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Foreword

Endocrine conditions requiring surgery in children are extremely rare.
Surgeons undertaking this surgery need to be specifically trained and
exposed to a large volume of cases in order to maintain their expertise.
Therefore, it is clear that the surgery needs to be concentrated in designated
regional centers and carried out by a select number of pediatric surgeons. In
addition, a close working relationship with the pediatric endocrinologists is
essential for the overall well-being of the child.

While management of many of these conditions must remain within the
armamentarium of the pediatric surgeon, for example neuroblastoma,
hyperinsulinism, adrenal tumors, and gonadal conditions, there is a tendency
to engage adult endocrine surgeons with specific expertise in a particular
organ, such as thyroid, parathyroid, pituitary, to perform the procedures in
conjunction with the pediatric surgeons. In the latter situation, it is important
that the overall care of the child should remain firmly in the province of the
pediatric specialist.

This book devoted to the surgery of endocrine disorders in children fills a
major gap in the pediatric surgical literature and brings together the full range
of endocrine conditions encountered in the pediatric age range. The last
publication devoted to the surgery of endocrine disorders in children was part
of the Progress in Pediatric Surgery series (now discontinued) published in
1991.

This publication includes contributions from international authorities in
pediatric surgery and endocrinology, mainly from the United Kingdom and
North America and should be viewed as the standard text for many years to
come.

Lewis Spitz
MD, Ph.D., FRCS(Edin, Eng, I), FRCHCP, FAAP, FCS(SA), FACS

Emeritus Nuffield Professor of Paediatric Surgery
Institute of Child Health, University College, London

Honorable Consultant Paediatric Surgeon
Great Ormond Street Hospital NHS Trust

London, UK
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Preface

Endocrine surgical conditions during childhood are relatively rare. However,
they represent an interesting and challenging group of conditions that all
pediatric surgeons will encounter sometime during their careers. This book is
one of the first to provide a specific overview of the range of different
endocrine surgical conditions encountered in children, together with their
management. It is aimed at any surgeon operating on endocrine conditions in
children and adolescents.

The book is divided into sections based on the different endocrine organs.
Each section begins with a chapter outlining the embryology, anatomy, and
physiology of that organ, before subsequent chapters address the different
surgical conditions that occur, together with their diagnosis, management,
and outcomes. Basic science and state-of-the-art research perspectives are
included as they relate to surgical decision-making and optimal clinical care.
We have intentionally chosen a diverse group of authors who have experi-
ence and expertise in caring for children with endocrine surgical conditions
in North America and the UK. The authors include endocrinologists, adult
endocrine surgeons, and pediatric surgeons, and represent many who are at
the forefront of both clinical care and cutting-edge research. One of the key
messages that comes out throughout the book is that rare endocrine surgical
conditions require a collaborative multidisciplinary team approach to ensure
that the children receive the very best management resulting in the most
favorable outcomes.

It is our hope that this international, multidisciplinary perspective will
give surgeons caring for children with endocrine conditions requiring
surgery, additional insights that will lead to a better understanding of the
conditions and ultimately improved patient care.

Seattle, USA Daniel J. Ledbetter
Oxford, UK Paul R.V. Johnson
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Part I

Thyroid



1Thyroid Gland Embryology,
Anatomy, and Physiology

Gerard V. Walls and Radu Mihai

Thyroid Gland—Embryology,
Anatomy, and Physiology

This chapter reviews the embryology, anatomy,
and physiology of the thyroid gland with special
emphasis on how these topics relate to surgical
conditions and surgical decision-making. First,
thyroid development is reviewed since it is the
essential foundation to understand thyroid anat-
omy. Next, the anatomy of the thyroid, its blood
supply and its relationship to nearby nerves are
reviewed to understand the conduct of thyroid
operations and the risks and complications of
those operations. Finally, the details of the thy-
roid gland’s principle function—the synthesis
and secretion of thyroid hormones—are consid-
ered. Understanding these normal physiologic
functions and their control provides insight into
the diagnostic evaluation and treatment of thy-
roid diseases. Parathyroid gland embryology,
anatomy, and function are reviewed in Chap. 5.

Embryology of the Thyroid Gland

At embryonic day 20, a portion of the endoderm in
the ventral midline of the primitive pharynx begins
to differentiate into what will become the thyroid
gland. This thyroid primordium forms a divertic-
ulum cephalad to the respiratory diverticulum at
the level of the second pharyngeal arch. The origin
of this diverticulum will later be recognized as the
foramen caecum at the junction of the anterior
two-thirds and posterior one-third of the tongue.
The thyroid diverticulum migrates caudally from
the pharyngealfloor by day24, then passes through
or in front of the hyoid bone, and by day 50 reaches
its final position in front of the trachea shaped like
the mature thyroid gland with two lateral lobes
joined by a small, anterior isthmus (Fig. 1.1). The
descending diverticulum of the developing thyroid
usually disappears but about 50% of people will
have a midline pyramidal lobe of variable length
that extends from the thyroid isthmus towards the
hyoid bone. In addition, scattered cellular remnants
of the diverticulummay persist and explain thyroid
scan activity after total thyroidectomy. Finally,
larger remnants of the thyroid diverticulum may
persist and form thyroglossal duct cysts and sinuses
which are discussed in more detail in section,
“Embryological anomalies of the thyroid with
clinical significance”.

Follicles appear within the thyroid gland at the
beginning of the second month of gestation and
most follicles are formed by the end of the fourth
month of gestation. Even though it is the first
endocrine gland to form, the foetal thyroid does
not produce thyroid hormones until 18–20 weeks

G.V. Walls
Royal Lancaster Infirmary, University Hospitals
of Morecambe Bay NHS Foundation Trust, Ashton
Road, Lancaster LA1 4RP, UK
e-mail: gerard.walls@nds.ox.ac.uk

R. Mihai (&)
Department of Surgery, Churchill Cancer Centre,
Oxford OX3 9DU, UK
e-mail: radumihai@doctors.org.uk; radu.
mihai@ouh.nhs.uk
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of gestation. Therefore, for the first half of ges-
tation the foetus is dependent on maternal thyroid
hormones that cross the placenta. This supply of
maternal thyroid hormone is especially critical for
early neurological development. Maternal
hypothyroidism can lead to marked neurodevel-
opmental compromise of the child [1].

In addition to thyroid hormone-producing fol-
licular cells another group ofhormonally active cells
in the thyroid are the calcitonin-producing parafol-
licular C cells. Parafollicular C cells originate from
the neuroectodermof thefifth pharyngeal pouch, the
ultimobranchial bodies. They migrate from their

lateral origins to merge with the midline developing
thyroid. C cells are scattered throughout the mature
thyroid gland but are concentrated near the embry-
ologic merger point at the central posterior portion
of the upper third of each thyroid lobe.

The molecular genetics of thyroid embryology
has been investigated and many transcription
factors such as FGF10, FOXE1, HHEX, HOXA3,
NKX2-1 AND PAX8 have been identified that are
essential for normal thyroid development [2]. For
example, heterozygous mutations in PAX8 are
associated with thyroid hemiagenesis. Further-
more, gene mutations and copy number gains in

Pharyngeal
pouches

I

II

III

IV

Ultimobranchial
body

Mature thyroid

Foramen
cecum

Thyroglossal
duct

Migration of
C cells

Developing thyroid

Developing trachea
and lung

Esophagus

Pyramidal lobe
thyroid

Fig. 1.1 Thyroid development—anterior view. The
thyroid originates at the foramen cecum in the midline
embryonic pharynx and descends as the thyroid divertic-
ulum to the lower neck to its final position anterior to the

trachea. Parafollicular C cells originate from the ultimo-
branchial bodies adjacent to the 4th pharyngeal pouches
and join the developing median thyroid during its
migration
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key pathways occur in thyroid tumours. Examples
of such abnormalities include the RET (rear-
ranged during transfection)-Ras-BRAF-MEK and
RET-beta-catenin pathways in medullary thyroid
carcinoma in Multiple Endocrine Neoplasia 2A
and 2B, FAP (familial adenomatous polyposis)
and TRK-PI3K-Akt in papillary thyroid carci-
noma, and MDM-p53-PTEN (phosphatase and
tensin homolog) pathway in follicular thyroid
carcinoma in Cowden syndrome [3]. Another
mechanism of papillary thyroid tumourigenesis
results from rearrangement of genes encoding
receptors with tyrosine kinase activity such as
RET rearrangements with H4, PRKAR1A, ELE1,
PCM1, RFG5, TIF1A, and TIF1G, known as
RET/PTC1-7 and NTRK1 rearrangements with
TPM3, TPR and TFG. Autonomous activation of
these tyrosine kinase receptors stimulates growth
of follicular thyroid and anaplastic thyroid carci-
nomas via the PI3 K/Akt and MAPK pathways
[4]. As a consequence, tyrosine kinase inhibitors
are being investigated as a potential treatment for
advanced thyroid cancer.

Embryological Anomalies of the Thyroid
with Clinical Significance
Thyroid dysgenesis is the term used to describe
abnormalities of thyroid gland development and
includes a spectrum of conditions including
thyroid agenesis (complete absence of thyroid
tissue), thyroid hypoplasia (less than the normal
amount of thyroid tissue), and thyroid ectopia
(thyroid tissue in abnormal locations). Agenesis
of the thyroid gland is a very rare anomaly and
like thyroid hypoplasia is a cause of congenital
hypothyroidism that must be recognized and
treated with thyroid hormone replacement in
early infancy to prevent neurodevelopmental
compromise. One form of hypoplasia is hemia-
genesis when one lobe does not develop. In this
rare condition the left lobe is more commonly
absent.

A thyroglossal duct cyst is a remnant of the
diverticulum that forms along the migration path
of the thyroid primordium from the foramen
caecum at the base of the tongue to the thyroid
gland’s final position in front of the trachea. This

Tongue

Foramen cecum

Hyoid bone

Thyroid cartilage

Thyroid

Lingual
thyroid

Pyramidal
lobe thyroid

Descent of thyroid

Fig. 1.2 Thyroid development—midline sagittal view of
the path of thyroid descent in mature human. Ectopic
thyroid can be present anywhere along the path such as in
the midline posterior tongue where it is known as a
lingual thyroid or attached to the thyroid isthmus as the

pyramidal lobe. Remnants of the thyroid diverticulum
known as thyroglossal duct cysts or sinuses can occur
anywhere along the path, most commonly in the midline
neck between the hyoid bone and thyroid

1 Thyroid Gland Embryology, Anatomy, and Physiology 5



diverticulum usually begins to involute during
the 5th week of development but incomplete
involution may result in ectopic thyroid tissue
that is typically located in the midline or just off
the midline between the hyoid bone and the
thyroid isthmus (Fig. 1.2). Thyroglossal duct
cyst is the most common congenital neck mass
found in children and it can also present later in
life in the same location. Thyroglossal duct cysts
may enlarge, become infected or rarely undergo
malignant transformation. The treatment of a
thyroglossal duct cyst is surgical excision of the
cyst and (to reduce the chance of recurrence) the
entire course of the thyroglossal duct including
the middle third of the hyoid bone. This is known
as the Sistrunk procedure [5].

Failure of the thyroid migration results in a
lingual thyroid which is the most common form
of complete thyroid ectopia. Lingual thyroid is a
relatively rare condition that is more prevalent in
women and in the majority of cases it is associated
with an absence of a normal cervical thyroid. It is
generally presents incidentally as an asymp-
tomaticmass at the back of the tongue (Fig. 1.2). If
large, a lingual thyroid can produce obstructive
symptoms such as dysphagia, dysphonia, or dys-
pnoea. When a lingual thyroid is suspected based
by clinical findings the diagnosis can be confirmed
by radioisotope scanning which also confirms the
absence of other thyroid tissue in the neck.

Thyrothymic thyroid rests are ectopic col-
lections of thyroid follicular cells often con-
nected to the lower lobes of the thyroid but
sometimes completely separate. In either case,
they descend in the anterior or posterior medi-
astinum and may cause symptoms if they
enlarge. This abnormally located thyroid tissue
can present similarly to the more common ret-
rosternal goitre which is an exuberant growth of
normally located thyroid lobes down into the
mediastinum.

Struma ovarii, also known as thyroid goitre
of the ovary, is an ovarian teratoma that contains
mostly thyroid tissue. The teratoma is a devel-
opmental anomaly of foetal gonadal tissue. This
exceedingly rare condition is usually an unex-
pected histological finding in patients who have
excision of an ovarian mass.

Embryology of the Recurrent Laryngeal
Nerve
The recurrent laryngeal nerve (RLN) is a branch
of the vagus nerve going to the larynx and its
final path is linked to developmental changes in
the aortic arches. By the 6th–7th week, the
lowest persisting aortic arch on each side pulls
the respective RLN downwards. On the left, the
RLN passes around the 6th aortic arch which in
the foetus becomes the ductus arteriosus that
normally closes postnatally and becomes the
ligamentum arteriosum. It then travels upwards
in the tracheo-oesophageal groove. On the right,
the 5th and 6th aortic arches disappear and the
RLN passes around the 4th aortic arch which
becomes the right subclavian artery. From this
position the right RLN then ascends more obli-
quely than the left RLN (Fig. 1.3). As a conse-
quence, the left RLN is longer than the right
RLN and, during intraoperative nerve monitoring
there is a slightly longer latency of the signal
obtained during stimulation of the vagus on the
left side compared with the right side.

An embryological vascular anomaly (present
in 0.5–1% of people) leads to a non-recurrent
laryngeal nerve and illustrates the close con-
nection between the developing RLN and aortic
arches. When the 4th aortic arch on the right does
not develop an aberrant right subclavian artery
originates from the left side of the aortic arch,
distal to the origins of the right carotid, left car-
otid and left subclavian artery. From this origin it
passes upwards and to the right behind the
oesophagus. Occasionally this retro-oesophageal
location is associated with esophageal compres-
sion and dysphagia explaining its designation as
arteria lusoria. Since there is no embryological
right aortic arch to pull the right RLN down-
wards the nerve goes straight from the vagus into
the larynx and is therefore “non-recurrent”
(Fig. 1.3). This unusual vascular anomaly can be
demonstrated on Doppler ultrasound, which in
some centres is part of routine preoperative
investigation before thyroid surgery. The use of
intraoperative neuromonitoring may also identify
patients with this anatomical anomaly [6] when
stimulation of the distal vagus nerve does not
produce a RLN signal while stimulation
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proximal to the origin of the non-recurrent RLN
generates the correct signal [7]. The diagnosis
can be confirmed postoperatively by ultrasound
identification of the vascular anomaly or by a
barium swallow showing the retroesophageal
artery as an extrinsic compression of the poste-
rior oesophagus. On the left side the
non-recurrent RLN is exceptionally rare with
only a few cases reported. A more common
finding is a false non-recurrent RLN which is
seen when a large anastomotic branch of the
cervical sympathetic chain joins a normal RLN.

Anatomy of the Thyroid Gland

Gross Anatomy
The normal adult thyroid weights 20–30 g and
has two lobes measuring approximately 5 cm in
length and 3 cm in width. The thyroid gland lies
between the anterior borders of the sternoclei-
domastoid (SCM) muscles in the anterior triangle
of the neck in front of the trachea caudal to the
cricothyroid membrane and the thyroid cartilage
(“Adam’s apple”), with the isthmus overlying the
second to fourth tracheal rings. A pyramidal lobe
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Fig. 1.3 Aortic arch development and recurrent laryn-
geal nerve. a Embryonic paired aortic arch vessels, also
known as pharyngeal arch arteries correlating to devel-
oping pharyngeal arches. b Embryonic paired aortic
arches with recurrent laryngeal nerve (RLN). The RLN
loops around the lowest (6th) aortic arch on each and then
goes to the larynx. In this depiction the 1st, 2nd, and 5th
aortic arches have already regressed. c As normal
development proceeds the right 6th aortic arch regresses
so that the right RLN loops around the lowest remaining
arch, the 4th aortic arch which becomes the right

subclavian. The left RLN passes around the persisting
6th aortic arch which in the foetus becomes the ductus
arteriosus and postnatally normally closes to becomes the
ligamentum arteriosum. d When the right 4th aortic arch
does not develop then an aberrant right subclavian artery
originates from the aortic arch distal to the right carotid,
left carotid and left subclavian artery and passes to the
right upwards and behind the oesophagus. With no
embryological right aortic arch to pull it downward, the
right RLN nerve goes straight from the vagus into the
larynx and is therefore “non-recurrent”
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can be observed in some 50% of patients as an
extension of thyroid tissue from the isthmus
towards the hyoid bone (Fig. 1.4).

A midline mass situated at or above the thy-
roid cartilage is usually not the thyroid gland but
more likely a thyroglossal cyst or an enlarged
lymph node. A mass visible along the edge or
just under the SCM is more likely to be a bran-
chial cyst. A mass visible lateral to SCM (i.e. in
the posterior triangle) is more likely to be an
enlarged lymph node.

Surgical Anatomy of Classical Thyroidectomy
(in the Order Encountered During the Operation)

1. The skin incision follows Langer’s lines or
the wrinkle lines in the neck overlying the
thyroid isthmus. Kocher was the first to
describe the transverse collar incision [8].

2. The subcutaneous fat contains numerous
small blood vessels.

3. The platysma muscle is a broad and very thin
muscle layer extending from the deep fascia of
the upper pectoralis muscle to the mandible
and lower face. The platysma muscle may be
incomplete with bands of muscle separated by
subcutaneous fat in the lower part of the neck
and therefore might not be seen with short
incisions. Immediately beneath the platysma
are the anterior jugular veins.

4. The deep cervical fascia is a poorly defined
layer in front of the strap muscles that splits
and passes anterior and posterior to the ster-
nocleidomastoid muscle. The anterior jugu-
lar veins are immediately superficial to this
fibrous layer.

5. Strap muscles are thin, flat muscles overly-
ing the thyroid and deeper neck structures.
Strap muscles encountered during thyroidec-
tomy include the narrow sternohyoid muscle
that extends from the hyoid bone to the back
of the sternoclavicular joint. Beneath the
sternohyoid is the sternothyroid muscle, a
wider muscle stretching between the oblique
line of the thyroid cartilage to the posterior
surface of the manubrium of the sternum.
There is a clear plane between sternohyoid
and sternothyroid muscles that may be
extended laterally to the internal jugular vein.

On the lateral edge of the strap muscles the
ansa cervicalis, a branch of the cervical
plexus, is readily apparent and can be mis-
interpreted as a non-recurrent RLN. Intraop-
erative nerve stimulation of this nerve branch
triggers contraction of the strap muscles. This
nerve branch has been used as a graft to
reconstruct a damaged RLN (although with
only limited success).

