogen producer and reser-
voir, the observed menstrual disturbances could
not be attributed to hypoestrogenism and might
be due to mild hyperandrogenism [64].
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In gymnastics, in the case of gymnasts per-
forming in the high competitive level of the
Olympic Games, a delayed menarche has been
noted, compared to high school, college, and
club-level athletes [5]. Furthermore, young girls
or adolescents engaged in sports requiring train-
ing less than 15 h/week less frequently have men-
strual disturbances or delayed sexual maturation
[6]. In addition, elite RG menarche was signifi-
cantly delayed compared to their mothers and not
trained sisters, a finding arguing against a genetic
predisposition towards delayed menarche [65].

Skeletal Implications

Exercise-induced menstrual dysfunction and the
consistent estrogen deficiency have profound im-
pacts on the skeleton. Failure to reach peak bone
mass, bone loss, and inadequate bone mineraliza-
tion predispose hypoestrogenic athletes to osteo-
penia and osteoporosis and increase the risk of
bone fracture [27]. Although genetic factors con-
siderably influence bone mass, other factors such
as nutrition, natural exercise, various diseases
and medicines, age of menarche, and normal
menstrual cycle regulate the acquisition of bone
mass in a rather synergic action. Interestingly,
De Souza et al. reported that female athletes ex-
periencing both energy and estrogen deficiency
present worse bone turnover profile, compared to
athletes with only one or none of these disorders
[66].

There is a general agreement that physical ac-
tivity enhances bone formation, thus increasing
bone mass density (BMD) [67]. The higher strain
levels, associated with growth or extreme physi-
cal activity, induce a type of modeling that in-
creases bone mass by accretion on bone surfaces.

Bone mass doubles between the onset of pu-
berty and early adult life [68]. Sex steroids are
responsible for the maturation and increase in
human skeleton after the onset of puberty. Recent
findings in the field of metabolism and endocri-
nology argue the traditional theory of estrogen-
mediated bone resorption in female athletes ex-
periencing menstrual disorders. Thus, it has been
suggested that nutritional deprivation and chronic
energy deficit cause inadequate bone formation
by altering the levels of various hormones affect-
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ing bone metabolism, not only estrogens, such
as insulin-like growth factor-1 (IGF-1), cortisol,
leptin, and ghrelin.

More specifically, IGF-1 is a bone trophic
factor important for bone formation [69]. Rel-
evant studies document lower levels of IGF-1 in
adolescent athletes with amenorrhea in compari-
son to sedentary controls [70], while studies of
peripubertal elite female RG documented an as-
sociation of plasma IGF1/IGF-binding protein 3
(IGF1/IGFBP3) ratio with bone mass acquisition
[71]. Furthermore, intense physical stress and
energy imbalance cause activation of HPA axis
and high cortisol levels, suggested to impart det-
rimental effects on bone [72].

Laboratory research introduced proliferative
effects of ghrelin on osteoblasts in cell cultures
and studies on animal models indicated that
leptin decreases bone mass [73]. Christo et al.
studied adolescent athletes and reported higher
ghrelin and lower leptin levels in amenorrheic
athletes, compared to eumenorrheic athletes and
sedentary controls [74]. This study introduced
bone age, lean mass, levels of IGF-1, and estra-
diol, but not ghrelin and leptin, as important posi-
tive predictors of bone mass parameters [73]. The
involvement of leptin could provide a possible
mechanism for an interaction between the nutri-
tional and metabolic bone axes, suggesting a role
for leptin as a physiologic regulator of bone mass
[75]. Thus, osteopenia characterizing amenor-
rheic athletes involved in aesthetic sports may
represent another adaptive response to chronic
undernutrition.

Numerous studies have documented low
BMD in athletes with hypoestrogenic amenor-
rhea, demonstrating lower BMD in amenorrheic
athletes compared with regularly cycling athletes
[76, 77]. Accordingly, Christo et al. compared
bone density in adolescent amenorrheic athletes
with eumenorrheic endurance athletes and non-
athletic controls and reported lower bone density
at the spine, hip and whole body in adolescent
amenorrheic athletes compared with the other
two groups [70]. In this study, athletes with
amenorrhea had significantly lower lumbar BMD
z scores, compared with athletes with eumenor-
rhea and control subjects. Lumbar BMD z scores
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<—1 were documented in 38% of athletes with
amenorrhea, compared with 16.7% of eumen-
orrheic athletes and 11% of sedentary controls.
Interestingly, in a recent study, Ackerman et al.
reported impaired bone microarchitecture, in ad-
dition to low BMD, in amenorrheic compared
with eumenorrheic and nonathletes [78].