6. Thyroid veins. The middle thyroid vein is
seen after mobilization of the straps muscles.
A dominant middle thyroid vein is present in
about 50% of patients as a large branch
travelling laterally from the thyroid and
crossing in front of the carotid artery before
draining into the internal jugular vein.
Inferior thyroid veins form either a plexus in
front of the trachea or occur as distinct bran-
ches that drain into the brachiocephalic veins.
The superior thyroid vein is close to the
superior thyroid artery and is occasionally
very prominent, especially in the presence of
an enlarged lobe. The superior thyroid vein
drains into the jugular vein or the facial vein.

7. The superior thyroid artery is the first branch
of the external carotid or occasionally slightly
more centrally from the common carotid. As
the artery approaches the gland it splits into
anterior and posterior branches that should be
ligated separately during thyroidectomy. This
surgical technique makes it less likely to injure
the superior laryngeal nerve (vide infra).

8. Superior laryngeal nerve (SLN). Close to its
origin from the vagus nerve, the SLN divides
into an internal and external branch. The
internal branch passes through the thyrohyoid
membrane and provides sensation to the lar-
ynx proximal to the vocal cords. The external
branch (EBSLN) innervates the cricothyroid
muscle, which rocks the articulation between
the thyroid and cricoid cartilages and pulls the
front of the cricoid upwards increasing ten-
sion in the vocal ligaments and allowing the
pitch of the voice to rise. Damage to this
nerve has a major impact on voice quality and
hence protecting the EBSLN is important.
However, the nerve is small and the course
variable. Identification of the EBSLN is easier
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when its course is superficial to the inferior
constrictor (Friedman classification type I)
and is impossible if the EBSLN travels its
entire course beneath the inferior constrictor
(Friedman classification type III) [9]. It is also
easier to protect the EBSLN when it crosses
the trunk of the superior thyroid artery more
than 1 cm proximal to its branches (Cernea
classification type I) rather than in between its
branches (Cernea classification type III) [10].

9. The inferior thyroid artery is a branch of the
thyrocervical trunk that divides into an infe-
rior branch going to the lower pole and a
superior branch which travels on the posterior
aspect of the thyroid lobe and may contribute
to vascularization of the superior parathyroid
gland. Ligation of the main inferior thyroid
artery laterally was done in the past but it is
now discouraged as it increases the risk of
compromising the blood supply to the
parathyroid glands with resulting postopera-
tive hypoparathyroidism. About 10% of
patients have an inferior artery called arteria
thyroidea ima arising directly from the aortic
arch, the right brachiocephalic artery or the
right common carotid artery. It represents a
persistent embryonic vessel that disappears in
most people.

10. Recurrent laryngeal nerve (RLN). Identifi-
cation of the RLN is an integral part of a safe
technique for thyroid surgery. The left RLN
loops around the aortic arch and ascends in
the tracheo-oesophageal groove in a fairly
vertical direction. Most commonly the nerve
is identified at the lower pole of the thyroid,
in the area medial to the carotid artery, lateral
to the oesophagus and below the inferior
thyroid artery.
The right RLN loops around the subclavian
artery and enters the neck more obliquely from
behind the carotid artery. The RLN relation-
ship to the inferior thyroid artery is variable. In
about 50% of patients it is posterior to the
inferior thyroid artery while in the other 50%
the nerve is either between branches of the
artery or anterior to the artery. Before entering
the larynx the RLN is in close proximity to the
ligament of Berry usually passing just lateral

and posterior to the tough, white connective
tissue band attaching the thyroid gland to the
trachea. Branching of RLN can occur before
entering the larynx and some consider that the
anterior (ormedial) branch containsmost of the
motor fibres while the posterior (or lateral)
branch is mainly sensory [11, 12]. An
ascending branch can anastomose with the
SLN through the nerve of Galen.

11. Lymphatic drainage. Lymphatic drainage in
the neck can be described by the anatomic
location or by more defined regions or “levels”
(see Chap. 4 for a more detailed description of
neck lymph node levels). The lymph nodes
closest to the thyroid and most often the site of
metastatic spread of thyroid cancer are in the
central compartment also known as level VI.
Level VI is defined anatomically by the hyoid
bone superiorly, the medial borders of the
carotid arteries laterally and the sternal notch
and origin of the carotids inferiorly. It includes
lymph nodes situated both in front of the RLN
(level VIa) and posterior to the nerve (level
VIb). The superior poles and the isthmus drain
into the Delphian or prelaryngeal lymph nodes
in level VI and jugular lymph nodes (levels
II–IV). The lateral part of the lobe drains
along the middle thyroid vein through the
central compartment (level VI) and towards
the jugular lymph nodes (levels II–IV). The
inferior part of the lobe drains towards
pretracheal/paratracheal lymph nodes (level
VI), mediastinal lymph nodes (level VII) and
lower jugular lymph nodes (level IV). In recent
years, it has become common practice to
remove the central compartment lymph nodes
in patients with thyroid cancer.

Histology of the Thyroid Gland

The thyroid consists of a large number of
spherical follicles surrounded by a capsule.
A follicle consists of a single layer of thyroid
follicular epithelial cells surrounding a cavity
(the follicular lumen) that contains colloid
(see Fig. 1.5). Colloid is an amorphous liquid
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substance that serves as a reservoir for thy-
roglobulin, a large protein to which iodinated
thyroid hormones are bound. Small amounts of
colloid are engulfed into follicular cells via
pinocytosis. These ingested vesicles of colloid
fuse with lysosomes, allowing T3 (triiodothy-
ronine) and T4 (thyroxine) hormones to be
released from thyroglobulin. Scattered between
follicles are occasional parafollicular cells that
are also known as “C cells” because they secrete
the hormone calcitonin. They are more apparent

in cases of C-cell hyperplasia, such as is found in
patients with MEN-2.

Thyroid Physiology

The main function of the thyroid gland is to
produce thyroid hormones and release them into
the systemic circulation where they affect almost
every cell in the body. Thyroid hormone levels
are regulated by thyroid stimulating hormone
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Fig. 1.5 a Histology thyroid follicle. b Thyroid hormone
synthesis. I−, Iodide; NIS, sodium-iodide symporter or
“iodine trap” concentrates iodine in follicular cells.
Pendrin transports iodide from follicular cells into colloid
TG, thyroglobulin (TG), a large glycoprotein rich in
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reactive form that links to tyrosine in TG mediated by
the enzyme thyroperoxidase (TPO). Organification gen-
erates monoiodotyrosine (MIT) and diiodotyrosine
(DIT) within TG. Conjugation TPO mediates the
coupling of iodinated tyrosine residues to form thyroid
hormones T3 and T4

1 Thyroid Gland Embryology, Anatomy, and Physiology 11



(TSH) from the pituitary in a reverse feedback
loop via hypothalamus secretion of thyrotropin
releasing factor. The overall regulation of thyroid
hormone production is outlined in schematic
form in Fig. 1.6. In addition to thyroid hormone
production from follicular cells the thyroid gland
also produces the hormone calcitonin from the
parafollicular C cells. Calcitonin is not essential
to calcium homeostasis in humans but calcitonin
levels are increased and serve as a serum marker
in pathologic states of C-cell hyperplasia and the
C-cell malignancy known as medullary carci-
noma of the thyroid.

Thyroid Hormone Synthesis
Thyroid hormone is produced in the thyroid
follicle by incorporation of iodide into tyrosine
residues of thyroglobulin (see Fig. 1.5b). The
production of thyroid hormones is critically
dependent on iodine that comes from the dietary
sources. Deficient dietary intake of iodine can
lead to endemic goitre, hypothyroidism, and even
cretinism, a state of marked physical and neu-
rodevelopmental impairment resulting from a
lack of foetal thyroid hormone during

development. Cretinism is usually caused by
severe maternal hypothyroidism. Excess iodine
intake is associated with autoimmune thyroid
disease and papillary thyroid carcinoma.

Iodine, mainly in the form of iodide, is effi-
ciently absorbed by the gastrointestinal tract and
is taken up and concentrated by thyroid follicular
cells through an energy-dependent process
mediated by a plasma membrane sodium-iodide
symporter (NIS) or “iodine trap”. NIS activity
results in iodide concentration inside thyroid
follicular cells 40 times higher than circulating
levels. NIS is regulated by circulating TSH and
iodine concentrations.

TSH binding to follicular cells increases NIS
transcription and leads to increased iodide uptake.
When TSH is absent then membrane NIS moves
into the cell and iodide uptake decreases. Iodide
levels also effect NIS expression and iodide
uptake. A rapid increase in blood iodide levels
leads to a shutdown of iodide incorporation and
the decrease of iodide incorporation leads to
decreased thyroid hormone production. This
time-limited response is known as the Wolff–
Chaikoff effect and it protects against iodine
overload. The Wolff–Chaikoff effect can be used
to therapeutic advantage in patients with Graves’
disease whose thyroid hormone production can
be temporarily controlled by administering
exogenous iodide. For example, when a patient
with Graves’ disease develops an allergic reaction
that requires discontinuation of their antithyroid
medication they can be given iodide to block
thyroid hormone production while being prepared
for urgent thyroidectomy. Another example of a
medical benefit of the Wolff–Chaikoff effect is the
prophylactic intake of potassium iodide to pre-
vent thyroid uptake of environmental radioactive
iodide after a nuclear accident.

From within follicular cells, iodide is trans-
ported into the colloid of the follicular lumen by
pendrin, a membrane protein also known as
iodide–chloride transporter. Mutations of the
pendrin gene, SLC26A4, are associated with
the autosomal recessive Pendred syndrome of
congenital goitre and deafness. Once in the fol-
licular lumen iodide is joined to thyroglobulin
forming the precursors of thyroid hormones.

Hypothalamus

TRH

+

Anterior pituitary

–

–

TSH

+

Thyroid

T4, T3

Fig. 1.6 Control of thyroid function. Thyroid hormone
secretion is controlled by the hypothalamus and anterior
pituitary. The hypothalamus produces TRH (thyrotropin
releasing hormone) which acts on the anterior pituitary to
produce thyroid stimulating hormone (TSH). TSH stim-
ulates the thyroid to produce thyroid hormones T4 and
T3. Circulating thyroid hormones are sensed by the
anterior pituitary and hypothalamus and decrease the
production of TRH and TSH creating a negative feedback
loop
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Thyroglobulin (TG) is a large glycoprotein
made only by follicular cells. Thyroglobulin is
rich in tyrosine. Within follicular cells TG is
incorporated into vesicles that migrate to the
apical (colloid-facing) pole and are extruded by
exocytosis into the colloid of the follicular
lumen. In the colloid follicle iodide is oxidized to
a very reactive form of that links to tyrosine
residues of TG. This process is called organifi-
cation and is mediated by the enzyme thy-
roperoxidase (TPO). Organification generates
monoiodotyrosine (MIT) and diiodotyrosine
(DIT) residues within TG. Next, in a process
called conjugation TPO mediates the coupling
of these iodinated tyrosine residues to form thy-
roid hormones. MIT and DIT are linked forming
either triiodothyroxine (T3) which is an active
thyroid hormone or reverse triiodothyroxine
(rT3), an inactive form. When two DITs link
together then thyroxine (T4) is formed. Each TG
molecule contains 10-20 times more T4 than T3
and similarly higher proportions of T4 are
eventually released into the circulation. From the
colloid in the follicular lumen thyroglobulin
containing thyroid hormones is taken back into
thyroid follicle cells by endocytosis and after
proteolysis T4, T3 and rT3 are released into the
systemic circulation.

Antithyroid drugs, such as carbimazole and
propylthiouracil, inhibit enzymes involved in
thyroid hormone synthesis. Lithium inhibits the
release of thyroid hormone and has been used as
an adjunct to radioactive iodine treatment for
thyroid cancer to increase the intracellular con-
centration of radioactive iodine.

Circulating Thyroid Hormones
More than 99% of circulating T4 and T3 is
protein bound. Most (75%) T4 and T3 is bound
to thyroid binding globulin (TBG). Another 15%
is bound to thyroid binding prealbumin (TBPA)
and the final 10% is bound to albumin. Only
0.02% of circulating T4 and 0.4% of circulating
T3 is free (not protein bound) and biologically
active. The large proportion of T4 and T3 bound
to proteins and variable amounts of binding
proteins explains why measurements of total
thyroxine can be misleading. For example,

pregnancy and oral contraceptives increase the
synthesis of binding proteins and result in higher
levels of total of T4 and T3 but normal free T4
and T3 levels. The higher percentage of bound
T4 explains its longer half-life (7 days) com-
pared to T3 (12–24 h) as the bound form is
protected from cellular uptake and metabolism.

Cellular Effects of Thyroid Hormones
Thyroid hormones effect almost every cell in the
body. Thyroid hormones (both T3 and T4) enter
cells by several carrier mediated processes rather
than simple diffusion. Many cell types have
unique thyroid hormone transporters. The ratio of
intracellular T4 to T3 is controlled by the
enzymes that generate T3 from T4. Once inside
cells T4 is either converted to the active T3 by
tissue specific 5′-deiodinases (DI) or else
metabolized to inactive forms. All these enzymes
require selenium for their action, hence lack of
selenium leads to abnormal thyroid function.
The balance between the activating and

Table 1 Physiologic effects of thyroid hormones

• Metabolic
– Increases basal metabolic rate
Increases heat production

– Increases oxygen consumption
– Increases sensitivity to catecholamines
Increase lipolysis
Increase gluconeogenesis
Increase glycogenolysis

• Development
– Essential for normal musculoskeletal growth
– Essential for normal brain development of foetus and
newborn
Synaptogenesis
Neuronal maturation
Myelination
Cell migration

• Specific organ system effects
– Cardiovascular system
Increase heart rate
Increase contractility
Increase cardiac output
Increase vasodilation

– Central nervous system
Anxiety
Restlessness

– Reproductive system
Essential for fertility

.
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deactivating enzyme systems can change intra-
cellular levels of active thyroid hormone. For
example, during intense stress a decrease in
deiodinase activity and an increase in T4 deac-
tivating enzyme activity will decrease intracel-
lular T3 and lead to a lower metabolic rate in
target cells. Within cells, T3 binds to nuclear
thyroid receptors (TR) to act with thyroid
responsive elements (TRE) at promoter sites of
target genes. This process induces enhancement
or inhibition of target gene expression and pro-
duces the physiologic effects of the thyroid hor-
mone (Table 1).

Control of Thyroid Function by TSH
Thyroid stimulating hormone (TSH) is a glyco-
protein secreted by pituitary thyrocytes through a
negative feedback loop with T4/T3 levels
(Fig. 1.6). The control cascade starts with TRH
(thyrotropin releasing hormone) produced in the
paraventricular nucleus of the hypothalamus and
released through the hypothalamic–pituitary
circulation to reach the anterior pituitary. In the
pituitary TRH stimulates the thyrotroph cells to
produce TSH that is released into the systemic
circulation. Circulating TSH acts on specific
TSH receptors on follicular cell membranes and
stimulates adenylate cyclase to produce cyclic
AMP, leading to increased activity of NIS that
stimulates iodine uptake and also leading to
increased activity of intracellular enzymes
involved in thyroid hormone synthesis resulting
in increased synthesis of TG and increased iod-
ination of tyrosine resides on TG. Persistent
elevated TSH levels lead to an increase in the
size of the gland.

Mutations in TSH receptor structure can lead
to autonomous stimulation and a toxic adenoma,
also known as a Plummer’s adenoma. This
unregulated production of thyroid hormone sup-
presses TSH secretion. The overactive nodule is
able to incorporate iodine tracer without the need
for circulating TSH and appears “hot” on an I123

scan, while the rest of the gland does not incor-
porate iodine tracer since NIS activity is absent
when TSH is suppressed and it appears “cold”.
Activating autoantibodies against the TSH
receptors are present in Graves’s disease and lead

to unregulated thyroid hormone secretion and
hyperthyroidism (see Chap. 2).

Calcitonin
Calcitonin is a 32-amino acid peptide secreted
from parafollicular C cells in response to rising
serum calcium levels. Calcitonin decreases
osteoclast activity and bone resorption, decreases
gastrointestinal absorption of calcium and
increases renal excretion of calcium. All of these
actions tend to decrease serum calcium and
explain the physiological rationale for using cal-
citonin to treat osteoporosis, Paget’s disease of
bone, and hypercalcemia although there is limited
clinical efficacy. The role of calcitonin in human
biology remains unclear. There are no known ill
effects or impact on calcium homeostasis of either
low calcitonin levels or very high levels seen in
patients with medullary thyroid carcinoma. Cal-
citonin belongs to a larger group of related pep-
tides, the calcitonin family peptides, that have a
wide variety of effects in the brain and gastroin-
testinal tract that are still being characterized.
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2Hyperthyroidism

Betty Panayota Messazos, Radu Mihai
and Fiona Jane Ryan

This chapter reviews the pathophysiology, clini-
cal manifestations, diagnosis and treatment of
hyperthyroidism. Hyperthyroidism has multiple
and often dramatic clinical manifestations
because thyroid hormones control the basal
metabolic rate, affect cardiovascular function by
increasing the sensitivity of beta-receptors to
catecholamines, and profoundly influence
growth, sexual maturation, and neurological and
cognitive development [1, 2]. “Hyperthyroidism”
refers to excessive activity of the thyroid gland
resulting in overproduction of thyroid hormones
while “thyrotoxicosis” describes the clinical
features of the hypermetabolic state associated
with excess levels of circulating free thyroid
hormones. In practice, the two terms are often
used less precisely and interchangeably. There
are several challenges in the diagnosis and
management of hyperthyroidism in children

including biological, psychosocial, and environ-
mental issues [3, 4]. However, despite these
challenges the vast majority of pediatric patients
with hyperthyroidism have an excellent
prognosis.

Pathophysiology

A brief review of the normal mechanisms of
thyroid hormone production, control and action
is necessary before considering the abnormal
state of hyperthyroidism. Please see Chap. 1 for
further details.

Thyroid hormone production depends on an
adequate supply of iodine. Dietary inorganic
iodide is absorbed by the intestine into the cir-
culation and then actively transported into fol-
licular cells by an iodide transporter, the iodide
pump (sodium iodide symporter or NIS, a
transmembrane glycoprotein), that efficiently
concentrates iodide in the thyroid gland. Then
via a process called organification, thyroid per-
oxidase converts iodide into reactive iodine
that is incorporated into tyrosine residues in
the thyroglobulin molecule forming either
monoiodothyronine (MIT) or diiodothyronine
(DIT). These iodinated tyrosines are then cou-
pled. MIT may combine with DIT to form tri-
iodothyronine (T3) or its isomer, reverse T3, or
two DITs can combine to form tetraiodothy-
ronine (T4 or thyroxine). T3, reverse T3, and T4
remain attached to thyroglobulin that is stored in
the follicular lumen. Thyroglobulin returns to the
follicular cell by endocytosis and in the follicular
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cell free T3 (fT3) and free T4 (fT4) are cleaved
from thyroglobulin by hydrolysis and released
into the circulation. T3 is the active form of
thyroid hormone and is 3 or 4 times more potent
than T4 [1].

The synthesis of T4 and T3 is controlled by a
complex feedback mechanism influenced by
stimulatory and inhibitory factors via the
hypothalamic–pituitary–thyroid axis.
Thyrotrophin-releasing hormone (TRH) is
secreted by the hypothalamus and stimulates the
anterior pituitary gland to secrete thyroid stimu-
lating hormone (TSH). Circulating TSH binds to
specific TSH receptors on thyroid follicular cells.
The TSH receptor is a G-protein coupled receptor
and activates thyroid hormone production via a
second messenger system, ultimately leading to
the release of T4 and a lesser amount of T3.
Raised circulating levels of T3 act as a negative
feedback stimulus for the hypothalamus and
anterior pituitary, resulting in decreased TSH
production [5].

All T4 is produced by the thyroid gland but
85% of T3 is derived from peripheral conversion
of T4 to T3 by deiodination. Most of the T3 and
T4 circulating in the blood is bound to transport
proteins such as thyroxine binding globulin
(TBG) and albumin and only a small amount is
unbound and biologically active. T3 and T4 act

by binding to receptors in peripheral tissues. T3
acts by binding to nuclear receptors and regulates
the transcription of various cellular proteins that
affect metabolism. Any process that causes an
increase in the peripheral circulation of unbound
thyroid hormone can cause signs and symptoms
of hyperthyroidism. Disturbances of the normal
homeostatic mechanism can occur at the level of
the pituitary gland, the thyroid gland, or in the
periphery. Regardless of aetiology, the result is
an increase in transcription in cellular proteins
causing an increase in the basal metabolic rate
and the other effects of hyperthyroidism.

Aetiology and Incidence

More than 95% of children and adolescents with
thyrotoxicosis suffer from Graves’ disease [6].
The aetiology is still unclear but a likely com-
bination of hereditary, immunological and envi-
ronmental factors. Other rare conditions that
cause hyperthyroidism in childhood are listed in
Table 2.1 [5, 7–9].

Graves’ disease is caused by thyroid stimu-
lating immunoglobulins that activate TSH
receptors on thyroid follicular cells resulting in
thyroid hormone overproduction. Note that the
clinical aspects of this syndrome, including the

Table 2.1 Causes of hyperthyroidism in children

• Graves’ disease (95% of cases)

• Thyroiditis

– Chronic lymphocytic thyroiditis (Hashimoto’s thyroiditis)—transient

– Subacute thyroiditis

• Autoimmune neonatal thyrotoxicosis (placental passage of maternal thyroid hormone receptor antibodies)—transient

• Autonomous functioning lesions

– Toxic thyroid adenoma

– Activating mutation of the TSH receptor gene

– Activating mutation of Gsa (McCune–Albright syndrome)

– Hyperfunctioning papillary or follicular carcinoma

• Isolated pituitary resistance to thyroid hormone

• TSH secreting pituitary adenoma

• Exogenous causes

– Excessive thyroid hormone replacement therapy

– Iodine induced hyperthyroidism
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goitre, ophthalmopathy, and palpitations were
described in the late eighteenth and early nine-
teenth centuries independently by several physi-
cians from Great Britain and continental Europe
including Parry, Graves, Basedow and Flajani.
All of their names, either singly or in various
combinations, have been attached to this com-
mon clinical condition. We will use the name
“Graves’ disease” because it is commonly
recognised in the English medical literature.

Although Graves’ disease is common in
adults it is uncommon in children with a fre-
quency of 0.1–3 per 100,000 children [10]. The
incidence increases throughout childhood, with
the peak incidence in children aged 10–15 years.
The majority (60%) of patients being postpu-
bertal [11]. As with most autoimmune diseases,
Graves’ disease in children is more common in
girls than boys, at a ratio of 5–6:1 [12]. Other
causes of hyperthyroidism do not show a male or
female preponderance. For example, the hyper-
thyroidism of McCune–Albright syndrome is not
more common in girls even though the associated
precocious puberty is more common in girls than
in boys [13].

Graves’ disease is often associated with other
autoimmune diseases and there is often a strong
family history of thyroid and non-thyroid
autoimmune problems [14] such as systemic
lupus erythematous, rheumatoid arthritis, myas-
thenia gravis, vitiligo, immune thrombocytopenic
purpura, and pernicious anaemia. In addition,
there are several lines of evidence suggesting a
genetic component or predisposition to the dis-
ease. Some studies suggest that up to 80% of the
susceptibility to Graves’ is determined by genetic
factors [9]. Graves’ disease has been linked with
human leukocyte antigen (HLA)-B8 and (HLA)-
DR3 and with abnormalities in chromosomes
6p21 and 2q33 [15]. It is also more common in
children with Trisomy 21 [16]. Overall, genetic
susceptibility is thought to have a polygenic
inheritance, although monozygotic twin studies
suggest interplay between environmental and
genetic factors.

Evaluation

The diagnosis of hyperthyroidism is often chal-
lenging due to the large spectrum of physical and
psychological complaints [17]. However, a
focused history and physical examination can
usually select patients for lab tests and imaging
studies that will confirm the diagnosis. The fol-
lowing discussion of the evaluation of patients
with hyperthyroidism will focus on Graves’ dis-
ease and only briefly mention the other rare
causes of hyperthyroidism in children.

History

The symptoms of Graves’ disease in children and
adolescents can develop insidiously over months
but can also have an abrupt onset. The most
common symptoms are behaviour changes such
as increased anxiety and hyperactivity. These
symptoms are often similar to those of attention
deficit hyperactivity disorder (ADHD), [18] and
a high degree of clinical suspicion is necessary to
pursue the diagnosis of Graves’ disease in this
situation. Individuals with Graves’ disease
invariably have an altered mental status with
increased irritability, emotional lability, and
outbursts which understandably create distress
for themselves and their families. Other early
symptoms of hyperthyroidism in children include
deterioration of school performance and changes
in handwriting.

Children with hyperthyroidism may fatigue
easily and this usually manifests as exercise
intolerance. In severe cases they may have diffi-
culty climbing up stairs as a result of muscle
weakness. Sleep disturbances are common as is
weight loss despite a good appetite. Hyperthy-
roidism can also cause idiopathic intracranial
hypertension (also known as benign intracranial
hypertension or pseudotumor cerebri) in children
and present with headache and even nausea and
vomiting [19]. Symptoms of hyperthyroidism
caused by autonomic nervous system
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disturbances include tremor, heat intolerance,
sweating, diarrhoea and palpitations. In girls,
menstrual cycle irregularities, including amen-
orrhoea, are common symptoms. Finally, parents
may report that the child has a growth spurt that
results from the increased height velocity asso-
ciated with hyperthyroidism [20].

In addition to hyperthyroidism, Graves’ dis-
ease may be associated with eye abnormalities
that are the result of autoimmune attack of soft
tissue in the orbit. The full array of signs and
symptoms in Graves’ ophthalmopathy describes
the triad of exophthalmos, chemosis and
diplopia. Patients may complain of persistent
visual blurring secondary to optic neuropathy or
severe eye pain secondary to corneal ulceration.
When these symptoms of congestive ophthal-
mopathy are present then urgent referral to an
ophthalmologist for an eye assessment is neces-
sary. Compared to adults, thyroid eye disease is
usually mild in children.

Physical Examination

Vital signs of children with hyperthyroidism
usually reveal tachycardia and less commonly
hypertension. Height and weight are important to
evaluate because hyperthyroidism may cause
increased linear growth velocity and weight loss.
General examination may reveal sweatiness,
facial flushing, a tremor or, rarely, choreiform
movements [21]. Further to the symptoms
described above the eye signs such as eyelid
retraction, proptosis, periorbital oedema, optic
neuropathy, corneal ulceration, and rarely oph-
thalmoplegia may be present in Graves’ disease
(Fig. 2.1). Importantly, the eye changes some-
times present before signs of thyrotoxicosis. All
children with Graves’ disease should be referred
to ophthalmology for formal assessment since the
eye findings may be subtle but potentially serious.

Pubertal stage should be assessed as part of
the evaluation of associated menstrual irregular-
ity and to evaluate the uncommon possibility of
McCune–Albright syndrome which could pre-
sent with precocious puberty and cafe au lait
pigmentation. Additional skin signs of Graves’

disease include the uncommon finding of
pretibial myxoedema which represents an unu-
sual autoimmune dermopathy.

The examination of the neck for thyroid
abnormalities is essential in the assessment of
hyperthyroidism. A goitre or diffuse enlargement
of the thyroid is almost always present in Graves’
disease even though it may not have been noticed
by the patient or family. Thyroid nodules are less
commonly present. Examination of the thyroid is
usually done with the neck slightly extended.
Swallowing will elicit movement of the thyroid
and potentially clarify the identity of a midline
neck swelling. Examination of the thyroid is often
best performed by standing behind the patient. As
with any swelling or mass, evaluation and
description of a thyroid goitre or nodule’s size, site,
symmetry, consistency and tenderness is essential.
The increased blood flow to a hyperfunctioning
thyroid sometimes results in a thyroid bruit.

Laboratory Tests

In the evaluation of hyperthyroidism the pivotal
investigation is to measure thyroid function tests

Fig. 2.1 A 14-year-old girl with Graves’ disease who
had diffuse goitre and asymmetrical proptosis (From
Bhansali et al. [47], with permission.)
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—particularly the TSH, fT4 and fT3. In primary
hyperthyroidism, when the thyroid gland is pro-
ducing excessive thyroid hormones, TSH is
suppressed and fT4 and fT3 are elevated. In
addition, there is preferential conversion of fT4
to fT3 so usually the fT3 will be relatively more
elevated. In contrast to the low TSH in primary
or thyroid hyperthyroidism, the TSH is elevated
in secondary or pituitary hyperthyroidism when
there is production of TSH from the pituitary that
is not responsive to the normal control mecha-
nisms. When evaluating and managing hyper-
thyroidism fT3 and fT4 are usually better tests
than total T3 and total T4 because total T3 and
total T4 measure the much larger pool of
protein-bound thyroid hormones in addition to
the unbound, free forms. Therefore measurement
of total T3 and T4 may be misleading in situa-
tions with abnormal serum protein levels or when
there are changes in protein binding. Free T3 is
relatively more important than free T4 in the
diagnosis of hyperthyroidism since fT3 rises
before fT4 in thyrotoxicosis. Rarely the fT4
levels can be normal but the fT3 is raised in
“T3-toxicosis”.

Other thyroid tests can confirm the aetiology
of hyperthyroidism. The diagnosis of Graves’
disease can be confirmed by the detection of
stimulatory TSH receptor antibodies. Thyroid
peroxidase antibodies are elevated in autoim-
mune thyroiditis that may present with hyper-
thyroidism as well as the more common
presentation of hypothyroidism. Graves’ disease
may also have thyroid ophthalmological
immunoglobulin associated with eye signs and
thyroid growth immunoglobulins associated with
thyroid enlargement.

Other Investigations

Although history, physical examination and
thyroid function tests are the critical components
of the evaluation of hyperthyroidism other
imaging investigations are occasionally useful.
Thyroid ultrasound can be useful to confirm the
suspicion of a diffuse thyroid goitre and screen
for thyroid nodules. See Chap. 3 for further

discussion of the evaluation and management of
thyroid nodules.

Radioactive iodine (RAI) uptake and scanning
may be used when the aetiology of hyperthy-
roidism is still unclear after laboratory evalua-
tion. In Graves’ disease, RAI uptake is elevated
and the scan shows diffuse uptake.

Management

Current treatment options include antithyroid
medications that block thyroid hormone pro-
duction and radioactive iodine and thyroidec-
tomy that eliminate thyroid hormone producing
follicular cells. None of the current treatment
options are ideal and there is controversy
regarding the best therapy for children with
hyperthyroidism. In view of the lack of clinical
trials to guide treatment decisions, our current
opinion is to tailor treatment based on the indi-
vidual patient’s needs while considering the risks
and benefits of each treatment [22]. Medical
treatment is the first option for treating hyper-
thyroidism and maybe the only treatment neces-
sary. It is rare that children require hospital
admission at diagnosis, however, if there are
marked hyperdynamic cardiovascular symptoms
then admission maybe necessary until
beta-blockers have controlled these symptoms.
Two-thirds of patients relapse following medical
treatment and in these individuals, radioiodine or
surgery are the second-line options [21]. The
outcome from both is excellent. Although the
patient will be hypothyroid and need lifelong
thyroxine treatment this is easy to manage and
results in clinically euthyroid individuals. The
risk of relapse decreases with a longer primary
course of antithyroid medication [9].

Despite the management challenges, progno-
sis in the majority of children with hyperthy-
roidism is good when treatment is timely and
appropriate [23]. It is important to remember that
long-term consequences of hyperthyroidism can
result from both the disease and the treatment
used [2]. Stratifying patients according to risk of
relapse after medical management with antithy-
roid medication by identifying predictive factors

2 Hyperthyroidism 21

http://dx.doi.org/10.1007/978-3-662-54256-9_3


early has led to improvement in overall man-
agement. Factors include young age, severity of
hyperthyroidism at diagnosis and the presence or
absence of other autoimmune conditions are
important to consider.

Medical Management

If the individual is very symptomatic then pro-
pranolol (or another beta blocker) is used to
control the symptoms of sympathetic overdrive,
such as tremor and tachycardia, until definitive
therapy. Propranolol is usually begun orally at
0.25–0.5 mg/kg/dose, two to four times daily and
the dose is titrated for symptom relief. Propra-
nolol can be stopped when the thyroid hormone
levels fall into the normal range. Propranolol
should be avoided in patients with asthma but a
more selective beta-blocker can be used in this
circumstance.

Antithyroid drugs are usually considered
first-line treatment of hyperthyroidism in chil-
dren [24]. Antithyroid drugs are known as
thionamides and include propylthiouracil (PTU),
carbimazole and the active metabolite methima-
zole. They inhibit thyroid hormone synthesis by
interfering with the organification process by
which iodine attaches to the tyrosine moieties in
thyroglobulin, i.e. the thyroid peroxidase medi-
ated iodination. PTU and methimazole are
available in the United States and much of the
rest of the world. Methimazole is preferred to
PTU because PTU is associated with a risk of
severe liver damage (PTU induced hepatitis) and
production of cytoplasmic anti-neutrophil
autoantibodies. Antibody-positive vasculitis is
exceptionally rare. PTU can block the conversion
of T4 to T3 whereas methimazole cannot [9, 25].
The United States Food and Drug Administration
(FDA) recommend that PTU should be used in
children only if other treatment options are
unavailable. Another antithyroid drug is car-
bimazole. Carbimazole is metabolised by the
patient into methimazole. Carbimazole is widely
used in the United Kingdom, Europe, and the
countries of the former British Commonwealth.
Carbimazole, methimazole and propylthiouracil

have side effects that range in severity from a
transient rash to agranulocytosis and neutropenia.
Allergic-type reactions with fever, rash, urticaria,
gastrointestinal symptoms and arthralgia occur in
1–5% of patients. These reactions are usually
transient and can be treated with antihistamines
without discontinuing therapy. Agranulocytosis
and neutropenia is a rare but serious side effect.
Although it is not necessary to check regular
complete blood counts it is important to com-
municate to the family and child that they should
immediately report symptoms of easy bruising,
sore throat, mouth ulcers, or fever and a complete
blood count performed urgently to ensure
immunocompetency. It is important to provide
the family with verbal and written instructions
that specify what symptoms mandate urgent
reporting and the need to stop medications. Clear
documentation of these discussions and instruc-
tions is essential. Even when the patient suffers a
serious side effect of an antithyroid drug it is
often possible to switch to an alternative
antithyroid drug with careful monitoring.

The recommended dose of carbimazole for
children less than 12 years is 0.25 mg/kg/dose
three times per day. For children between 12 and
18 years the dose is 10 mg three times per day.
The dose for propylthiouracil is 25 mg three
times per day for children 1–5 years, 50 mg three
times per day for children 5–12 years and
100 mg three times per day for adolescents 12–
18 years. The conversion between these two
antithyroid drugs is 1 mg of carbimazole equates
to approximately 10 mg of propylthiouracil.

There are two main antithyroid drug treatment
strategies, (1) block and replacement or (2) dose
titration. In block and replacement the thyroid
gland is first “blocked” or “switched off” with
antithyroid drugs, suppressing T4 and T3 and
rendering the patient virtually hypothyroid. The
“block” is accomplished using relatively higher
doses of any of the antithyroid drugs. With this
strategy it usually takes 2 weeks or more of
treatment before the patient becomes euthyroid.
When T4 and T3 levels have fallen and stimulate
the patient’s TSH into the normal range then
“replacement” with exogenous thyroxine com-
mences. Some of the possible advantages of the
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“block and replace” regimen include having less
blood tests, improved stability and possibly
higher remission rates [5, 26–28]. The higher
doses of antithyroid drugs used in “block and
replacement therapy” provides better control of
thyroid hyperfunction and may be responsible for
a higher remission rate. Compliance with taking
the needed thyroxine replacement can be
increased by direct observation of treatment by
parents or providing a pill box. The best routine
with the most effective pharmacokinetic action is
to take thyroxine in the morning on an empty
stomach.

The second antithyroid drug strategy is “dose
titration therapy” which uses lower doses of
antithyroid drugs so that within 1–2 months of
starting antithyroid treatment the fT4 and fT3 fall
and the TSH remains suppressed. When fT3 and
fT4 are within the lower half of the normal range,
which can take up to 3 months with this option,
the antithyroid drug dose is reduced and “ti-
trated” to keep the fT3 and fT4 in the normal
range without the need for exogenous thyroxine
treatment. A potential advantage of the “dose
titration” strategy may be better compliance with
the monotherapy of an antithyroid drug alone
rather than an antithyroid drug and thyroid hor-
mone replacement. In addition, the lower doses
of antithyroid drugs may result in fewer side
effects. More blood tests may be necessary in the
“titration” phase and this is a disadvantage of the
dose titration therapy, especially in children.

It is not clear which treatment strategy is
superior. Part of the controversy exists due to the
variability of patient response to antithyroid
drugs and the limited data available about
definitive therapy in prepubertal children [29].
A recent study reports that the relapse risk was
higher for children of nonwhite ethnic origin
with high serum levels of TSH receptor autoan-
tibodies and T4 at diagnosis. However, children
who were older at disease onset and had a longer
duration of antithyroid treatment had a lower
relapse risk [29, 30]. Ongoing trials by the Bri-
tish Society of Paediatric Endocrinology and
Diabetes may provide information as to the ideal
method of antithyroid drug treatment of Graves’s
disease in children.