BMD declines as the number of missed men-
strual cycles accumulates [79], and the loss of
BMD may not be fully reversible [80]. Stress
fractures occur more commonly in physically ac-
tive women with menstrual irregularities and/or
low BMD with a relative risk for stress fracture
two to four times greater in amenorrheic than
eumenorrheic athletes [81]. Studies involving
ballet dancers demonstrated higher prevalence
of scoliosis and a greater incidence of delayed
menarche among the dancers presenting scoliosis
[82, 83]. These limited data, though implying a
possible connection between idiopathic scoliosis
and exercise-induced menstrual disorders, fail
to provide convincing evidence of a common
pathogenetic mechanism. Furthermore, the prev-
alence of stress fractures among dancers has been
positively correlated with the duration of amen-
orrhea [84]. Similarly, in runners, the prevalence
of stress fractures has been associated with the
existence of menstrual disturbances [81].

On the other hand, more recent studies have
highlighted that weight-bearing exercise exerts
positive impact on bone density. Bembed et al.
demonstrated that gymnasts were found to have
significantly higher BMD, compared with run-
ners [85]. In addition, Zanker et al. studied retired
gymnasts, formerly competing in sports acrobat-
ics during childhood and adolescence, and docu-
mented higher BMD, in comparison with women
who never participated in structured sport or ex-
ercise [86]. These studies support the hypothesis
that women involved in sports requiring regular,
high-impact and weight-bearing activity on bone
mass benefit from an osteogenic advantage.

Moreover, Nichols et al. studied female high
school athletes considering both sport-specific
type of mechanical loading and menstrual sta-
tus [87]. This study included eumenorrheic and
amenorrheic female adolescents participating in
high-/odd-impact sports (soccer, softball, volley-
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ball, tennis, lacrosse, track sprinters, and jump-
ers) compared to repetitive/nonimpact sports
participants (swimmers, cross-country runners,
track distance runners participating in events
>800 m). The published data documented higher
hip bone density and higher spine bone density
in eumenorrheic high-/odd-impact athletes than
eumenorrheic repetitive/nonimpact athletes.

In addition, in AG an increase in bone den-
sity was observed, which followed the delayed
bone age and not the chronological age [88].
Bone acquisition was proportional to the devel-
opment of puberty according to Tanner stages
of breast development, and there was a strong
negative influence of early onset of training on
bone acquisition, indicating the vulnerability of
bone metabolism before the onset of sex steroids
production at puberty [88]. Therefore, the early
exposure of AG to excess mechanical load exerts
its beneficial effect on bone acquisition, leading
to a positive net effect. The same appears to be
true for RG as well [89]. Elite premenarcheal RG
had significantly higher cortical BMD and cor-
tical thickness compared to sedentary controls,
indicating that rhythmic gymnastics in premen-
archeal girls may induce positive adaptations on
the skeleton, especially in cortical bone [89].

Exercise and Reproductive Dysfunction
in Males

In contrast to the effect of exercise training on the
menstrual cycle in female athletes, the effect of
physical activity on the male reproductive system
is described far less extensively in the scientific
literature. Furthermore, the limited existing data
mainly refer to studies of adult athletes. In part
this is because males do not have a convenient
maturational milestone like menarche [22].

In general, the effects of physical activity on
the male reproductive axis vary with the inten-
sity and duration of the activity, the fitness of the
individual, and his nutritional-metabolic status.
More specifically, early investigations pointed
to exercise volume as the variable most affect-
ing reproduction, thus hypothesizing a volume
threshold for reproductive disorders [90]. Other
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studies have suggested that exercise intensity is
equally, or even more, deleterious to reproduc-
tive function [91].

Studies analyzing hormonal profiles and
semen parameters of adult athletes participating
in different disciplines (water sports, cycling,
and running) report alterations in the reproduc-
tive function; however, these changes are rather
subclinical and seem to be more pronounced in
athletes systematically undergoing high training
loads. Specifically, Ayers et al. [92] reported that
10% of a sample of marathon runners exhibited
severe oligospermia, while Gebreegziabher et al.
[93] reported alterations in sperm morphology in
cyclists. Moreover, Vaamonde et al. compared
semen parameters of three different disciplines
(physically active, water polo, and triathlon)
and concluded that the triathletes (undergoing
the higher training load) showed a trend towards
poorer seminal parameter values than the other
two groups [91].

With regard to the effect of intense physical
activity on the reproductive potential of young
athletes, the data are scarce. Among the few ex-
isting data, Gurd et al. reported no significant
difference in resting testosterone levels between
peripubertal gymnasts and age-matched controls
[21], while Daly et al. [94] found no difference in
resting serum testosterone between peripubertal
gymnasts and controls at any time during a 10-
month period. On the other hand, Carli et al. [21]
reported that after 43 weeks of swimming train-
ing, pubertal athletes had testosterone levels that
dropped below pretraining levels. The aforemen-
tioned studies provide no conclusive data and
highlight the need for further studies emphasiz-
ing the effect of physical activity on reproductive
function of young males, considering the level
of competition, the intensity of exercise, and the
energy/metabolic status and evaluating both hor-
monal profile and semen parameters.