Antithyroid drugs have been associated with a
lower remission rate in children with Graves’
disease compared to adults and a longer duration
of therapy is required in prepubertal patients
[11]. Treatment with antithyroid drugs should be
for a minimum of 2 years as this has been shown
to decrease the risk of relapse [9, 31]. Most
clinicians report a remission rate of less than
25%, with approximately two-thirds of patients
relapsing either on treatment or after stopping
treatment. The decision to stop antithyroid drug
treatment is planned around the age and partic-
ular circumstances of a patient. It should not be
stopped in adolescents going through puberty or
during important exam times in their life. A cau-
tious reduction of treatment and close monitoring
over summer holidays is recommended. Once
relapsed, individuals will need further medical
management to regain control before definitive
treatment is undertaken with radioactive iodine
or surgery [24].

Methods identifying the likelihood of remis-
sion would greatly improve patient management
[9, 32]. There are very few studies evaluating the
long-term outcome of the relationship between
duration of antithyroid treatment and remission
rates. Some studies have evaluated age, goitre
size, severity of hyperthyroidism at onset mea-
sured by thyroid hormone receptor antibodies
(TRAb) levels at onset and at end of antithyroid
treatment as well as duration of treatment as
predictive markers of Graves’ relapse. Absence
of goitre at diagnosis is associated with better
outcome. TRAb levels which normalise within a
year are also predictive of positive outcome as
well as levels that are less than 2.5 times the
upper reference limit at diagnosis [33]. A recent
multicentre study has shown that serum TRAb
levels are a sensitive, specific and reproducible
biomarker for pediatric Graves’ and that is cor-
relates well with disease severity [34]. Further-
more, recent studies have concluded that
antithyroid medication could be offered up to
10 years before definitive management in cases
with good compliance and with no major adverse
effects secondary to antithyroid medication. [9]
Regardless of the mode of treatment it does not
seem to impact on the health associated quality
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of life. However, this would be important to
study specifically in children in order to evaluate
the emotional, behavioural and neuropsycholog-
ical long-term outcomes. Certainly large
prospective randomised trials in children would
address these management dilemmas.

Radioactive Iodine Treatment

Radioactive iodine therapy is increasingly
viewed as a safe and effective treatment in the
management of hyperthyroidism in children [6,
28, 35–37]. The goal of radioiodine treatment is
to ablate thyroid follicular cells to the extent that
results in the patient becoming hypothyroid [15].
There have always been concerns around giving
radioiodine therapy to children due to the
long-term risk of thyroid cancer and certainly
there are rare cases. However, thyroid cancer is
also more common in patients with untreated
Graves’ disease so the magnitude of risk after
radioiodine treatment is unclear. Radioiodine is
not considered first-line treatment in paediatrics
but reserved for children who either relapse while
being treated with antithyroid drugs or following
discontinuation of antithyroid drugs. It is also
indicated for individuals who cannot tolerate
antithyroid drugs or who will not comply with
the prescribed treatment. The cure rate for
radioiodine is up to 50% and the incidence of
hypothyroidism around 40% [35]. The efficacy
of radioiodine therapy is dose related. High cure
rates without an associated higher risk of thyroid
cancer are reported when using appropriate doses
of radioiodine. Due to the theoretical risk of
thyroid cancer in children treated with radio-
iodine, it is considered best to use a high dose of
radioiodine in order to minimise the thyroid tis-
sue that remains and is at long-term risk of
neoplastic change. It has been shown that at least
300 microCi/g are needed in order to ensure
ablation of thyroid tissue [2, 37]. In 85–90% of
patients, a single dose of radioiodine is sufficient
to cure hyperthyroidism but even when a mod-
erately high initial dose of radioiodine is used a
second dose maybe necessary [36]. Of 48
patients treated with radioiodine, 89% became

hypothyroid after the initial dose, whilst the
remaining 11% needed a second dose. [15].

In the United Kingdom, only patients over
10 years of age are generally offered radioiodine
treatment. In circumstances of significant eye
involvement radioiodine is not recommended
because it may cause marked deterioration
although this is not a universal observation [36].
Long-term follow-up studies have been reassur-
ing so far but more are required.

Surgical Management
of Hyperthyroidism

Indications for Operative Management
of Hyperthyroidism

Thyroidectomy as treatment for hyperthyroidism
is generally indicated when there is failure of
medical therapy, intolerance of medical treatment
(such as adverse drug reactions), severe thyro-
toxicosis, severe ophthalmopathy, large glands
producing obstructive or compressive symptoms,
coexistence of a thyroid nodule, or patient pref-
erence. As mentioned previously, radioactive
iodine is not indicated in children younger than
10 years of age so those patients should be
referred for surgical treatment. An important
additional benefit of surgical treatment is that it
can allow for detection and treatment of clini-
cally occult malignancies that may coexist in up
to 5% of children [38].

Access to thyroid surgery for children is
limited because of a vicious cycle. Most surgeons
have limited experience since few children are
referred for thyroidectomy and physicians are
reluctant to refer children for thyroidectomy
because they unlikely to have access to a surgical
unit with sufficient experience. For example, the
national audit maintained by the British Associ-
ation of Endocrine and Thyroid Surgeons (http://
www.baets.org.uk) showed that 52 surgeons
performed 151 thyroid operations in children
<17 years, with only 6 surgeons performing
more than five such operations over the lifetime
of the database. In the financial year 2009 only
seven thyroidectomies for Graves’ disease in
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children were recorded. Though these data might
be incomplete, it is undoubted that most surgeons
rarely perform thyroidectomy for Graves’ disease
in children. This has a negative impact on
availability of this service and partially explains
the reticence to recommend surgery in these
patients.

Preoperative Preparation

All patients undergoing thyroidectomy for
hyperthyroidism have to be fully controlled on
medication and biochemically euthyroid at the
time of the operation. Those who do not tolerate
antithyroid drugs (e.g. those with agranulocytosis
induced by carbimazole) can be controlled
acutely using high dose iodine (either from Lugol
solution or from potassium iodine) for 7–10 days
before proceeding with the operation. Beta-
blockers (e.g. propranolol) can also be added to
control the heart rate and decrease the peripheral
conversion of T3 in T4. The operation must be
done in a narrow time-window because the acute
inhibition of the thyroid with iodine fails after
10–14 days and a severe, rebound thyrotoxicosis
can ensue.

Perioperative Anaesthesia
Considerations

The current medical practice of good preopera-
tive medical control of thyrotoxicosis has elimi-
nated the much feared perioperative complication
of “thyroid storm”. Routine monitoring of car-
diac rhythm is maintained during the periopera-
tive period but it is unlikely to demonstrate
severe changes during the procedure.

There is increasing evidence that the use of an
endotracheal tube with electrodes touching the
vocal cords may be beneficial. Such tubes allow
the use of intraoperative nerve monitoring
(IONM), whereby during the operation the sur-
geon has the possibility of using a stimulating
electrode to demonstrate normal conductibility of
the current through the recurrent laryngeal nerve
(RLN). Guidelines and standards for the use of

IONM have been published and can easily be
adopted in children. In short, the vagus nerve is
identified at the beginning of the procedure and
successful stimulation of the vagus nerve
demonstrates that the circuit is functional.
Thereafter, any anatomical structure thought to
be the RLN during the dissection may be stim-
ulated to test for RLN function. At the end of the
procedure, the vagus is stimulated once more to
check whether the latency or amplitude of the
current has changed (i.e. whether there is any
electrophysiological evidence of injury to the
nerve).

Choice of Operation
for Hyperthyroidism

There is an on-going debate on which surgical
procedure provides best outcomes for children
with Graves’ disease. Total thyroidectomy is the
preferred surgical treatment for Graves’ disease
in adults in the United Kingdom. Those who
favour total thyroidectomy argue that it is the
only operation that essentially eliminates the risk
of relapse and has an increased efficacy in
patients with severe ophthalmopathy [39]. The
fact that it leads to permanent hypothyroidism
which requires a lifelong replacement therapy is
of minimal medical and financial consequence in
the western world. In areas of the world where
access to medication is limited the argument will
be different.

Subtotal thyroidectomy has fewer advocates
but is the standard treatment of thyrotoxicosis in
Japan. It can be performed either as a bilateral
subtotal resection (bilateral remnants of � 3 g)
or lobectomy plus subtotal lobectomy (Dunhill
procedure, unilateral remnant of � 5–7 g). Some
suggest the remnant size of 3–4 g provides an
optimal balance between low relapse rate (4%
recurrence after 2–3 years) and acceptable com-
plication rate in both pediatric and adult popu-
lation [40]. The argument against subtotal
resection is the high risk of recurrence of
hyperthyroidism ranging between 1.2 and 16.2%
(9) to 30% [41]. Though similar comparative
studies have not been undertaken in children, one
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can safely assume that subtotal thyroidectomies
in children would have an even higher risk of
recurrent disease compared with adults.
Near-total thyroidectomy with a total thyroid
remnant of 2–4 g may minimise risk of relapse
and at the same time may prevent permanent
hypothyroidism.

Most published series report the results of
traditional thyroidectomy and there is minimal
data available on minimally invasive video-
assisted thyroidectomy (MIVAT) in children. In
a small study of children undergoing MIVAT,
the cosmetic results were better and postopera-
tive recovery was shorter than after open thy-
roidectomy and no complications were recorded
[42] but this technique is seldom available. No
reports have been published regarding the use of
robotic transaxillary thyroidectomy in children.

Whatever the surgical approach is, there is
evidence that an individual surgeon’s experience
is associated with of better treatment outcomes.
Higher volumes of thyroidectomies performed
result in lower complication rates and shorter
hospital stay [43] therefore it seems reasonable to
refer this group of patients to national referral
centres where surgeons with adequate level of
experience can deal with this relatively rare
condition.

Postoperative Care

Patients should be able to drink fluids immedi-
ately after surgery. Patients with RLN injury may
have difficulty swallowing and are at risk for
aspiration so when there is a clinical suspicion of
RLN injury they should be observed when
attempting to drink water for the first time after
the operation.

Development of a neck haematoma that can
lead to airway compromise is the most severe
complication of thyroidectomy. The risk is
highest in the first 6 h postoperatively but it
remains a possible risk for the first 24 h. Close
monitoring by nursing staff and early assessment

and treatment by clinicians with appropriate
experience is mandatory. Most such haematomas
can be dealt with conservatively but some require
emergency removal of the sutures and return to
the operating theatre for evacuation of haema-
toma and control of bleeding.

The morning after the operation calcium and
PTH levels should be checked. If hypocalcaemia
is present (<2.0 mmol/l) or if patient is symp-
tomatic, oral calcium supplements should be
instituted. It is desirable to avoid development of
severe hypocalcaemia that needs administration
of intravenous calcium.

Voice should be assessed within few weeks
after the operation. If there are changes sugges-
tive of laryngeal nerve injury, further evaluation
is necessary and referral to a specialised voice
clinic may be beneficial.

Results of Thyroidectomy
for Hyperthyroidism

Published series from the Mayo Clinic (1986–
2003, 78 children) [44] Japan (1989–1998, 74
children) [45], Chicago (2000–2007, 12 children)
[46] show no recurrent hyperthyroidism after
total thyroidectomy and definite recurrence risk
(4–10%) after less-than total thyroidectomy.

With the limited published data on the out-
comes of treatment of children with hyperthy-
roidism, it is necessary to balance the pros and
cons for each of the methods available to choose
the treatment that is be offered to an individual
patient (Table 2.2). Clinicians have to balance
not only the published data and the experience of
individual surgeons but also the other resources
available, parent and child preferences, and the
family’s cultural and social beliefs. Surgeons
involved in the care of these children should
work as part of a multidisciplinary team that
includes pediatric endocrinologists and anesthe-
siologists, pediatricians, nuclear medicine
physicians and pathologists to afford children the
best clinical outcomes.
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3Thyroid Nodules in Children

Geoffrey K. Blair and Daniel J. Ledbetter

This chapter will review thyroid nodules in
children. Nodular disease of the thyroid, as with
other thyroid disorders, is much less common in
children than in adults but it is a regular occur-
rence in regional centers that provide compre-
hensive care for children and adolescents. The
major clinical concern of thyroid nodules in both
children and adults is the risk of malignancy.
Since the risk of a thyroid nodule being malig-
nant seems to be higher in children than adults,
children presenting with thyroid nodules deserve
the same organized approach to their evaluation
that adults receive. This chapter will present one
approach to the evaluation and management of
thyroid nodules in children.

The care for these young patients with thyroid
nodules is best done by a team of experienced
pediatricians and pediatric-trained specialists,
including endocrinologists, radiologists, oncolo-
gists, pathologists, and surgeons. Even in the
largest pediatric centers, the role of the pediatric
thyroid surgeon should be designated to one or

two specific surgeons, for the cases are not fre-
quent and the occasional pediatric thyroid sur-
geon can be a menace.

Incidence and Epidemiology

Palpable nodularity of the thyroid is found in
roughly 5% of adults [1]. The incidence of thy-
roid nodules detected by an ultrasound exam of
the thyroid is much higher [2]. Nodules not
appreciated on physical examination and seen
only with imaging are sometimes called “inci-
dentalomas” but since they have a risk of
malignancy as high as palpable nodules they
should be managed in the same ways as palpable
nodules [3]. These nodules are sonographically
discrete areas within the thyroid that look dif-
ferent from the surrounding gland and they do
not always correlate with physical exam findings
but correlate well with pathologic findings [4].
Because of its accuracy, precision, reproducibil-
ity, and ease of use ultrasound is now the gold
standard for diagnosis of thyroid nodules [5].

Although less common than in adults, thyroid
nodules are not rare in children. In a large
screening program to detect thyroid abnormali-
ties in children with possible radiation exposure
in the American Southwest almost 2% of
school-aged children were found to have palpa-
ble thyroid nodularity [6, 7]. Other estimates of
the incidence of thyroid nodules in children
range between 1.0 and 1.5%—less common than
in adults but not a rare problem by pediatric
standards [8].
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In adults, thyroid nodules are much more
common in women than in men [9]. In pediatric
patients thyroid nodules are also more common
in girls but there is not such an overwhelming
preponderance of females who are afflicted,
especially in particularly in the pre-pubescent age
group [10, 11].

Etiology

Nodules may be solitary or multiple and may be
associated with a wide spectrum of thyroid dis-
orders including multinodular goiter, autoim-
mune thyroiditis, Hashimoto’s disease, or
Graves’ disease [8]. The most worrisome risk is
that a thyroid nodule may represent a thyroid
neoplasm and this risk seems to be higher in
nodules in children compared to nodules in
adults [8, 12, 13].

Evaluation of Thyroid Nodules

Thyroid nodules are usually asymptomatic and
the most common reason to evaluate them further
is the concern for thyroid malignancy. A clinical
pathway guideline or algorithm can strategically
acknowledge the protean presentations of the
child with a “thyroid nodule.” Several of practice
guidelines for the evaluation and management of
thyroid nodules have been published [5, 12–15].
New guidelines appear regularly and one of the
most recent is from the American Thyroid
Association Task Force on Pediatric Thyroid
Cancer—“Management Guidelines for Children
with Thyroid Nodules and Differentiated Thyroid
Cancer” [16].

As with any clinical guideline, they must be
applied intelligently to individual patient vari-
ability, needs, preferences, and to the practice
setting. Figure 3.1 represents a modified algo-
rithm of management generated through an iter-
ation and expert consensus among the pediatric
surgeons, endocrinologists, pathologists/
cytologists, and radiologists engaged in the

Canadian Thyroid Nodule Study (CaPTNS)
group [7]. The following text provides further
explanation.

History and Physical Examination
of the Child with a Thyroid Nodule

The evaluation of a child with a thyroid nodule
begins with a history and physical examination.
Most thyroid nodules are asymptomatic but
symptoms of neck pain, difficult or painful
swallowing, difficult or noisy breathing, or
hoarseness suggest the possibility of local inva-
sion or compression of the airway, esophagus, or
recurrent laryngeal nerve. The rate of growth
should be assessed. Rapid growth of a thyroid
mass classically would suggest anaplastic thyroid
cancer or thyroid lymphoma; however, both of
these tumors are rare in children. In addition,
although most patients with thyroid cancer are
euthyroid it is necessary to ask about symptoms
of hyper and hypothyroidism [9].

In addition to the history of the thyroid nodule
and the state of thyroid function, it is important
to ask about a personal history of radiation
exposure or thyroid disease and about any family
history of thyroid disease, thyroid cancer, or
tumors common in familial tumor syndromes.

Physical examination should look for signs of
hyper or hypothyroidism and for any of the signs
seen in syndromes with a risk of thyroid cancer
(see Chap. 4 for specific examples of syndromes
with a risk of thyroid cancer). The characteristics
of the thyroid nodule—its size, character, tender-
ness, mobility, and fixation—should be noted.
Finally, it is very important to examine for asso-
ciated cervical lymphadenopathy. However,
although a complete history and physical exami-
nation is important and necessary to provide
optimal care of the patient, by itself it is usually
unreliable in making a diagnosis of malignancy
[9, 12]. After the history and physical examination
the next steps in evaluation of a childwith a thyroid
nodule are to obtain basic laboratory tests of thy-
roid function and an ultrasound of the thyroid.
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Laboratory Tests to Evaluate Thyroid
Nodules

Serum thyroid stimulating hormone
(TSH) levels as a measure of thyroid function
are indicated in patients with diffuse or focal
enlargement of the thyroid gland [5]. When the
TSH is lower than normal then a thorough
evaluation for hyperthyroidism should be per-
formed including radionuclide thyroid scanning.
Radionuclide scanning will identify nodules as
“cold” (uptake less than surrounding thyroid),
“warm” (uptake equal to surrounding thyroid),
or “hot” (uptake greater than surrounding thy-
roid). “Hot” nodules are hyperfunctioning.
Hyperfunctioning thyroid nodules are usually
not malignant [5, 9] but patients with laboratory
and clinical hyperthyroidism require treatment
for the hyperthyroidism that could include sur-
gical excision with a thyroid lobectomy of the
hyperfunctioning nodule. When TSH levels are

higher than normal (or even in the high normal
range) then the thyroid nodule has an increased
risk of being malignant [17].

Other laboratory tests have been used in the
evaluation of patients with thyroid nodules but
there is no consensus about their routine use.
Serum thyroglobulin levels can be elevated in
patients with differentiated thyroid cancer but
similar elevations are found in other, nonmalig-
nant thyroid diseases. Therefore, serum thy-
roglobulin is neither sensitive nor specific for
thyroid cancer and not useful during the evalu-
ation of a thyroid nodule [18]. Serum calcitonin
levels have been advocated in the evaluation of
thyroid nodules to detect medullary thyroid
cancer although this has not been the standard
practice in the United States, and probably not
warranted as a routine test in childhood thyroid
nodules, unless, of course there is a family his-
tory of Multiple Endocrine Neoplasia Type 2 or
Familial Medullary Cancer syndromes [19–21].