Conclusion

Intensive physical training may lead to detri-
mental effects on puberty and sexual maturation.
However, physical activity does not affect mat-

N. A. Georgopoulos and N. D. Roupas

uration and reproductive health per se but only
through its ability to regulate energy balance.
Low energy intake combined with increased
energy expenditure may compromise normal
pubertal progression and result in reproductive
dysfunction, leading to serious consequences,
mainly involving bone health. Pivotal role in me-
diating energy balance, pubertal progression, and
reproductive function has been attributed to the
secretory role of adipose tissue and gut-derived
hormones. Thus, further studies are needed, em-
phasizing on training regimens, dietary patterns,
caloric intake, and energy expenditure in sports
and exercise in order to establish preventive mea-
sures, prompt evaluation, and management of in-
dividuals at risk.
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and Yves Schutz

Introduction

Regular physical activity during pregnancy ben-
efits both maternal and infant health [1]. Regard-
less of the physiological changes women under-
go during pregnancy, pregnant women benefit
from physical activity just as much as nonpreg-
nant women [2]. The complexity of assessing
physical activity during pregnancy hampers the
determination of the optimal amount of recre-
ational physical activity for pregnant women [3]
and has led to broad physical activity guidelines
being proposed for pregnant women. Concur-
rently, pregnancy is characterised by a reduction
in physical activity [4] resulting in discrepancies
between physical activity during pregnancy and
the guidelines set by various institutional and
governmental entities [5—12].
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Physiological Adaptations
to Pregnancy

The duration of a pregnancy averages 266 days
(38 weeks) after ovulation, or 280 days (40
weeks) after the first day of the last menstrual
cycle. This period equals 10 lunar months, or
just over 9 calendar months [13]. Physiological
changes during pregnancy are divided into a se-
ries of stages and sub-stages, and the entire pro-
cess is then subdivided into three relatively equal
trimesters [14].

All maternal physiological systems adapt to
the demands of pregnancy; however, the qual-
ity, degree and timing of the adaptation varies
from one individual to the next and from one
organ system to another [15-16]. The adapta-
tions are mostly mediated due to the effects of
progesterone and oestrogen that are produced,
predominantly by the ovary in the first 12 weeks
of pregnancy and thereafter by the placenta [15].
These adaptations enable the foetus and placenta
to grow and prepare the mother and baby for par-
turition [15, 17].

Physiological changes, as a result of preg-
nancy, represent a serious challenge to all body
systems [17]. While these adaptations do not
pose major risks for healthy women, the normal
physiological changes of pregnancy can place
significant strain on already compromised sys-
tems, threatening the lives of both the mother and
the foetus during parturition [17].
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Cardiovascular Adaptations During
Pregnancy

Profound physiological changes occur in the car-
diovascular system during pregnancy [17]. Cir-
culating blood volume increases in order to meet
the demands of the developing foetus and placen-
ta. During pregnancy, there are major alterations
in blood volume, constituents of cells and coagu-
lation factors [16, 17]. A substantial part of ma-
ternal weight gain during pregnancy results from
fluid accumulation, specifically plasma volume
[16]. This increase in plasma volume supplies the
necessary nutrients to the uterus and the placenta
and ensures the removal of waste products from
the uterus and placenta [14]. The increase in the
plasma volume is to counter the decrease in the
low pressure circulatory system that resulted due
to the increase in vascular dilatation. Overall
blood pressure decreases too, more specifically
diastolic blood pressure to a greater extent than
systolic blood pressure [14]. Blood pressure de-
creases despite an increase in blood volume and
cardiac output, due to a decrease in systemic and
pulmonary vascular resistance [18]. In addition
to the previously mentioned changes, change to
the cardiovascular system includes an increase
in cardiac output, the product of heart rate and
stroke volume [14, 19]. Initially, the increase
in cardiac output is mediated by the increase in
stroke volume. As pregnancy progresses, an in-
crease in heart rate becomes the dominant factor
to increase the cardiac output [18].

Respiratory Changes During Pregnancy

Numerous changes occur in the maternal respi-
ratory system during pregnancy to ensure suffi-
cient oxygen supply to the placenta for increased
foetal energy demands and for foetal physiology
[15—17]. The net physiologic change in the respi-
ratory system is a lowering of the maternal PCO,
to facilitate effective exchange of CO, from the
foetus to the mother [16, 17]. The oxy-haemo-
globin dissociation curves of foetal haemoglobin
and adult haemoglobin allow the foetus to extract
oxygen effectively from the maternal circula-
tion [16]. The effects are mediated by hormonal
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factors that influence the respiratory centre, spe-
cifically progesterone [20]. An increase in pro-
gesterone stimulates the respiratory centre to
increase minute volume, lowers the threshold of
carbon dioxide concentrations [20] and may also
decrease airway resistance, facilitating a greater
airflow during maternal respiration [21, 22].