Fig. 3.1 Pathway for pediatric thyroid nodules. *Purely
cystic lesions, i.e., no solid component, are not managed
using this guideline. Surgical consultation may be

considered. Recommend external expert review if atypia
of undetermined significance occurs on repeat FNA
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Imaging in the Evaluation of Thyroid
Nodules

Ultrasound (US) should be the first imaging
study obtained for a thyroid nodule and is often
the only imaging study needed during the eval-
uation [22]. US can identify the number of
nodules, their size, and whether they are solid or
cystic. In addition, more subtle characteristics
such as nodule regularity, vascularity, and the
presence of calcifications can be assessed.
Ultrasonographic findings suggesting malig-
nancy include nodules with increased peripheral
vascularity, irregular, “infiltrative” margins, and
microcalcifications [23]. Additional features
suggesting malignancy include nodules that are
hypoechoic compared to surrounding thyroid and
nodule dimensions that are taller than wider in
the transverse viewing plane [24, 25]. None of
these features is diagnostic for malignancy but
may be useful to risk stratify nodules that require
biopsy [5]. Some ultrasound features argue
against malignancy. For example, pure cystic
nodules are rarely malignant [26] and would not
typically require further evaluation by biopsy
although they might need intervention for their
mass effect alone.

The objective of ultrasound in evaluating
thyroid nodules is to identify nodules that need
further evaluation with a biopsy. The major cri-
teria used to decide if biopsy is needed are size
and character of the nodule. As a general rule,
thyroid nodules 1 cm or larger in diameter that
have solid components should be biopsied [5].
Certain aspects of the patient’s history and
physical exam (e.g., a history of radiation expo-
sure [27] or family history of thyroid cancer [28],
or exam findings suggesting a syndrome with an
increased risk of thyroid cancer) or the finding of
ultrasound characteristics of malignancy might
cause suspicion and lead to biopsy of nodules
smaller than 1 cm. Finally, biopsy is indicated
when lesions are seen to be enlarging or espe-
cially when they are associated with enlarged
cervical lymph nodes [5].

Fine Needle Aspiration of Thyroid
Nodules

The technique of biopsy of thyroid lesions to
evaluate for malignancy is fine needle aspiration
(FNA) [29]. This technique has been used
extensively in adults and it has been shown to be
equally useful in children [30]. FNA should be
performed in children under ultrasound guidance,
to ensure proper sampling especially when the
nodule has cystic components or when it is small
[31]. One unique aspect of FNA in children when
compared to adults is the increased need for
sedation or even general anesthesia since chil-
dren are not always as cooperative as adults with
even minor procedures.

FNA requires an experienced pathologist to
interpret the biopsy specimens and clearly report
the findings to the physicians and surgeons car-
ing for the patient. Since biopsy findings are
critical to the diagnosis of malignancy and sur-
gical treatment there have been efforts to stan-
dardize the reporting of FNA. One standard
reporting scheme was the outcome of the
National Cancer Institute sponsored thyroid FNA
“State of the Science” conference in 2007. Based
on these discussions and using the Bethesda
System for reporting cervical cytology interpre-
tations as “inspiration,” the National Cancer
Institute’s Bethesda System for Reporting Thy-
roid Cytopathology was developed [32].

This system defines six different categories to
describe FNA results:

• Nondiagnostic/Unsatisfactory,
• Benign,
• Atypia of Undetermined Significance or Fol-

licular Lesion of Undetermined Significance,
• Follicular Neoplasm or suspicious for a Fol-

licular Neoplasm,
• Suspicious for malignancy,
• Malignant.

When initial FNA yields an unsatisfactory or
nondiagnostic sample then close follow-up with
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a repeat FNA under US guidance in 3–6 months
is recommended and often provides a more
definitive answer [33, 34]. Persistently unsatis-
factory or nondiagnostic samples, especially
when the nodule is solid, when it is growing, or
in patients with risk factors for malignancy
should lead to the consideration of hemi-
thyroidectomy (lobectomy + isthmusectomy) to
obtain a definitive diagnosis and relieve family
uncertainty [35].

The other categories of FNA findings have
increasing risks of malignancy. The lowest risk
of malignancy is for nodules classified as benign
where there is a small, but real risk of a
false-negative result. Close follow-up of these
patients is required [36, 37]. Follow-up should
include repeat US and if the nodule is growing
then a repeat FNA [2]. Similar to purely cystic
nodules, when nodules that are predominantly
cystic are benign by FNA and then again accu-
mulate cystic fluid and are symptomatic then
hemithyroidectomy can be considered [5].
Another option for treatment of symptomatic,
benign cystic nodules that has been described in
adults is ablation by injection of ethanol [38].

There is a spectrum malignancy risk among
FNAs of indeterminate cytology. Those reported
as “atypia” or “follicular lesion of undetermined
significance” (AUS/FLUS) have a relatively low
(5–10%) risk of malignancy in adulthood [32].
However, the reported rates of malignancy in
lesions where the FNA results show AUS/FLUS
in childhood is significantly higher and argument
can be made to proceed to hemithyroidectomy
[39]. Alternatively, with care and selection, these
lesions may be observed closely and a repeat
FNA done in 3–6 months.

FNAs reported as “suspicious for follicular or
Hürthle cell neoplasm” the risk may be as high as
20–30% although the exact risk debatable and
may be lower in certain patients. It is impossible
to distinguish follicular adenomas from follicular
carcinomas because the diagnostic criteria for
malignancy are not cytological but rather evi-
dence of capsular or vascular invasion, which
requires examination of the whole lesion. Because
of the higher risk of malignancy hemithyroidec-
tomy for a definitive diagnosis is recommended

[12]. In a meta-analysis of the utility of FNA in
children, the issue of finding follicular cells on
cytology recognized the difficulty in differentiat-
ing benign follicular adenomas from follicular
carcinomas. They concluded that the finding of
follicular cells on FNA in a child should be
viewed as “suspicious for malignancy” and that
surgery should proceed [30].

The highest risk of malignancy is in those
FNA samples that are read as “suspicious for
malignancy” or “malignancy” and those patients
should be prepared for surgery. Where the FNA
cytology indicates “malignancy” the patient
should have a total thyroidectomy and, where
indicated, the appropriate zonal cervical lymph
node dissection [40, 41].
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4Thyroid Cancer in Children

Daniel J. Ledbetter

This chapter reviews thyroid cancer in children.
It concentrates on differentiated thyroid cancer
that arises from thyroid follicle cells, especially
papillary thyroid cancer. The other major differ-
entiated thyroid cancer, follicular cell carcinoma,
is also discussed but other thyroid cancers are
only briefly mentioned. Medullary carcinoma of
the thyroid is discussed in Chap. 31, Multiple
Endocrine Neoplasia Type 2.

Discussions of thyroid cancer in children are
often dominated by extrapolations of data from
adults because thyroid cancer is so much more
common in adults than children. But thyroid
cancer in children is not the same as thyroid
cancer in adults. There are different etiologies,
risk factors, clinical presentations, and natural
histories. The unique aspects of thyroid cancer in
children have been recognized and in 2015 the
American Thyroid Association published specific
recommendations regarding the evaluation and
management of thyroid cancer in children
18 years of age and younger [1]. This chapter
will review some of those recommendations.

As for many surgical conditions, the lack of
controlled trials for patients with thyroid cancer
has led to treatment recommendations that are
largely based on upon the consensus of experts
[1, 2]. As a general rule, treatment of thyroid

cancer typically consists of initial operation to
remove gross disease in the neck and then
radioactive iodine (I-131) is given to patients
who have residual disease or to patients who are
at a significant risk for recurrent disease [3, 4].
Unlike many other childhood cancers,
chemotherapy and external beam radiation are
generally not effective against thyroid cancer.

Incidence

Thyroid cancer is an example of a common
clinical scenario in pediatric surgery—it is not a
rare problem in children, but the absolute number
of children affected is small when compared to
the number of adults. A report examining more
than 30 years of data from the Surveillance,
Epidemiology, and End Results (SEER) registry
identified 1753 patients younger than 20 years
old with thyroid carcinoma and calculated the
annual incidence in this age group to be 0.5 cases
per 100,000 people [5]. Over the duration of the
study, the incidence of thyroid cancer in children
steadily increased by 1.1% per year. This
increasing incidence in children is consistent
with the findings that the overall incidence of
thyroid carcinoma has more than doubled from
1975 to 2001 [6].

The relatively low incidence of the thyroid
cancer in children can be considered from dif-
ferent perspectives. First, when looking at all
patients with thyroid cancer, children are a defi-
nite minority, with patients under 20 years of age
accounting for less than 2% of patients with a new
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diagnosis of differentiated thyroid cancer [1, 4].
However, from the perspective of malignancy in
the young, thyroid cancer is an important
problem.

Among young people the risk of thyroid
cancer is directly related to increasing age.
Thyroid cancers make up less than 1% of
malignant tumors in children younger than
10 years of age but they are much more common
in adolescents. In children aged 15–19 years
thyroid cancer accounts for 7.5% of all cancers
making it the 8th most common malignancy in
that age group (and the second most common in
girls) and in young adults 20–24 years old thy-
roid cancer accounts for 10.5% of all cancers
making it the third most common cancer in that
age group [5, 7].

These incidence figures translate to between
300 and 400 young people with new diagnoses
of thyroid cancer each year in the United States.
When compared to the roughly 500 new cases of
Wilms tumor each year it is apparent that thyroid
cancer is a relatively common pediatric tumor
requiring surgery [4]. However, the relative fre-
quency that patients with thyroid cancer are seen
at any individual pediatric center varies widely
depending upon referral patterns and the number
of adolescents cared for by that center.

Epidemiology

As with adults, pediatric patients diagnosed with
thyroid carcinoma are more likely to be female
than male [8, 9]. This female gender predomi-
nance is more marked with increasing age. Chil-
dren younger than 10 years of age with thyroid
cancer are only slightly more likely to be female
with a gender distribution of 1.2–1.6 girls: 1 boy,
while for children aged 10–14 years the ratio is
3.3 girls: 1 boy, and for those aged 15–19 years
old the gender distribution is 5.2 girls: 1 boy [10].
Although the data is not as robust in children
there are differences in the racial distribution of
thyroid carcinoma in adults indicating a higher
frequency of diagnosis in Non-Hispanic whites
relative to African-Americans [11, 12].

Etiology

Although the cause of most thyroid cancers is
unknown, there is an increased risk of thyroid
cancer with radiation exposure and in some
genetic syndromes.

Risk of Thyroid Cancer After Radiation
Exposure

Radiation exposure is the best-known environ-
mental risk factor for developing thyroid cancer.
The majority of thyroid cancers that develop after
radiation exposure are papillary carcinomas [13].
The magnitude of the risk of thyroid malignancy
after radiation exposure is related to the age of
the patient at the time of the exposure, the radi-
ation dose, and associated conditions and
treatments.

The sensitivity of the thyroid gland to irradi-
ation is higher in younger patients [13–15] and
the increased risk is especially marked with
radiation doses at or above 20–29 Gy [16].

Radiation exposure can be classified as either
low- or high dose. Low-dose exposures include
[1] therapeutic irradiation for benign conditions
such as hemangiomas, enlarged tonsils, or thy-
mic hyperplasia and [2] living in the vicinity of
nuclear accidents such as Chernobyl or in areas
impacted by atomic bombs. High-dose exposure
occurs with radiation treatment for malignancy.
The risk of malignancy is higher with higher
radiation doses.

Although the cumulative incidence of thyroid
malignancy following medical treatment is low,
the incidence of thyroid cancer was found to be
higher than expected in cohort analyses of sur-
vivors of other childhood cancer [17]. The
increased risk of thyroid cancer in individuals
who have had radiation exposure to their thyroid
during childhood has led to recommendations for
long-term thyroid ultrasound surveillance of
these patients to detect thyroid nodules [18].

The age-dependent sensitivity of the thyroid
to the carcinogenic effects of radiation has also
been noted with exposure to I-131. In adults
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treated with I-131 there seems to be a minimally
increased risk of future thyroid cancer, whereas
children and even adolescents seem to have an
increased risk. The risk is even more substantial
if the child was younger than 10 years at the time
exposure [19]. The clinical relevance of this
increased risk was demonstrated by the epidemic
of papillary thyroid cancer among children
exposed to I-131 after the Chernobyl nuclear
reactor accident in 1986 [20]. Even though
radiation-related papillary thyroid cancers look
more aggressive histologically and have higher
recurrence rates, the overall patient survival with
these tumors is similar to tumors not associated
with radiation exposure [21].

Risk of Thyroid Cancer in Syndromes

Thyroid cancers are associated with several
genetic syndromes including multiple endocrine
neoplasia, familial adenomatous polyposis,
PTEN hamartoma tumor syndromes, the Carney
complex, DICER1 syndrome, and familial non
medullary thyroid carcinoma (FNMTC).

Multiple endocrine neoplasia (MEN) type IIA,
MEN IIB, and familial medullary thyroid cancer,
are autosomal dominant syndromes caused by
mutations in the RET proto-oncogene. These
syndromes are associated with a very high risk of
medullary carcinoma of the thyroid. These syn-
dromes and medullary thyroid carcinoma are
discussed in more detail is in Chap. 31.

The autosomal dominant syndrome of familial
adenomatous polyposis (FAP) is caused by
mutations in the adenomatous polyposis coli
(APC) gene. The subset of patients with FAP
who have extraintestinal manifestations of their
APC mutation are often labeled as having
Gardner syndrome. Patients with FAP/Gardner
syndrome are at increased risk of developing
thyroid cancer at a relatively young age. The
thyroid cancer is usually papillary carcinoma and
the mean age at diagnosis is 33 years. Because of
their relatively high risk of developing thyroid
cancer it is recommended that patients with
FAP/Gardner syndrome have regular ultrasound
screening for thyroid nodules [22].

Mutations in the protein tyrosine phosphatase
and tensin (PTEN) gene are associatedwith a group
of rare conditions known as PTEN hamartoma
tumor syndromes. The best-described PTEN
hamartoma tumor syndrome is Cowden syndrome,
which is an autosomal dominant syndrome of
macrocephaly, multiple hamartomas, and charac-
teristic skin abnormalities such as trichilemmomas.
Patients with Cowden syndrome have an increased
risk of differentiated thyroid cancer that can present
in childhood. This risk has led to ultrasound
screening for thyroid abnormalities [23–25].

The Carney complex is an autosomal domi-
nant syndrome of abnormal skin pigmentation
(lentigenes and blue nevi) and an increased risk
of endocrine and nonendocrine tumors. The most
common endocrine tumor in Carney complex is
primary pigmented nodular adrenocortical dis-
ease (PPNAD), which can cause Cushing’s syn-
drome. Patients with the Carney complex also
have an increased risk of thyroid adenomas and
carcinomas [26].

DICER1 syndrome is a rare, autosomal
dominant syndrome that increases the affected
individuals’ risk of developing a variety of
unusual benign and malignant tumors at a young
age. The most common tumor that develops in
DICER1 syndrome is pleuropulmonary blas-
toma, which usually presents before 6 years of
age [27]. Patients with DICER1 are also at risk
for including ovarian sex cord stromal tumors,
cystic nephroma, multinodular goiter, and dif-
ferentiated thyroid cancer [28]. Most patients
with DICER1 do not develop tumors.

A child with a sibling or a parent with a dif-
ferentiated thyroid cancer has an increased risk of
developing a differentiated thyroid cancer. These
patients with familial non-medullary thyroid
cancer (FNMTC) may account for up to 5% of all
patients with differentiated thyroid cancers [29].
There is probably more than one genetic pathway
to explain the increased risk of differentiated
thyroid cancer within certain families and it is an
area of ongoing investigation [30]. Although
controversial, patients with FNMTC seem to be
more likely to present with multifocal, bilateral,
disease and to present with lymph node
involvement at diagnosis [31].
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Pathology

The pathologic classification and histologic defi-
nition of types of thyroid cancers is from the
World Health Organization (WHO) and is the
same in children and adults [32]. The over-
whelming majority of thyroid tumors in children
are differentiated thyroid cancers that arise from
thyroid follicular cells. In the SEER registry
report mentioned previously, more than 90% of
the 1753 children and adolescents had differen-
tiated thyroid cancers and most of those were
papillary thyroid cancer (Table 4.1) [5]. Other
series from around the world suggest that papil-
lary thyroid cancer accounts is even more
prevalent that the SEER report suggests with 90–
95% of childhood thyroid cancer [33–35]. The
other major differentiated thyroid cancer, follic-
ular cancer, accounts for most of the rest of thy-
roid cancers [5]. Other thyroid cancers including
medullary thyroid cancer and poorly differenti-
ated or anaplastic thyroid cancer are rare.

Papillary Thyroid Cancer

Pathologic features of papillary thyroid cancer
include psammoma bodies and nuclear ground
glass appearance, longitudinal grooves, and
inclusions [32]. Histologic subtypes of papillary
thyroid cancer seen in children include classic,
solid, follicular, and diffuse sclerosing variants.
The diffuse sclerosing variant is important to
consider because it is more common in children,
especially younger children, than in adults and it
has a unique clinical presentation of enlargement
of an entire thyroid lobe or the entire gland rather

than as a nodule within the gland [36]. The rel-
ative prevalence of this variant has led to the
recommendation that children presenting with
diffusely enlarged thyroid glands or lobes have
ultrasound imaging to evaluate for findings of
malignancy [1].

Papillary thyroid cancer is often multifocal
(30–60%) and bilateral (30%) and neck lymph
node metastases are present in at least 30–60% of
children at diagnosis [37–40]. Pulmonary
metastases are also common (10–25%) in chil-
dren at diagnosis, usually when neck lymph
nodes metastases are present [41, 42]. Overall, at
the time of diagnosis, children with papillary
thyroid cancer are more likely than adults to have
tumor extending beyond the capsule of the thy-
roid, regional lymph node metastases, and pul-
monary metastases, even when controlled for
tumor size and histology [37–39, 41, 42]. But
despite having more advanced disease at the time
they present, children with papillary thyroid
cancer have an excellent prognosis.

Follicular Thyroid Cancer

Follicular thyroid cancer is relatively rare [5] and
it is usually seen in adolescents rather than
younger children. Unlike papillary cancer there is
less of a female preponderance [41] and its
incidence seems to be decreasing rather than
increasing [43]. The risk factors for developing
follicular thyroid cancer are different than the risk
factors for developing papillary thyroid cancer
with iodine deficiency related to follicular thy-
roid cancer but not papillary cancer [44, 45] and
radiation exposure related to papillary thyroid
cancer but not follicular cancer [37]. Follicular
thyroid cancers are common thyroid tumors in
the PTEN syndromes so patients with follicular
thyroid cancers should be closely evaluated for
PTEN syndromes [25].