Musculoskeletal Changes During
Pregnancy

Hormonal changes, specifically, changes in pro-
gesterone and relaxin levels, lead to increased
joint laxity and hyper-mobility [23], which could
potentially raise the risk of injury during exer-
cise in pregnancy [10]. Increased body weight,
as a result of foetal growth, increases the forces
imposed on the joints such as the hips and knees
[24]. Since the abdomen expands anterior during
foetal growth, the centre of gravity shifts during
pregnancy, resulting in postural adjustments, spe-
cifically an extension of the lumbar spine [14],
which realigns the body mass above the base of
support [25]. Elongation and decreased tone of
the abdominal muscles may ensue because of the
prolonged maintenance of the abovementioned
position [14]. The combination of weight gain,
altered postural alignment and ligamentous lax-
ity causes changes in proprioception and postural
balance in pregnant women [26]. The postural
changes associated with pregnancy result in preg-
nant women adapting their stance and gait with
a longer double limb support time and changes
in the angles of hip, knee and ankles, suggesting
an adaptation in locomotion to become more ef-
ficient [27] that might also influence energy ex-
penditure of gait during pregnancy.

Endocrine Changes During Pregnancy

Since the development of the foetal origin of dis-
ease in later life hypotheses (described later in this
chapter), plenty of research focused on the intra-
uterine environment, specifically with regard to
hormonal changes during gestation as summarised
by Kuijper et al. [28] in a systematic review that
found both endogenous and maternal hormones to
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influence the foetus. Foetal development and sus-
tained essential physiological functions for both
mother and foetus are mediated by an increase in
the release of specific hormones [29] such as oes-
trogen, progesterone, human chorionic gonado-
tropin, prolactin, adrenocorticotropic hormone,
thyroid-stimulating hormone, cortisol and thyroid
hormones [30]. The mass of cells that forms on
the ovaries, the corpus luteum, is the main source
of pregnancy-sustaining hormones during the first
6—8 weeks of gestation [31]. As previously men-
tioned, the majority of hormonal changes in preg-
nancy are related to the activity of the placenta
[30]. The placenta takes over the role of the corpus
luteum later in the pregnancy. The changes to hor-
mones during pregnancy and their effects include:

+ Oestrogen, which stimulates glandular tissue
and ducts in the breast and increases prosta-
glandin and oxytocin production [13].

+ Progesterone, which mediates vital physiolog-
ical function during pregnancy, including an
increased mobility of the joints [13].

- Relaxin, which functions synergistically
with progesterone to decrease uterine activ-
ity during pregnancy and to suppress oxy-
tocin release [14]. Relaxin also affects the
connective tissue to increase the mobility of
the joints, in a similar way to progesterone
[26].

« Cortisol secretion, which increases from the
second trimester of pregnancy to meet the
body’s extra metabolic workload [30].

+ Human chorionic gonadotropin levels
increase, which is linked to changes in appe-
tite, sleep patterns and food tolerance in the
first trimester [30].

+ Thyroid hormones, both T; and T,, increase,
causing the basal metabolic rate to increase
during pregnancy [32].

In summary, the changes observed in the physi-
ological systems during pregnancy (Fig. 16.1)
simulate the adaptations observed in nonpregnant
women who perform regular aerobic exercise to
a large degree.

Physiological adaptations during

pregnancy
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Fig. 16.1 Summary of the physiological adaptations during pregnancy
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Metabolic Adaptations to Pregnancy

Energy Intake During Pregnancy

The physiological changes that occur during
pregnancy cause an increased demand for dietary
energy as a result of increased oxygen consump-
tion, respiration, circulation and renal function of
the foetus during development [33]. From con-
ception to birth, all the growth of the foetus is
possible because of the nutrients the mother con-
sumes [34]. The nutrient needs during pregnancy
and lactation are higher than any other time in
a woman’s life [34]. This high nutrient demand
during pregnancy is met with an increased energy
intake, as well as help from the mother’s body
that maximises absorption and minimises energy
expenditure [34].

The energy needs of pregnant women exceed
those of nonpregnant women by an additional
340 kilocalories per day during the second tri-
mester and extra 450 kilocalories per day during
the third trimester [34]. The additional kilocalo-
ries represent 15-20% more food than before
pregnancy for an average 2000-kilocalorie daily
intake. Ample carbohydrates are essential for
fuel to the foetal brain, which ensures that the
protein needed for growth is catabolised and used
to synthesise glucose [34]. The extra energy de-
mands of pregnancy can be met by an increase in
food intake or by the mobilisation of energy fat
stores of the mother, particularly those mothers
with sufficient energy reserves [35].

The additional energy requirements during
pregnancy can be described as the energy needed
for maternal tissue and foetal growth, as well as
the energy required for the rise in basal metabol-
ic rate and the changes in physical activity [35].
Energy requirements during pregnancy remain
controversial because of conflicting data on ma-
ternal fat deposition and putative reductions in
the mother’s physical activity as the pregnancy
advances [36].

Energy Expenditure During Pregnancy

Total daily energy expenditure (TDEE) consists
of three general factors: resting metabolic rate,
thermogenic effect of feeding and physical activ-
ity [34, 37]. TDEE for the nonpregnant healthy
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woman is calculated as the energy expended on
resting metabolic rate (60-75%), thermogenic
effect of feeding (10%) and physical activity
(25-30%). TDEE increases during pregnancy
because of tissue growth, an elevated basal meta-
bolic rate and the increased energy costs of mov-
ing a heavier body [38].

Resting metabolic rate (RMR) accounts for
all the metabolic activities in the human body
[34]. Human metabolism involves all the body’s
chemical reactions of biomolecules that cause
anabolism and catabolism. RMR varies dramati-
cally from person to person and for the same
individual with a change in circumstances or
physical condition (with pregnancy being an ex-
treme physiological condition) [34]. Pregnancy
is a dynamic, anabolic state where the human
body obtains energy for growth and maintenance
[39].

The enhanced work of pregnancy raises the
RMR dramatically and demands extra energy
[40, 41]. This is calculated by Prentice et al. [42]
as 20% in late pregnancy. Forty percent of this
variability is explained by the percentage of total
body fat before pregnancy and the gain in body
weight during pregnancy [35, 41]. Body fat gain
accounts for about 55.5+20% of total weight
gain during pregnancy [43]. According to Lof
etal. [41], factors that are responsible for the vari-
ability in RMR response during pregnancy differ
in the earlier and later trimesters of pregnancy.
Most of the total body fat mass is deposited dur-
ing the second trimester, with little change tak-
ing place in the first and third [44]. Chamberlain
and Popkin [33] developed a theoretical model to
estimate energy requirements during pregnancy
(Fig. 16.2) [45], assuming an average gestational
weight gain (GWG) of 12.5 kg (=0.925 kg pro-
tein, ~3.8 kg fat, and~7.8 kg water), which is as-
sociated with an increase in RMR [41].

The thermogenic effect of food is attributed
to the digestion process and the energy cost of
storage of the exogenous macronutrient is pro-
portional to the food energy that is consumed
[34]. This diet-induced thermogenesis seems to
be unaltered [36, 42, 46-49] or even reduced [44,
50, 51] during pregnancy.
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Fig. 16.2 Estimated factors contributing to weight gain during pregnancy. (Based on data from [45])

The most varying factor that determines total
energy expenditure is physical activity and is
dependent on three factors: muscle mass, body
weight and level of activity [34]. The interaction
between physical activity and energy metabo-
lism is complex. For example, pregnant women
may reduce physical activity energy expenditure
by selecting less demanding activities or reduc-
ing the pace of activity, although the actual cost
might be higher, because of moving a heavier
body [38]. However, all pregnant women might
not reduce their physical activity because of the
knowledge they have of the health benefits of
regular physical activity during pregnancy. Over
the past 2 years, more studies have focused on
the energy expenditure during pregnancy, espe-
cially in the wake of the rapid increase in obe-
sity, globally. The measurement of total energy
expenditure during pregnancy is controversial,
mainly because of conflicting data on the extent
of reduction in physical activity as pregnancy ad-
vances [35] and the collection of physical activ-
ity information with self-report questionnaires.

The energy cost that is attributed to physi-
cal activity during pregnancy is generally lower
[40, 52-55] and tends to decrease as pregnancy
advances [56—60]. Studies show that pregnant

Scottish [61] and Dutch [60] women had a slight
decrease in absolute energy cost of physical ac-
tivity, observed in activity diary studies, as their
pregnancy advanced. The same results were
found in British women by Prentice et al. [42] by
means of whole body indirect calorimetry meth-
odology. However, Melzer et al. [35] found this
decrease in active energy expenditure insignifi-
cant in pregnant women in Sweden and America,
but when expressed as per unit of body weight
to account for weight differences, this result be-
came significant. Other studies from Sweden and
the UK report similar decreases in active energy
expenditure per kilogram in the pregnant com-
pared to the nonpregnant state [42, 54]. Prelimi-
nary findings of the Habitual Activity Patterns
during PregnancY (HAPPY)-study in Potchefst-
room, South Africa, indicate a 25 % reduction in
activity energy expenditure from the first to the
third trimester of pregnancy. The study included
participants from white, black and coloured eth-
nic groups as well as low-, middle- and high so-
cioeconomic groups [62]. The physical activity
levels (PAL) reported can be classified as low
activity to sedentary behaviour from the first to
the third trimester of pregnancy.
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Reasons for this decrease in physical activity
are explained in the following section. However,
physical activity cannot be observed in isolation
when activity energy expenditure is discussed
because the energy intake is also important in the
energy balance. More details regarding behav-
ioural changes in activity patterns are discussed
in the following section.

To better understand the associations between
energy intake, energy storage and energy expen-
diture during pregnancy, studies should be car-
ried out during free-living conditions applying
the most objective and reliable methodology
[38]. The correct measuring tool is essential to
quantify physical activity during pregnancy.

Measurement of Physical Activity
During Pregnancy

Critical appraisal of the physical activity during
pregnancy and the influence of recreational or
habitual physical activity on birth outcomes and
maternal health are dependent on valid and reli-
able objective measurements of physical activity
[3]. The relationship between physical activity
and birth outcomes is likely to be modest, there-
fore it is essential to measure recreational physi-
cal activity accurately to minimise the possibility
that no effect is observed because of a measure-
ment error [3]. The majority of information on
physical activity in the pregnant and nonpreg-
nant population is based on subjective physical
activity questionnaire-collected data. The current
guidelines for physical activity are therefore also
based on the research based on the subjective
data. Changes in technology have given rise to
the development of more objective instruments
to determine habitual physical activity, not only
in the general population but also in pregnancy.