Follicular neoplasms are typically encapsu-
lated. The cytological features of follicular thy-
roid cancers and benign follicular adenomas are
identical and it is only possible to make the
diagnosis of malignancy when there is tumor
invasion through the capsule or into blood

Table 4.1 Histologic types of thyroid cancers in chil-
dren from SEER registry report

83% papillary

60% papillary

23% follicular variant of papillary

10% follicular thyroid cancer

5% medullary

2% other

From Ref. [5], with permission
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vessels. This explains why FNA can only iden-
tify a follicular tumor and not a follicular
malignancy. Histologic subtypes of follicular
thyroid cancer include Hürthle cell, clear cell,
and insular variants. These less differentiated
variants are all rare in children [46] and tend to
be associated with more aggressive disease and a
worse prognosis in adults [47].

The clinical presentation and behavior of fol-
licular thyroid cancer are distinct from the more
common papillary thyroid cancer with fewer
neck lymph metastases but rather a propensity
for hematogenous spread and lung metastases.
Follicular and papillary thyroid cancers have the
same excellent prognosis [5].

Other Thyroid Cancers

Other, non-differentiated thyroid cancers in
children include medullary and anaplastic thyroid
cancer and lymphomas. Medullary thyroid can-
cer derives from parafollicular C cells that pro-
duce calcitonin rather than follicular cells that
produce thyroid hormones. This tumor is
reviewed in Chap. 31.

Anaplastic thyroid cancer accounts for <2% of
thyroid cancers of all ages. It is mainly a disease
of the elderly with the large majority of afflicted
patients more than 60 years of age. Anaplastic
thyroid cancer is very rare in children. Histo-
logically, it is undifferentiated and similar to
non-Hodgkin lymphoma, medullary thyroid car-
cinoma, the insular variant of follicular thyroid
carcinoma, and poorly differentiated carcinoma
that has metastasized to the thyroid. Modern
immunohistochemistry techniques should make
diagnostic confusion less likely. Anaplastic thy-
roid cancer is also functionally primitive and it
does not concentrate iodine so radioactive iodine
is not useful for treatment. Anaplastic thyroid
cancer grows rapidly, invades locally, and often
presents with symptoms such as dysphagia and
hoarseness. More than 40% of patients have
distant metastatic disease when they present. It is
a deadly disease with more than 80% of patients
dead within a year of diagnosis and most are
dead within 6 months [48].

Lymphoma of the thyroid is rare in adults and
children. It usually presents as a relatively
rapidly enlarging neck mass in a patient with a
history of Hashimoto’s thyroiditis. Pathologi-
cally, lymphomas of the thyroid are usually large
B-cell lymphomas, but other types of lymphoma
are possible. The diagnosis of lymphoma can be
made by fine-needle aspiration biopsy by an
experienced pathologist. Surgery is limited to the
biopsy and treatment consists of chemotherapy
and radiation depending upon the type of lym-
phoma [49].

Clinical Presentations of Thyroid
Cancer

Thyroid cancer usually presents as a thyroid
nodule or an enlarged thyroid gland that may be
noticed by the patient or the patient’s family or is
found on routine physical exam. Thyroid nodules
may not be visible or palpable and only be dis-
covered on imaging studies done for screening
purposes or for other reasons. Significant thyroid
nodules are usually evaluated by fine needle
aspiration (FNA) that allows for risk stratification
that defines a risk of malignancy. For more on
the evaluation of thyroid nodules see Chap. 3.

Thyroid cancer may also be discovered in the
surgical specimen after resection of part or all the
thyroid gland done for diagnosis of a thyroid
nodule or for a benign disease. Finally, thyroid
cancer can present with a neck lymph node
metastasis or even distant metastatic disease. As
noted previously, children and especially
younger children are more likely than adults to
present with advanced disease [37, 41, 50].

Evaluation

The preoperative evaluation (or staging) of a
patient with thyroid cancer usually begins during
the evaluation of a patient’s thyroid nodule (see
Chap. 3). A full history and physical examina-
tion should be done with directed questioning
about symptoms of hoarseness, voice change,
dysphagia, neck pain, and the onset and rapidity
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of growth of any neck mass. Any history of
radiation exposure and family history of thyroid
cancer or any malignancy should be noted. A full
physical exam should be done with special
attention to the thyroid gland and neck lymph
nodes. If not already done, thyroid function tests
should be obtained.

Critical for preoperative staging is a
high-quality ultrasound of the thyroid gland and
the entire neck with the goal of identifying cer-
vical lymph node metastases that would dictate
the performance of a neck dissection at the time
of thyroid resection. If there is bulky lym-
phadenopathy or if there are any concerns about
local invasion of the trachea, esophagus, or
recurrent laryngeal nerve then more detailed
imaging of the neck should be done with either a
CT scan with contrast or MRI [1]. The potential
disadvantage of a CT scan with (iodinated)
contrast is that the iodine load given could delay
postoperative staging and treatment with
radioactive iodine. When abnormal lymph nodes
are seen on imaging then FNA should be done to
confirm the presence of metastases.

Nuclear medicine thyroid scans are not usu-
ally indicated preoperatively, except in the early
evaluation of an undiagnosed thyroid nodule in a
patient with a low TSH. If there is cervical lymph
node metastases then a chest X-ray or a chest CT
scan could be considered, although any lung
metastases would probably be identified on the
postoperative radioactive iodine scan.

Treatment

Children with thyroid cancer have been treated
by a variety of methods over the last 50 years
with very high survival rates, even though
recurrent disease and persistent is relatively
common. The goal of current treatment is to
maintain the very low disease-specific mortality
that has been has been obtained in the past while
minimizing the complications and morbidity
associated with treatment. The treatment of
children with thyroid cancer is best done by an
experienced, multidisciplinary team of medical
and surgical specialists working in an

environment with all the resources and personnel
to care for children [1]. The team approach is
essential in all phases of treatment because the
evaluation, surgical treatment, medical treatment,
and long-term follow-up are closely linked and
interdependent.

In brief, the treatment of children with thyroid
cancer begins surgery to remove all gross disease
in the neck—usually total thyroidectomy [51]
and compartmental excision of any involved
cervical lymph nodes. Postoperative staging fol-
lows surgical resection. Patients found to have
persistent local disease or distant metastatic dis-
ease and patients who are thought to be at high
risk for recurrent disease are treated with
radioactive iodine for [3, 4]. The goal of the
combination of surgical resection and radioactive
iodine is to eliminate all disease that can be
detected by diagnostic whole-body radioactive
iodine scanning and serum thyroglobulin.

Surgical Treatment

The operations done for treatment of thyroid
cancer should be done by a surgeon experienced
in thyroid surgery [1], although how these sur-
geons should be identified is a matter of ongoing
debate. The initial operation for a known thyroid
cancer is usually a total or near-total thyroidec-
tomy (near-total thyroidectomy defined as pre-
serving 1–2% of the thyroid gland that is
adjacent to the recurrent laryngeal nerve or blood
supply to the superior parathyroid gland). Total
thyroidectomy is now favored over the previ-
ously commonly done thyroid lobectomy
because of the high risk for bilateral disease
(noted previously in Section “Papillary Thyroid
Cancer”) and the higher risk of local recurrence
and later surgical procedures when less than a
total thyroidectomy is performed [40, 52, 53].
Total thyroidectomy also makes postoperative
follow-up with diagnostic radioactive iodine
scans and serum thyroglobulin easier and more
reliable. Unilateral thyroid lobectomy is some-
times favored for very small tumors, especially
when there is no evidence of disease outside the
thyroid gland and future radioactive iodine
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imaging and treatment is not likely. The ana-
tomic principles of total thyroidectomy are dis-
cussed in detail in Chap. 1.

The most serious complications after total
thyroidectomy include hypoparathyroidism and
recurrent laryngeal nerve injury. Postoperative
hypoparathyroidism with resulting hypocalcemia
is caused by resection or devascularization of the
parathyroid glands [54]. If devascularization is
recognized then the parathyroid gland can be
autotransplanted into the sternocleidomastoid
muscle [55]. Transient hypocalcemia requiring
postoperative treatment with calcitriol (the active
form of vitamin D) and calcium is a relatively
common problem after total thyroidectomy that
can prolong hospitalization while the serum cal-
cium levels stabilize. There are different strate-
gies to deal with this problem including
intraoperative monitoring of the parathyroid
hormone (PTH) [56] and initiating early, pro-
phylactic treatment of all patients with calcitriol
and calcium [57]. Efforts to prevent recurrent
laryngeal nerve injury have been concentrated on
methods of nerve monitoring which although
technically possible have not been found to
reliably decrease the risk of nerve injury [58].

Surgery for follicular neoplasms usually con-
sists of an initial thyroid lobectomy. Frozen
section may be useful to look for unexpected
papillary thyroid cancer but will not be able to
differentiate a benign from a malignant follicular
tumor. When the follicular neoplasm is benign
then no further surgery is needed. When the
follicular tumor is malignant then careful con-
sultation with pathology, endocrinology, oncol-
ogy, and nuclear medicine experts is needed to
decide if completion thyroidectomy is needed or
if lobectomy will be sufficient resection. Smaller
tumors that have minimal evidence of invasion
may potentially be treated by lobectomy alone
while larger tumors and those that are more
invasive histologically are probably best treated
by completion thyroidectomy. The usual lack of
neck lymph metastases means that neck lymph
node dissections are typically not part of surgical
treatment of follicular cancer.

The frequent spread of papillary thyroid can-
cer to neck lymph nodes and the treatment goal

of removing gross disease lead to the frequent
performance of lymph node resections [40].
These procedures can be therapeutic, prophy-
lactic, unilateral, or bilateral. It is optimal that
any lymph node resection be done at the time of
the thyroid operation, which is why preoperative
assessment of the neck lymph nodes is so
important.

When lymph nodes are removed it should be
done as “compartment dissection” rather than as
“berry-picking”, the removal of only obvious,
enlarged lymph node [59]. The definition and
reporting terminology of neck dissections for
thyroid cancer have been standardized [60, 61].
The central neck or anterior compartment is
immediately adjacent to the thyroid gland and is
designated level VI. Level I is also central but
higher in the neck in the submental area (level
IA) and submandibular area (level IB). Levels in
the lateral neck are II through V. Levels IIA and
IIB are the upper jugular group with IIA being
anterior (medial) and IIB being posterior (lateral
to the spinal accessory nerve). Level III is the
middle jugular area from the hyoid bone superi-
orly to the cricoid cartilage inferiorly. Level IV is
the lower jugular area from the cricoid cartilage
to the clavicle and Level V is the posterior tri-
angle area (Fig. 4.1).

Papillary thyroid cancer most commonly
metastasizes to the central area, level VI, on the
same side as the tumor. When there is preoper-
ative evidence of abnormal lymph nodes in the
central neck (or in the lateral neck) then central
neck dissection is recommended [1, 60]. Unfor-
tunately, neck ultrasound is less reliable at
identifying abnormal lymph nodes in the central
neck than in the lateral neck [62]. Also, it is not
clear if ultrasound size criteria of the tumor or the
lymph node that have been used for adults to
identify patients at high risk for metastatic dis-
ease are applicable to children [63]. Central neck
lymph node dissections increase the risk of
recurrent laryngeal nerve injury and permanent
hypoparathyroidism so there is considerable
debate on when and how (unilateral or bilateral)
they should be performed [64, 65].

Lateral neck dissections are those compart-
mental lymph node resections beyond the central
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compartment (level VI). Lateral neck dissections
are recommended when there is preoperative
evidence of lymph node metastases in those
compartments to decrease the chance of persis-
tent and recurrent disease [37, 40]. The dissec-
tion can be tailored based on the preoperative
staging but often involves levels III, IV, V, and II
[66].

Although thyroid surgery in adults is
increasingly being done on an outpatient basis,
most children, especially younger children and
those undergoing a total thyroidectomy with or
without neck dissection are admitted after their
operation. They are observed for potential
bleeding, airway compromise, recurrent laryn-
geal nerve injury, and hypocalcemia due to
hypoparathyroidism. Operative complications are
directly related to younger ages and the extent of
the operation with recurrent laryngeal nerve
injury reported in 3.8% of children 6 years and
under, in 1.1% of children 7–12 years, and in 0.6
of patients 13–17 years of age [67]. TSH usually
stimulates differentiated thyroid cancer so after
surgery thyroid hormone replacement is given to
suppress TSH with the target TSH level being
lower in patients at higher risk [1].

Postoperative Staging

After the initial operation postop evaluation
(staging) is done to identify patients who would
benefit from postoperative radioactive iodine
treatment and to help define the intensity of
follow-up care needed. This staging is dependent
upon the surgical pathology, a postoperative
diagnostic whole-body radioactive iodine scan,
and serum thyroglobulin level [1]. Staging is best
done within 12 weeks of surgery.

Pathologic staging for children is a modifica-
tion of the adult method by the American Thy-
roid Association that is designed to better risk
stratify patients [1]. There are three risk groups—
Low, Intermediate, and High [1]. The Low risk
group has either no neck lymph node metastases
or only microscopic metastases to a small num-
ber of central (level VI) lymph nodes. Low-risk
patients have a low risk of distant metastases but
some risk of recurrent or persistent disease in the
neck lymph nodes. Intermediate risk patients
have extensive central neck lymph node metas-
tases or minimal lateral compartment neck lymph
node metastases. They are also at a low risk for
distant metastases but have an increased risk
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node levels (see text for
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(compared to Low risk patients) of recurrent or
persistent disease in the neck lymph nodes.
High-risk patients have locally invasive disease,
extensive metastases to lateral compartment
lymph nodes, or distant metastases. They have
the highest risk of recurrent or persistent regional
or distant disease [1].

The staging for Low-risk patients consists of
serum thyroglobulin levels while they are
euthyroid; i.e., when their TSH is suppressed by
their thyroid hormone replacement. Thyroglob-
ulin is a glycoprotein made by follicular cells and
follicular cell malignancies and its presence
correlates well with the presence and magnitude
of metastatic disease in patients who have had
their normal thyroid removed [68]. This value
can then be followed in the future to observe
trends. If the thyroglobulin is initially low and
increases over time then it would indicate
recurrent disease.

Staging for patients who are Intermediate and
High Risk consists of serum thyroglobulin levels
when their TSH levels are elevated (the TSH will
tend to stimulate any persistent disease) and
diagnostic whole-body radioactive iodine
(RAI) scans, although some Intermediate risk
patients may not need diagnostic scanning [1].
Diagnostic radioactive iodine scans are done
with either I-123, which is ideal but more
expensive, or I-131, which is the same isotope,
used for treatment.

Postoperative Radioactive Iodine
Treatment

Radioactive iodine treatment is given to treat
known residual or metastatic disease and to
prevent recurrent disease [69]. Enthusiasm for its
routine use has been tempered by the observation
that when children with differentiated thyroid
cancer are followed for a very long time that
those treated with radioactive iodine have an
increase in all-cause mortality compared to those
not treated with radioactive iodine. This
increased mortality is mainly due to an increased
risk second malignancy in those treated with
radiation [52, 70].

Radioactive iodine may be given for diag-
nostic scans (see above) or may be given for
treatment. Treatment is with I-131. Radioactive
iodine is effective because iodine is markedly
concentrated in cells of differentiated thyroid
cancers as well as normal thyroid tissue. This
concentration of iodine is most pronounced when
TSH (thyroid stimulating hormone or thy-
rotropin) is present at relatively high levels. This
requires that the patient either be hypothyroid,
raising endogenous TSH levels, or receive
recombinant human TSH (rhTSH). In addition,
the patient must be in a state of relative iodine
deficiency with no recent iodinated contrast and
often a low iodine diet [4].

The dosing of radioactive iodine in children
requires either an empiric determination based on
the patient’s size or a more specific determination
with calculation of the theoretical maximum dose
that will avoid bone marrow toxicity. This
specific calculation is known as dosimetry [4].
Radioactive iodine toxicities are mainly to tissues
incorporating iodine and consist of—sialadenitis
(salivary gland inflammation), xerostomia (dry
mouth), dental caries, stomatitis (inflammation of
the mouth), dry eyes, and nasolacriminal duct
obstruction [71]. Decreased spermatogenesis has
been observed in post pubertal males, so sperm
banking should be offered.

Outcomes/Complications

Even though children present with more
advanced disease than adults they have a better
survival. Even with advanced local disease or
metastatic disease children with differentiated
thyroid cancer have an excellent survival. In the
SEER data base study of 1753 children with
thyroid cancer those with papillary thyroid can-
cer had survivals of 98, 97, and 91% at 5, 15, and
30 years [5]. In the same study the survival with
follicular thyroid cancer was 96, 95, and 92% at
5, 15, and 30 years [5]. Many series report nearly
100% disease specific survival over 10 and 20
and more years [37, 41, 52]. Even with tumor
recurrence and lung metastases prognosis is
good.
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Recurrences are relatively common and the
most important risk factor for disease free sur-
vival is the extent of the original operation [40,
52]. Recurrence in the neck can be treated with
surgical resection of gross disease if technically
possible. Radioactive iodine treatment is given
when operation is not deemed to be effective or
safe. Pulmonary metastases are treated with
radioactive iodine and even though it is persistent
the disease may not progress.

References

1. Francis GL, Waguespack SG, Bauer AJ, Angelos P,
Benvenga S, Cerutti JM, Dinauer CA, Hamilton J,
Hay ID, Luster M, Parisi MT, Rachmiel M, Thomp-
son GB, Yamashita S. Management guidelines for
children with thyroid nodules and differentiated
thyroid cancer. Thyroid. 2015;25:716–59.

2. American Thyroid Association Guidelines Taskforce
on Thyroid N, Differentiated Thyroid C, Cooper DS,
Doherty GM, Haugen BR, Kloos RT, Lee SL,
Mandel SJ, Mazzaferri EL, Mciver B, Pacini F,
Schlumberger M, Sherman SI, Steward DL, Tut-
tle RM. Revised American Thyroid Association
management guidelines for patients with thyroid
nodules and differentiated thyroid cancer. Thyroid.
2009;19:1167–214.

3. Rivkees SA, Mazzaferri EL, Verburg FA, Reiners C,
Luster M, Breuer CK, Dinauer CA, Udelsman R. The
treatment of differentiated thyroid cancer in children:
emphasis on surgical approach and radioactive iodine
therapy. Endocr Rev. 2011;32:798–826.

4. Parisi MT, Mankoff D. Differentiated pediatric thy-
roid cancer: correlates with adult disease, controver-
sies in treatment. Semin Nucl Med. 2007;37:340–56.

5. Hogan AR, Zhuge Y, Perez EA, Koniaris LG,
Lew JI, Sola JE. Pediatric thyroid carcinoma: inci-
dence and outcomes in 1753 patients. J Surg Res.
2009;156:167–72.

6. Davies L, Welch HG. Increasing incidence of thyroid
cancer in the United States, 1973–2002. JAMA.
2006;295:2164–7.

7. Wu XC, Chen VW, Steele B, Roffers S, Klotz JB,
Correa CN, Carozza SE. Cancer incidence in
adolescents and young adults in the United States,
1992–1997. J Adolesc Health. 2003;32:405–15.

8. Siegel R, Ward E, Brawley O, Jemal A. Cancer
statistics, 2011: the impact of eliminating socioeco-
nomic and racial disparities on premature cancer
deaths. CA Cancer J Clin. 2011;61:212–36.

9. Bleyer A, Viny A, Barr R. Cancer in 15- to
29-year-olds by primary site. Oncologist.
2006;11:590–601.

10. Cramer JD, Fu P, Harth KC, Margevicius S, Wil-
helm SM. Analysis of the rising incidence of thyroid
cancer using the surveillance, epidemiology and end
results national cancer data registry. Surgery.
2010;148:1147–52 (discussion 1152–3).

11. Enewold L, Zhu K, Ron E, Marrogi AJ, Stojadi-
novic A, Peoples GE, Devesa SS. Rising thyroid
cancer incidence in the United States by demographic
and tumor characteristics, 1980–2005. Cancer Epi-
demiol Biomarkers Prev. 2009;18:784–91.

12. Aschebrook-Kilfoy B, Ward MH, Sabra MM,
Devesa SS. Thyroid cancer incidence patterns in
the United States by histologic type, 1992–2006.
Thyroid. 2011;21:125–34.

13. Ron E, Lubin JH, Shore RE, Mabuchi K, Modan B,
Pottern LM, Schneider AB, Tucker MA, Boice JD Jr.
Thyroid cancer after exposure to external radiation: a
pooled analysis of seven studies. Radiat Res.
1995;178:AV43-60.

14. Schonfeld SJ, Lee C, de Gonzalez AB. Medical
exposure to radiation and thyroid cancer. Clin Oncol
(R Coll Radiol). 2011;244–50.

15. Ron E, Saftlas AF. Head and neck radiation
carcinogenesis: epidemiologic evidence. Otolaryngol
Head Neck Surg. 1996;115:403–8.

16. Ronckers CM, Sigurdson AJ, Stovall M, Smith SA,
Mertens AC, Liu Y, Hammond S, Land CE,
Neglia JP, Donaldson SS, Meadows AT, Sklar CA,
Robison LL, Inskip PD. Thyroid cancer in childhood
cancer survivors: a detailed evaluation of radiation
dose response and its modifiers. Radiat Res.
2006;166:618–28.

17. Taylor AJ, Croft AP, Palace AM, Winter DL,
Reulen RC, Stiller CA, Stevens MC, Hawkins MM.
Risk of thyroid cancer in survivors of childhood
cancer: results from the British Childhood Cancer
Survivor Study. Int J Cancer. 2009;125:2400–5.

18. Schneider AB, Bekerman C, Leland J, Rosengarten J,
Hyun H, Collins B, Shore-Freedman E, Gier-
lowski TC. Thyroid nodules in the follow-up of
irradiated individuals: comparison of thyroid ultra-
sound with scanning and palpation. J Clin Endocrinol
Metab. 1997;82:4020–7.

19. Jacob P, Goulko G, Heidenreich WF, Likhtarev I,
Kairo I, Tronko ND, Bogdanova TI, Kenigsberg J,
Buglova E, Drozdovitch V, Golovneva A, Demid-
chik EP, Balonov M, Zvonova I, Beral V. Thyroid
cancer risk to children calculated. Nature.
1998;392:31–2.

20. Tronko MD, Howe GR, Bogdanova TI, Bouville AC,
Epstein OV, Brill AB, Likhtarev IA, Fink DJ,
Markov VV, Greenebaum E, Olijnyk VA, Masnyk IJ,
Shpak VM, McConnell RJ, Tereshchenko VP, Rob-
bins J, Zvinchuk OV, Zablotska LB, Hatch M,
Luckyanov NK, Ron E, Thomas TL, Voilleque PG,
Beebe GW. A cohort study of thyroid cancer and
other thyroid diseases after the Chornobyl accident:
thyroid cancer in Ukraine detected during first
screening. J Natl Cancer Inst. 2006;98:897–903.

48 D.J. Ledbetter



21. Schneider AB. Radiation-induced thyroid tumors.
Endocrinol Metab Clin North Am. 1990;19:495–
508.

22. Herraiz M, Barbesino G, Faquin W, Chan-Smutko G,
Patel D, Shannon KM, Daniels GH, Chung DC.
Prevalence of thyroid cancer in familial adenomatous
polyposis syndrome and the role of screening
ultrasound examinations. Clin Gastroenterol Hepatol.
2007;5:367–73.

23. Ngeow J, Mester J, Rybicki LA, Ni Y, Milas M,
Eng C. Incidence and clinical characteristics of
thyroid cancer in prospective series of individuals
with Cowden and Cowden-like syndrome character-
ized by germline PTEN, SDH, or KLLN alterations.
J Clin Endocrinol Metab. 2011;96:E2063–71.

24. Smith JR, Marqusee E, Webb S, Nose V, Fishman SJ,
Shamberger RC, Frates MC, Huang SA. Thyroid
nodules and cancer in children with PTEN hamar-
toma tumor syndrome. J Clin Endocrinol Metab.
2011;96:34–7.

25. Hall JE, Abdollahian DJ, Sinard RJ. Thyroid disease
associated with Cowden syndrome: a meta-analysis.
Head Neck. 2013;35:1189–94.

26. Stratakis CA, Courcoutsakis NA, Abati A, Filie A,
Doppman JL, Carney JA, Shawker T. Thyroid gland
abnormalities in patients with the syndrome of spotty
skin pigmentation, myxomas, endocrine overactivity,
and schwannomas (Carney complex). J Clin Endo-
crinol Metab. 1997;82:2037–43.

27. Doros L, Schultz KA, Stewart DR, Bauer AJ,
Williams G, Rossi CT, Carr A, Yang J, Dehner LP,
Messinger Y, Hill DA. DICER1-related disorders. In:
Pagon RA, Adam MP, Ardinger HH, Wallace SE,
Amemiya A, Bean LJH, Bird TD, Ledbetter N,
Mefford HC, Smith RJH, Stephens K
(eds) GeneReviews (R), Seattle, WA; 1993.

28. de Kock L, Sabbaghian N, Soglio DB, Guiller-
man RP, Park BK, Chami R, Deal CL, Priest JR,
Foulkes WD. Exploring the association between
DICER1 mutations and differentiated thyroid carci-
noma. J Clin Endocrinol Metab. 2014;99:E1072–7.

29. Bonora E, Tallini G, Romeo G. Genetic predisposi-
tion to familial nonmedullary thyroid cancer: an
update of molecular findings and state-of-the-art
studies. J Oncol. 2010;2010:385206.

30. Gara SK, Jia L, Merino MJ, Agarwal SK, Zhang L,
Cam M, Patel D, Kebebew E. Germline HABP2
mutation causing familial nonmedullary thyroid
cancer. N Engl J Med. 2015;373:448–55.

31. Moses W, Weng J, Kebebew E. Prevalence, clinico-
pathologic features, and somatic genetic mutation
profile in familial versus sporadic nonmedullary
thyroid cancer. Thyroid. 2011;21:367–71.

32. Delellis RA. Pathology and genetics of thyroid
carcinoma. J Surg Oncol. 2006;94:662–9.

33. Harness JK, Thompson NW, Mcleod MK,
Pasieka JL, Fukuuchi A. Differentiated thyroid
carcinoma in children and adolescents. World J Surg.
1992;16:547–53 (discussion 553–4).

34. Halac I, Zimmerman D. Thyroid nodules and cancers
in children. Endocrinol Metab Clin North Am.
2005;34:725–44, x.

35. Gupta A, Ly S, Castroneves LA, Frates MC, Ben-
son CB, Feldman HA, Wassner AJ, Smith JR,
Marqusee E, Alexander EK, Barletta J,
Doubilet PM, Peters HE, Webb S, Modi BP,
Paltiel HJ, Kozakewich H, Cibas ES, Moore Jr FD,
Shamberger RC, Larsen PR, Huang SA. A standard-
ized assessment of thyroid nodules in children
confirms higher cancer prevalence than in adults.
J Clin Endocrinol Metab. 2013;98:3238–45.

36. Koo JS, Hong S, Park CS. Diffuse sclerosing variant
is a major subtype of papillary thyroid carcinoma in
the young. Thyroid. 2009;19:1225–31.

37. Demidchik YE, Demidchik EP, Reiners C, Biko J,
Mine M, Saenko VA, Yamashita S. Comprehensive
clinical assessment of 740 cases of surgically treated
thyroid cancer in children of Belarus. Ann Surg.
2006;243:525–32.

38. Zimmerman D, Hay ID, Gough IR, Goellner JR,
Ryan JJ, Grant CS, McConahey WM. Papillary
thyroid carcinoma in children and adults: long-term
follow-up of 1039 patients conservatively treated at
one institution during three decades. Surgery.
1988;104:1157–66.

39. Savio R, Gosnell J, Palazzo FF, Sywak M, Agar-
wal G, Cowell C, Shun A, Robinson B, Del-
bridge LW. The role of a more extensive surgical
approach in the initial multimodality management of
papillary thyroid cancer in children. J Pediatr Surg.
2005;40:1696–700.

40. Jarzab B, Handkiewicz Junak D, Wloch J,
Kalemba B, Roskosz J, Kukulska A, Puch Z. Mul-
tivariate analysis of prognostic factors for differenti-
ated thyroid carcinoma in children. Eur J Nucl Med.
2000;27:833–41.

41. Chow SM, Law SC, Mendenhall WM, Au SK,
Yau S, Mang O, Lau WH. Differentiated thyroid
carcinoma in childhood and adolescence-clinical
course and role of radioiodine. Pediatr Blood Cancer.
2004;42:176–83.

42. Vassilopoulou-Sellin R, Klein MJ, Smith TH,
Samaan NA, Frankenthaler RA, Goepfert H, Can-
gir A, Haynie TP. Pulmonary metastases in children
and young adults with differentiated thyroid cancer.
Cancer. 1993;71:1348–52.

43. Otto KJ, Lam JS, Macmillan C, Freeman JL.
Diminishing diagnosis of follicular thyroid carci-
noma. Head Neck. 2010;32:1629–34.

44. McHenry CR, Phitayakorn R. Follicular adenoma
and carcinoma of the thyroid gland. Oncologist.
2011;16:585–93.

45. Woodruff SL, Arowolo OA, Akute OO, Afolabi AO,
Nwariaku F. Global variation in the pattern of
differentiated thyroid cancer. Am J Surg.
2010;200:462–6.

46. Yusuf K, Reyes-Mugica M, Carpenter TO. Insular
carcinoma of the thyroid in an adolescent: a case

4 Thyroid Cancer in Children 49



report and review of the literature. Curr Opin Pediatr.
2003;15:512–5.

47. Lopez-Penabad L, Chiu AC, Hoff AO, Schultz P,
Gaztambide S, Ordonez NG, Sherman SI. Prognostic
factors in patients with Hurthle cell neoplasms of the
thyroid. Cancer. 2003;97:1186–94.

48. Kebebew E, Greenspan FS, Clark OH, Woeber KA,
McMillan A. Anaplastic thyroid carcinoma. Treat-
ment outcome and prognostic factors. Cancer.
2005;103:1330–5.

49. Stein SA, Wartofsky L. Primary thyroid lymphoma: a
clinical review. J Clin Endocrinol Metab.
2013;98:3131–8.

50. Lazar L, Lebenthal Y, Steinmetz A, Yackobovitch-
Gavan M, Phillip M. Differentiated thyroid carcinoma
in pediatric patients: comparison of presentation and
course between pre-pubertal children and adolescents.
J Pediatr. 2009;154:708–14.

51. Raval MV, Bentrem DJ, Stewart AK, Ko CY,
Reynolds M. Utilization of total thyroidectomy for
differentiated thyroid cancer in children. Ann Surg
Oncol. 2010;17:2545–53.

52. Hay ID, Gonzalez-Losada T, Reinalda MS,
Honetschlager JA, Richards ML, Thompson GB.
Long-term outcome in 215 children and adolescents
with papillary thyroid cancer treated during 1940
through 2008. World J Surg. 2010;34:1192–202.

53. Machens A, Lorenz K, Nguyen Thanh P, Brauck-
hoff M, Dralle H. Papillary thyroid cancer in children
and adolescents does not differ in growth pattern and
metastatic behavior. J Pediatr. 2010;157:648–52.

54. Ritter K, Elfenbein D, Schneider DF, Chen H,
Sippel RS. Hypoparathyroidism after total thyroidec-
tomy: incidence and resolution. J Surg Res.
2015;197:348–53.

55. Lo CY. Parathyroid autotransplantation during thy-
roidectomy. ANZ J Surg. 2002;72:902–7.

56. Puzziello A, Gervasi R, Orlando G, Innaro N,
Vitale M, Sacco R. Hypocalcaemia after total
thyroidectomy: could intact parathyroid hormone be
a predictive factor for transient postoperative
hypocalcemia? Surgery. 2015;157:344–8.

57. Antakia R, Edafe O, Uttley L, Balasubrama-
nian SP. Effectiveness of preventative and other
surgical measures on hypocalcemia following bilat-
eral thyroid surgery: a systematic review and
meta-analysis. Thyroid. 2015;25:95–106.

58. Pisanu A, Porceddu G, Podda M, Cois A,
Uccheddu A. Systematic review with meta-analysis
of studies comparing intraoperative neuromonitoring
of recurrent laryngeal nerves versus visualization
alone during thyroidectomy. J Surg Res.
2014;188:152–61.

59. Musacchio MJ, Kim AW, Vijungco JD, Prinz RA.
Greater local recurrence occurs with “berry picking”
than neck dissection in thyroid cancer. Am Surg.
2003;69:191–6 (discussion 196–7).

60. American Thyroid Association Surgery Working G,
American Association of Endocrine S, American
Academy of OH, Neck S, American H, Neck S,

Carty SE, Cooper DS, Doherty GM, Duh QY,
Kloos RT, Mandel SJ, Randolph GW, Stack BC, Jr,
Steward DL, Terris DJ, Thompson GB, Tufano RP,
Tuttle RM, Udelsman R. Consensus statement on the
terminology and classification of central neck dis-
section for thyroid cancer. Thyroid. 2009;19:1153–8.

61. Stack BC, Jr, Ferris RL, Goldenberg D, Haymart M,
Shaha A, Sheth S, Sosa JA, Tufano RP, American
Thyroid Association Surgical Affairs C. American
Thyroid Association consensus review and statement
regarding the anatomy, terminology, and rationale for
lateral neck dissection in differentiated thyroid
cancer. Thyroid. 2012;22:501–8.

62. Solorzano CC, Carneiro DM, Ramirez M, Lee TM,
Irvin GL, 3rd. Surgeon-performed ultrasound in the
management of thyroid malignancy. Am Surg.
2004;70:576–80 (discussion 580–2).

63. Farahati J, Reiners C, Demidchik EP. Is the
UICC/AJCC classification of primary tumor in
childhood thyroid carcinoma valid? J Nucl Med.
1999;40:2125.

64. Giordano D, Valcavi R, Thompson GB, Pedroni C,
Renna L, Gradoni P, Barbieri V. Complications of
central neck dissection in patients with papillary
thyroid carcinoma: results of a study on 1087 patients
and review of the literature. Thyroid. 2012;22:911–7.

65. Machens A, Elwerr M, Thanh PN, Lorenz K,
Schneider R, Dralle H. Impact of central node
dissection on postoperative morbidity in pediatric
patients with suspected or proven thyroid cancer.
Surgery. 2016;160:484–92.

66. Sturgeon C, Yang A, Elaraj D. Surgical management
of lymph node compartments in papillary thyroid
cancer. Surg Oncol Clin N Am. 2016;25:17–40.

67. Sosa JA, Tuggle CT, Wang TS, Thomas DC,
Boudourakis L, Rivkees S, Roman SA. Clinical
and economic outcomes of thyroid and parathyroid
surgery in children. J Clin Endocrinol Metab.
2008;93:3058–65.

68. Eustatia-Rutten CF, Smit JW, Romijn JA, Van der
Kleij-Corssmit EP, Pereira AM, Stokkel MP,
Kievit J. Diagnostic value of serum thyroglobulin
measurements in the follow-up of differentiated
thyroid carcinoma, a structured meta-analysis. Clin
Endocrinol (Oxf). 2004;61:61–74.

69. Hung W, Sarlis NJ. Current controversies in the
management of pediatric patients with
well-differentiated nonmedullary thyroid cancer: a
review. Thyroid. 2002;12:683–702.

70. Brown AP, Chen J, Hitchcock YJ, Szabo A,
Shrieve DC, Tward JD. The risk of second primary
malignancies up to three decades after the treatment
of differentiated thyroid cancer. J Clin Endocrinol
Metab. 2008;93:504–15.

71. Fard-Esfahani A, Emami-Ardekani A, Fallahi B,
Fard-Esfahani P, Beiki D, Hassanzadeh-Rad A,
Eftekhari M. Adverse effects of radioactive
iodine-131 treatment for differentiated thyroid carci-
noma. Nucl Med Commun. 2014;35:808–17.

50 D.J. Ledbetter



Part II

Parathyroid



5Parathyroid Gland Embryology,
Anatomy and Physiology

Gerard V. Walls and Radu Mihai

This chapter reviews the embryology, anatomy
and physiology of the parathyroid glands with
emphasis on surgical conditions and surgical
decision making. First, parathyroid development
is considered as it is the basis to understand
normal and abnormal parathyroid anatomy. Next,
parathyroid anatomy is examined because
knowledge of parathyroid location, blood supply
and relationship to the recurrent laryngeal nerve
and thyroid are essential to understand parathy-
roid operations and the potential risks and com-
plications of those operations. Finally, we will
review the parathyroid gland’s role in calcium
homeostasis which explains the clinical findings
of hypo and hyperparathyroidism. Additional
information regarding the embryology and anat-
omy of the adjacent thyroid gland and recurrent
laryngeal nerve are discussed in detail in Chap. 1
(Thyroid gland embryology, anatomy and
physiology).