Subjective Physical Activity
Measurements

A great variety of physical activity question-
naires have been developed and validated over
the past 20 years. The accuracy of self-reporting
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questionnaires is influenced by the subjective na-
ture of the term “intensity of physical activity”
[63]. Physical activity questionnaires empha-
sise participation in moderate to vigorous sports
while not including household or childcare activ-
ity [64]. Indeed, women spend considerable time
and energy in moderate intensity activities relat-
ed to household chores, their job and family care
[65]. Interestingly, the accuracy of short- and
long-term recollections of physical activity pat-
terns by pregnant women is not known [66]. Ac-
cording to Poudevigne and O’Conner [66] there
is a lack of knowledge regarding how accurately
women can recall their physical activity patterns
during pregnancy.

Direct measurements of the metabolic cost of
energy expenditure among pregnant women, as
opposed to relying upon values collected among
nonpregnant populations, will objectively de-
fine the intensity of recreational activity among
pregnant women [3]. For this purpose, double-
labelled water and indirect calorimetry [67, 68]
are used to measure physical activity, but because
of the costs, invasiveness and technical sophisti-
cation of these methods, their suitability for the
general population decreases.

In large samples and population-based stud-
ies, questionnaires have been the instrument of
choice. Hermann et al. [69] determined the va-
lidity of two questionnaires, namely the Interna-
tional Physical Activity Questionnaire (IPAQ)
[70, 71] and the Global Physical Activity Ques-
tionnaire version 2 (GPAQ) [72]. The GPAQ
shows short- and long-term retest reliability and
modest validity [69], although it has not been
validated in the pregnant population. Specifically
during pregnancy, four validated questionnaires
are currently being used to determine physical
activity [73-76]. A validated, self-administered
questionnaire, the Pregnancy Physical Activity
Questionnaire (PPAQ) has been used to assess
the physical activity levels of pregnant women
[74]. Categories in this questionnaire include:
household/care-giving, occupational, sport/exer-
cise, transportation and inactivity [77] and asks
women to estimate the duration and frequency
of time spent per activity during the current tri-
mester of pregnancy. The reliability of the PPAQ
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for total physical activity was strong (r=0.78),
with the highest reliability for moderate intensity
activity (»=0.82). With regards to activity type,
the highest reliability was found for occupational
activity (»=0.93), followed by household/care-
giving (r=0.86) and sports/exercise (r=0.83).
The validity of the PPAQ was determined against
accelerometry (ActiGraph). The overall correla-
tions between the PPAQ and average counts per
minute were within the range of values observed
for the published cut points (#=0.27 for total ac-
tivity), while validity coefficients for vigorous
activity (r=0.37) and sports/exercise (r=0.48)
were higher using average counts per minute.
PPAQ provides an easy method of assessing
physical activity patterns in women with uncom-
plicated pregnancies [77].

Objective Physical Activity
Measurements

Both accelerometers [55, 78] and heart rate mon-
itors [79] have been used to measure daily physi-
cal activity accurately. However, when these de-
vices are used separately, they have disadvantag-
es [80]. Heart rate is influenced by temperature,
humidity, fatigue and emotional stress. [81]. Ad-
ditional challenges are the loss of data from sig-
nal interruptions and delayed heart rate responses
[82, 83]. Accelerometers on the other hand are
not waterproof and cannot monitor activities in
water [80]. Also, static physical activity, such as
weight lifting, generates less body movement but
requires energy expenditure, which can be prob-
lematic when accelerometers are used [84, 85].
To continually measure free-living physical
activity, a combination of the abovementioned
accelerometers and heart rate monitors are used
and could provide more accurate activity profiles
by overcoming individual sources of error [84,
86—89]. One such device that combines heart rate
and accelerometry is the ActiHeart® (CamN-
Tech, UK) [80], which was first used by Melzer
et al. [35] to measure changes in resting and ac-
tivity-related energy expenditure during pregnan-
cy. The device is currently the only commercially
available device that combines acceleration and

259

heart rate, therefore increasing the practical appli-
cability to improve energy estimates compared to
traditional acceleration devices [90]. ActiHeart®
is a 10 g, waterproof, self-contained logging de-
vice that allows activity to be measured synchro-
nously with heart rate at between 15-60 s epochs
[91]. The device is worn on the chest and consists
of two electrodes that are connected by a short
lead and clip onto two standard electrocardio-
graph (ECG) pads. Free-living data, as assessed
by the ActiHeart® and calculated according to
branched models, is essential to determine be-
havioural changes in activity patterns in pregnant
women [35]. The ActiHeart® device has shown
accurate estimates of energy expenditure versus
indirect calorimetry over a wide range of activi-
ties (varying from sedentary behaviours to vigor-
ous physical activity) in men and nonpregnant
women, although it is not validated specifically
for pregnant women [35]. Brage et al. [92] con-
clude that the ActiHeart® is a reliable and valid
tool for the measurement of movement and heart
rate in humans at rest and during walking and
running. Overall, the ActiHeart® is reliable in
measuring and categorising intensities of physi-
cal activity [80] in addition to increased monitor-
wear compliance in adolescents [93] (Fig. 16.3).

The complexity of assessing physical activity
in general, and in particular, during pregnancy,
a demanding period characterised by changing
physiology, hampers the determination of the
optimal dose of recreational physical activity for
pregnant women [3]. Because of the well-doc-
umented advantages of regular exercise in non-

-
Fig. 16.3 Combined heart rate and accelerometer device

(ActiHeart®, CamNtech, UK) placement for the measure-
ment of habitual activity energy expenditure in pregnancy
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pregnant women, similar findings are expected
during pregnancy. A lack of measuring instru-
ments limits studies on the direct effect of physi-
cal activity levels on the growth of the foetus and
maternal and foetal birth outcomes. The results
are that health professionals have been very con-
servative in the volume (intensity x duration) and
frequency of exercise and physical activity that
are recommended to pregnant women. These
guidelines have therefore impacted directly on
habitual activity patterns during pregnancy.

Physical Activity Patterns During
Pregnancy

The physical activity patterns of pregnant women
are poorly described [66]. Maternal physical ac-
tivity tends to decrease during pregnancy because
of the minor discomforts that are associated with
pregnancy, such as leg cramps, swelling, fatigue,
shortness of breath [94], difficulties in movement
related to a larger body mass [2] and, sometimes,
because of the perception that physical activity
may be damaging to the foetus [95, 96].

Physical activity patterns vary across the du-
ration of pregnancy and are generally at a lower
level when compared to pre-pregnancy [3, 97].
Prospective studies indicate that recreational, oc-
cupational and overall physical activity declines
during pregnancy [52, 55] Physical activity is
usually constrained in the first trimester because
of nausea, vomiting and profound fatigue [8, 66].
These symptoms usually decrease in the second
trimester. Physical limitations—like uterine en-
largement and changes in weight distribution
[66]— also lead to a decrease in physical activity
in the third trimester [8]. Reductions in physical
activity, especially in the third trimester, might
also be a method to meet the increased energy de-
mands of pregnancy [98]. Physical activity often
decreases the most during the third trimester of
pregnancy. This decrease in physical activity has
sometimes been referred to as the “nesting ef-
fect”, as pregnant women prepare their home for
the arrival of a new baby [66].

Psychological changes, such as a declining
body image and depression may make physical
activity less attractive during pregnancy [99]. In
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contrast to this, some of the barriers to physical
activity during pregnancy, such as depression
and fatigue, can be attenuated by regular exercise
[66]. Exercise intensity decreases as many women
cease vigorous sport activities when pregnant
[100-102]. Evidence indicates that the primary
mode of physical activity by pregnant women is
low intensity walking [103, 104]. There is a shift
in the nature of the activities pregnant women
usually perform, to activities that are less vigor-
ous, more comfortable or perceived as safer, like
walking and swimming and less bicycling [66,
105, 106]. Work-related physical activity also de-
creases as pregnancy proceeds [66].

A study done by Lof [38] found that preg-
nant women, compared with nonpregnant con-
trols, spend less time (1.5 h/24 h) standing and
performing moderate activities and more time
(1.5 h/24 h) on sedentary activities such as sit-
ting and reclining. Additionally, absolute active
energy expenditure decreased by 18 % [38]. The
PAL was also significantly lower than the cor-
responding value for nonpregnant controls per
24-h period [38]. However, as stated by Prentice
et al. [42], the use of PAL on pregnant women
is not advisable because even if active energy
expenditure (total energy expenditure—basal
metabolic rate) is unchanged, PAL will still de-
crease as basal metabolic rate increases during
pregnancy. These findings correspond with an
American study that confirmed a decrease in ac-
tive energy expenditure by 13 % as recorded with
activity records [40]. However, another study on
healthy Swedish women indicated no major ef-
fect of pregnancy on activity patterns or on active
energy expenditure [54] (Fig. 16.4).

While all of the abovementioned factors con-
tribute to the decreased pattern of physical activ-
ity during pregnancy, the strongest predictor of
physical activity during pregnancy is the level of
physical activity during the year prior to preg-
nancy [107, 108]. If pregnant women were active
as teenagers, they were 13 times more likely to
engage in high intensity physical activity during
pregnancy as compared to sedentary teens [107].
Highly active women may be more aware of the
health benefits of exercise and may have more
confidence in their ability to choose an appropri-
ate mode and intensity of exercise [66]. As with
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women who were sedentary before pregnancy,
some started becoming physically active when
they were pregnant, according to a few studies
[97, 100, 108, 109]. This indicates that these
women consider their pregnancy to be a chance
to change their lifestyle [100]. Few studies docu-
ment longitudinal changes in physical activity
during all three trimesters [102, 110, 111]. It is
expected that the majority of pregnant women
would have low levels of physical activity since
PALs of the general nonpregnant population are
globally reported to be low.

Very limited research exists pertaining to
the physical activity patterns of South African
women [112]. Results from a single South Afri-
can study, determining physical activity subjec-
tively during pregnancy [112], found no change
in PALs between the second and third trimester.
This contradicts previously mentioned studies
that found a decline in physical activity as preg-
nancy progressed. This contradiction can be ex-

EE energy expenditure, TEE total energy expenditure, NP
nonpregnant; REE resting energy expenditure, kcal kilo-
calories, kcal/d kilocalories per day, kg kilogram

plained by the fact that the patients in the study
were recruited from a gynaecologist who advo-
cated exercise during pregnancy [112].

Hegaard et al. [100] found that women with a
higher body mass index (BMI; more than 25 kg/
m?) decreased their physical activity during preg-
nancy more than pregnant women with a normal
weight (BMI 18.5-24.99 kg/m?). Changes in
physical activity during pregnancy are extremely
detrimental because this decrease results in an
even higher risk of gestational diabetes, pre-ec-
lampsia or preterm delivery than in women who
continued their normal level of physical activity
[113-115].

The most extreme type of physical inactivity
is bed rest, which is recommended by obstetrics
and gynaecology physicians in 20% of all preg-
nancies [66]. Bed rest is recommended in the
hope of preventing or treating a wide variety of
conditions, including spontaneous abortion, pre-
term labour, foetal growth retardation, oedema
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and pre-eclampsia [116]. Little evidence exists
regarding the effectiveness of bed rest on the
treatment of these conditions [117]. The adverse
effects of bed rest may be even more detrimental
than the conditions it is meant to prevent or treat,
like decreased sex steroids, insulin resistance,
systemic inflammation, mood disturbances and
even progressive bone and muscle loss compro-
mising the ability to perform tasks of daily living
[118]. Additionally, Poudevigne and O’Conner
[66] state that a combination of biological, psy-
chological, social and environmental factors in-
teracts to contribute to changes in physical activ-
ity during pregnancy.

Physical activity in the postpartum period is
usually decreased, because of the added fatigue
of delivery and newborn care [8]. However, less
is known about physical activity during the post-
partum period and in the change in activity from
pregnancy to postpartum [119]. Data from the
HAPPY-study that objectively determined physi-
cal activity indicate the activity counts in a sample
of 70 women decreased by 20 % from the third tri-
mester to 3 months postpartum [62]. According to
Pereira et al. [102], walking as a physical activity
modality might remain unchanged from pre-preg-
nancy to postpartum. Usually care-giving physical
activity in the postpartum period constitutes the
largest proportion of total physical activity [119].

In summary, a reduction in physical activity
during pregnancy augments the need to promote
regular physical activity of pregnant women as a
necessary part of their lifestyle due to the mini-
mal risk and numerous short- and long-term ben-
efits for both the mother and the baby. Education
about the benefits of regular physical activity
during pregnancy must be included in the plan-
ning and implementation of health promotion
programmes by medical personnel and physical
education staff [120].

Benefits of Regular Physical Activity
During Pregnancy

Physical activity is a major determinant of life-
long health [121, 122] and has been associated
with reduced morbidity and mortality [123—-125]
by serving as a primary preventive behaviour for
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several chronic health conditions including coro-
nary heart disease [126—128], cancer [128], type
2 diabetes [129], [130], stroke [131], metabolic
syndrome [132] and osteoporosis [133].

Maternal benefits of physical activity appear
to be both physical and psychological in nature
[10]. Physical benefits during pregnancy include
shorter labour and a lower incidence of operative
abdominal and vaginal deliveries and acute foetal
distress [2, 128, 134-136]. Benefits for pregnant
women also include improved cardiovascular
function [2], reduced incidence of muscle cramps
and lower limb oedema [137, 138], attenuation of
gestational diabetes mellitus [139, 140] and ges-
tational hypertension [24].

Physical activity does not only have physical
benefits but also improves psychological health
and provides wellbeing benefits [105, 141, 142].
An increased level of physical activity is known
to have a protective effect against insomnia,
stress, anxiety and depression [143—146], relieve
job strain [147] and provide mood stability [66,
148] as well as increased perceived levels of en-
ergy during the day [149]. These benefits carry
over to the postpartum period [149] and do not
compromise infant breast milk acceptance of in-
fant growth [150].

Kalisiak and Spitznagle [151] reviewed clini-
cally controlled trials that demonstrate that there
is a moderate amount of evidence proving that
exercise during pregnancy in healthy females
has positive effects on both the mother and the
foetus. While many studies conclude a positive
relationship between physical activity and preg-
nancy outcome, the majority of the studies ap-
plied subjective questionnaires to determine the
relationships. Therefore, accurate and objective
methods to measure levels of physical activity
are important when defining an appropriate re-
lationship between physical activity and health
outcomes 