Parathyroid Embryology

Paired inferior and superior parathyroid glands
originate from the endoderm of the dorsal part of
third and fourth pharyngeal pouches in gesta-
tional weeks 5–6 and then migrate to their final
position with the primordia of the thymus and
thyroid glands. The inferior parathyroid glands
originate from the third pharyngeal pouch (hence
their designation P-III) and by week 7 of gesta-
tion move caudally and medially with the thyroid
and thymus (Fig. 5.1). Roughly, half of inferior
parathyroid glands eventually end up on the
dorsal surface of the thyroid while the other half
migrate further caudally into the thyrothymic
ligament or thymus. The superior parathyroid
glands originate from the fourth pharyngeal
pouch (hence their designation P-IV) and by
week 7 of gestation move caudally away from
the pharynx with the thyroid gland (Fig. 5.1).
The superior parathyroid glands migration path is
shorter and their final position more constant
than the inferior parathyroid glands with the
majority of superior glands ending up on the
posterior surface of the thyroid.

During the descent of the parathyroid glands,
the P-IVs are crossed by the P-IIIs and occa-
sionally the superior and inferior glands fuse.
The final position of fused (or near fused) glands
is usually close to the inferior thyroid artery.
Parathyroid gland fusion during development
may lead to the two separate glands being mis-
taken for a single bi-lobed gland which would
give a false impression of an unidentified gland
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Fig. 5.1 Development of
Parathyroid Glands.
Superior parathyroid glands
originate from fourth
pharyngeal pouch and are
designated as P-IVs. Their
migration path is shorter
and final position more
reliable than inferior
parathyroid glands. Inferior
parathyroid glands
originate from third
pharyngeal pouch and are
designated as P IIIs. Their
migration path is longer
and final position is more
variable than superior
parathyroid glands. The
thymus also originates from
the third pharyngeal pouch
and the final position of the
inferior parathyroids is
often adjacent to or even
within the thymus
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during parathyroid exploration. This misinter-
pretation can be avoided by close inspection of
the blood supply to the parathyroid. Each gland
will have a unique blood supply so even an
enlarged single gland has a single arterial pedicle
while a bilobed gland has two separate arterial
pedicles.

Supernumerary parathyroid glands can occur
in up to 15% of population [1]. They are most
often found in the thymus, but they have also
been described in the middle mediastinum at the
level of the aortopulmonary window and lateral
to the jugulo-carotid axis. Intravagal parathyroid
tissue has also been reported. Such locations are
thought to be due to fragmentation of the foetal
superior parathyroid during development.

Human foetal parathyroid glands can synthe-
size parathyroid hormone (PTH) from as early as
10 weeks of gestation [2]. Foetal parathyroid
hormone is essential for foetal calcium home-
ostasis [3] as intact maternal PTH does not cross
the placenta. Maternal serum calcium crosses the
placenta and may influence foetal PTH secretion.

The embryological development of the
parathyroid gland requires the coordinated
expression of many transcription factors includ-
ing GCMB, SHH, GATA3, TBCE, Six1/4, Eya1,

Hoxa3, Tbx1, Sox3, Pax1 and Pax9. Studies in a
mouse knockout model demonstrated that loss of
GATA3 expression or its target GCM2, a
parathyroid-specific transcription factor, resulted
in abnormal third and fourth pharyngeal pouch
morphology and the absence of parathyroid
glands, although some PTH was produced by the
thymus gland [4]. Deletion of the homeobox
gene Hoxa3 resulted in lack of both thymus and
parathyroid glands [5]. Parathyroid hyperplasia
or tumours develop in several familial conditions
noted in Table 5.1.

Parathyroid Anatomy

As predicted by embryology, most people have
four parathyroid glands, two on each side of the
neck: a superior parathyroid gland (derived from
the fourth pharyngeal pouch) and an inferior
parathyroid gland (derived from the third pha-
ryngeal pouch). The superior parathyroid glands
(P-IV) are located close to the upper pole of the
thyroid gland, at the level with the first tracheal
ring. Traditionally, a superior parathyroid gland
is said to be found in an area 2 cm in diameter
centred 1 cm above the intersection of the

Table 5.1 Familial conditions in which parathyroid hyperplasia or tumours develop

Syndrome Inheritance
pattern

Associated
gene(s)

Parathyroid
abnormality

Other abnormalities

Multiple endocrine
Neoplasia type 1 (MEN-1)

Autosomal
dominant

MEN1 • Multiple gland
hyperplasia

• Adenomas

• Pancreatic islet cell
tumours

• Pituitary adenomas

Multiple endocrine
Neoplasia type 2 (MEN2)

Autosomal
dominant

RET • Adenomas • Medullary carcinoma
thyroid (MCT)

• Pheochromocytoma

Hyperparathyroidism jaw
Tumour syndrome

Autosomal
dominant

HRPT2a, b • Adenomas
• Carcinoma
(15%)

• Ossifying jaw
tumours

• Renal, uterine and
pancreatic tumours

Familial isolated
Hyperparathyroidism

Typically
autosomal
dominant

MEN1, RET
or HRPT2

• Adenomas
• Carcinoma
• Hyperplasia

• Without additional
syndromic features

a(also known as CDC73)
bcodes for parafibromin. Lack of parafibromin expression is now being used to assist with the histological diagnosis of
parathyroid carcinoma
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inferior thyroid artery and recurrent laryngeal
nerve (RLN).

The inferior parathyroid glands have a more
variable position. They are commonly visible on
the anterolateral surface of the lower pole of the
thyroid; however, they are often found in the
thyrothymic ligament or even the thymus
(Fig. 5.2).

Macroscopic Appearance
of Parathyroid Glands

Normal parathyroid glands are commonly
described to be the size of a grain of rice, mea-
suring 5–8 mm in their largest dimension. The
weight of a normal parathyroid gland is
approximately 40 mg. They are brown-yellow in
colour, a characteristic that makes it possible to
distinguish them from thyroid (which is darker)
and fat (which is a brighter yellow). They are
very friable and can easily be “bruised” with
manipulation. A fine capsule surrounds the
glands and there is a single feeding artery.

Relationship of Parathyroid Glands
to the Recurrent Laryngeal Nerves

If one considers a coronal plane incorporating the
RLN along its trajectory from the mediastinum to
the larynx, the superior parathyroid glands are
posterior to that plane and the inferior parathy-
roid glands are in front of that plane. This rela-
tionship is important to consider when a
parathyroid adenoma is approached with limited
exposure of surrounding anatomical landmarks
and the operating surgeon needs to anticipate if
the RLN will be in front of the adenoma (as for
superior glands) or posterior to the adenoma (as
for inferior glands).

Blood Supply of Parathyroid Glands

Both superior and inferior glands receive bran-
ches from the inferior thyroid artery. These are
often end arteries so care must be taken during
dissection of the thyroid and parathyroid glands
to preserve parathyroid blood supply. Venous

Superior thyroid
artery

Cricoid cartilage

Inferior thyroid
artery

RLN

RLN

Left Right

Carotid artery

Thyroid lobe

Superior parathyroid
(P IV)
Inferior parathyroid
(P III)

Fig. 5.2 Anatomy of parathyroid glands as viewed from
posterior. Superior parathyroid glands located on posterior
surface of thyroid gland near the insertion of the recurrent
laryngeal nerve into the cricoid muscle. Inferior

parathyroid glands are less constant but usually located
on inferior and lateral surface of lower lobe of thyroid or
adjacent thymus. Blood supply to parathyroid glands are
from small branches of the inferior thyroid arteries
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drainage is typically is through small unnamed
tributaries that join the thyroid venous branches
(Fig. 5.2).

Ectopic Parathyroid Glands

Superior parathyroid glands (P-IV) have a short
migration in association with the thyroid gland
and as a result major ectopia of the superior
parathyroid glands is rare (see also Fig. 6.1).
Exceptionally, they may be “undescended” and
found anywhere from the posterior pharynx or
oesophagus to just above the upper pole of the
thyroid. Superior parathyroid glands (P-IV) can
also become included within the thyroid at the
time of time of the fusion of the ultimobranchial
body (carrying the calcitonin-secreting c-cells
from this “fifth” pharyngeal pouch) and the
median thyroid. This would lead to a truly
intrathyroidal parathyroid gland. Many parathy-
roid glands described as intrathyroidal are simply
adherent to the posterior thyroid capsule.

The inferior parathyroid glands (P-III) have a
longer embryological descent in association with
the thymus gland and their ectopic positions
range from the angle of the mandible to the
pericardium. High ectopia results from incom-
plete migration and is represented by glands
along the carotid sheath from the angle of
mandible to the lower pole of the thyroid. Low
ectopias result from excessive migration and
result in glands in the thymus and anterior
mediastinum.

Histology

There are two main cell types found in the
parathyroid gland, namely chief cells and oxyphil
cells. Chief cells, or principal cells, are the more
abundant cell type and are small, typical neu-
roendocrine cells arranged into curvilinear cords
and are packed with secretory granules contain-
ing parathyroid hormone (PTH).

Oxyphil cells are larger, pale pink cells, with a
smaller, darker nucleus and relatively larger
amount of cytoplasm than the chief cells. The

significance of the oxyphil cells is not clear. For
reason difficult to explain, in parathyroid ade-
nomas that incorporate the radioactive tracer
sestamibi and can be seen visualised on nuclear
medicine scans oxyphil cells make up 20% of the
cell population while tumours lacking oxyphil
cells do not take up the tracer.

Parathyroid Physiology

Calcium homeostasis is a phylogenetically
important adaptation mechanism involving a
balance between dietary intake, intestinal
absorption, renal excretion, and bone deposition
and breakdown. All these processes are modu-
lated by parathyroid hormone and vitamin D.
Extracellular calcium concentration is the main
factor controlling the secretion of parathyroid
hormone by parathyroid cells. The
calcium-sensing receptor (CaSR) on the plasma
membrane enables parathyroid cells them to
detect and respond to minute changes in extra-
cellular calcium. Through a classic signalling
pathway involving G-protein-phospholipase C-
IP3 formation and discharge of intracellular cal-
cium stores, high extracellular calcium is trans-
lated into high intracellular calcium levels. The
high intracellular calcium inhibits PTH secretion
from parathyroid cells. This inhibition of hor-
mone secretion in response to increasing intra-
cellular calcium is unique among endocrine cells
which are usually stimulated to secrete hormones
when increasing intracellular calcium promotes
the docking and fusion of the secretory granules
with the plasma membrane.

Abnormalities of CaSR have significant impact
on parathyroid physiology. Inactivating mutations
lead to the parathyroid cells not “switching off” in
the presence of high extracellular calcium. In one
inactivating mutation heterozygous known as
Familial Hypocalciuric Hypercalcemia (FHH) or
Familial Benign Hypercalcemia patients suffer
from hypocalciuric hypercalcemia which is usu-
ally asymptomatic. Newborns homozygous for
this inactivating CaSR mutation have Neonatal
Severe Hyperparathyroidism (NSHPT) with sev-
ere hypercalcemia. Activating mutations are rare
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and lead to the reverse condition—hypercalciuric
hypocalcaemia.

Low expression of CaSR plays a role in the
secondary hyperparathyroidism associated with
renal insufficiency. Pharmacological stimulation
of the CaSR with a specific agonist, cinacalcet,
inhibits parathyroid secretion and it is increas-
ingly used in patients with secondary hyper-
parathyroidism from end-stage renal disease and
in patients with parathyroid carcinoma. In the
United States, the Food and Drug Administration
has not approved cinacalcet for use in children.

Parathyroid Hormone

Parathyroid hormone (PTH) is an 84-aminoacid
peptide with a very short half-life of only 2–5 min
because of rapid degradation into an
amino-terminal fragment and a carboxy-terminal

fragment. Modern laboratory determinations of
PTH use a double antibody immunoassay that
detects only the intact molecule rather than
reacting against an end fragment. The main
physiological effects of PTH (Fig. 5.3) are result
from PTH interaction with specific receptors
located in the kidney and bone. Chondrocytes,
vascular smooth muscle cells, fat cells, brain and
pancreas also express PTH receptors.

In the kidney, PTH increases calcium reab-
sorbtion from the ascending limb on the loop on
Henle and the distal tubules. Also in the kidney
PTH increases the enzymatic activation of Vita-
min D. The active form of Vitamin D then
increases intestinal absorbtion of dietary calcium.
In bone, PTH increases calcium by interacting
with osteoblasts which stimulate osteoclast pre-
cursors to make more osteoclasts. Osteoclasts
directly lead to bone resorption and calcium
release.

Parathyroid CASR Low serum
calcium

Vitamin D activation
Calcium reabsorbtion
from urine

Calcium release
Absorbtion of

dietary calcium

Serum calcium

Intestine Kidney

Parathyroid
hormone

Bone

Fig. 5.3 Physiologic
effects of parathyroid
hormone. CaSR = Calcium
sensing receptor
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6Parathyroid Surgery in Children

Jocelyn Burke, Herbert Chen and Ankush Gosain

This chapter reviews the presentation, diagnosis,
and treatment of hyperparathyroidism in chil-
dren. Compared to adults, parathyroid disease is
rare in children and this rarity may lead to delay
in diagnosis of the parathyroid problem and
delay in recognition of associated conditions.
The common causes of hyperparathyroidism,
such as parathyroid adenoma and hyperplasia, as
well as the less common causes, such as adeno-
carcinoma, that require a high index of suspicion
to diagnose are considered. The chapter will
highlight the similarities and differences between
children and adults in the diagnosis and man-
agement of parathyroid disease.

Incidence/Epidemiology

Hyperparathyroidism (HPT) is a rare disease in
children, with an incidence of 2–5 per 100,000,
compared to 1 per 1000 in adults [1]. Primary
hyperparathyroidism (PHPT), which results from
overproduction of parathyroid hormone (PTH), is
the most common cause of HPT in both adults

and children. A single parathyroid adenoma is
the cause of 80–85% PHPT in adults, and is also
the most common cause of PHPT in children.
Parathyroid hyperplasia of all four glands is
responsible for 10–15% of cases of PHPT in
adults and is much more common in patients
with hereditary conditions such as multiple
endocrine neoplasia type 1 (MEN1) [2, 3].

Secondary and tertiary hyperparathyroidism
are related to chronic renal failure, which results
in continuous stimulation of PTH production,
and are less common causes of HPT in children.
In pediatric patients with chronic kidney disease
(CKD) on dialysis, approximately 80% have
secondary hyperparathyroidism with renal
osteodystrophy, requiring medical treatment and
occasionally surgery.

Parathyroid adenocarcinoma is an exceed-
ingly rare cause of HPT, accounting for less than
1% of all cases of HPT in adults and it is prob-
ably even more uncommon in children, although
no reports convincingly describe the incidence of
parathyroid cancer in the pediatric population
[4–9].

As in adults, HPT in children is more com-
mon in females than males, with a 3:2 ratio in a
retrospective study of 52 pediatric patients [1]. In
pediatric patients with sporadic (non-inherited)
disease, symptomatic presentation generally
occurs between age 15 and 18 years [1, 10].
Patients with MEN syndromes and other inher-
ited forms of the HPT are often diagnosed with
hyperparathyroidism earlier than patients with
sporadic HPT. Children with inherited HPT
might present with symptoms earlier than
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adolescents with sporadic disease but the earlier
diagnosis may be due to screening children who
are asymptomatic but have a positive family
history or other condition that heightens suspi-
cion for HPT. Earlier detection of abnormal
parathyroid glands may also occur in patients
with MEN2 during their prophylactic thyroidec-
tomy for medullary thyroid cancer.

Etiology

There are three main forms of hyperparathy-
roidism: primary, secondary, and tertiary. All
three forms result in an overproduction of PTH.
Under normal conditions, parathyroid hormone is
released in response to decreased serum calcium
levels. Increased PTH leads to [1] increased
gastrointestinal absorption of calcium via
increased renal production of 1, 25-dihydroxy
vitamin D3, [2] osteoclast activation with
increased bone breakdown and release of cal-
cium, and [3] increased renal reabsorption of
calcium. All of these mechanisms increase serum
calcium. Under normal circumstances calcium-
sensing receptors (CaSRs) in the parathyroid
glands detect the increased serum calcium and
activate a negative feedback loop to decrease
PTH production [3]. In primary hyperparathy-
roidism (PHPT), caused by parathyroid adenoma
(s), hyperplasia of all four glands, or parathyroid
carcinoma, the overproduction of PTH escapes
this normal negative feedback loop and hyper-
calcemia results.

Hyperparathyroidism can manifest in new-
borns with neonatal severe hyperparathyroidism
(NSHPT). This rare disease is associated with
severe metabolic bone disease and life-
threatening hypercalcemia (often >20 mg/dL) in
the first week of life, and must be distinguished
from transient neonatal hyperparathyroidism due
to maternal hypocalcemia. NSHPT is associated
with inactivating mutations in the calcium-
sensing receptor genes (CASR), which code for
the CaSR proteins. Neonates with NSHPT gen-
erally have complete or near-complete absence of
functioning CaSRs in their parathyroid glands
[2]. This results in parathyroid hyperplasia,

increased PTH secretion and decreased renal
excretion of calcium resulting in severe hyper-
calcemia [2]. A milder form of this condition
results from a monoallelic mutation in CASR,
which can cause an asymptomatic form of PHPT,
termed familial hypocalciuric hypercalcemia
(FHH). In these cases, reduced levels of func-
tioning CaSRs result in increased secretion of
PTH and modest hypercalcemia that can be
managed with medical intervention alone [2].

In some cases of primary HPT, serum calcium
levels are in the high-normal range, but PTH
levels fail to be appropriately suppressed. This
condition is sometimes referred to as “normo-
calcemic hyperparathyroidism” or “mild hyper-
parathyroidism.” In the rare cases when
hyperparathyroidism results from parathyroid
carcinoma, patients often have extremely high
levels of hypercalcemia (>14 mg/dL), arising
from the overproduction of PTH from tumor
cells within the parathyroid gland and metastases
[4]. These patients can present in hypercalcemic
crisis, which is a medical emergency described in
more detail in 6.71 Preoperative Management.

Secondary hyperparathyroidism (SHPT)
arises in the setting of chronic kidney failure,
when vitamin D activation by the kidney declines
which reduces gastrointestinal absorption of
calcium. In addition, renal excretion of phos-
phate declines and the increasing serum phos-
phate binds calcium. Both processes lead to low
serum calcium levels that continuously signal the
parathyroid glands to produce PTH, resulting in
elevated serum PTH levels and ultimately lead-
ing to four-gland hyperplasia [3].

Tertiary hyperparathyroidism (THPT)
describes the condition in which a parathyroid
gland subjected to prolonged stimulation from
hypocalcemia, usually due to renal failure or
chronic vitamin D deficiency, begins autono-
mous overproduction of PTH that no longer
responds to negative feedback. This can result in
higher levels of serum calcium than would be
expected from calcium and calcitriol therapy
alone [3]. THPT is most often seen after renal
transplantation.

Hyperparathyroidism in children can also be a
manifestation of MEN1 and MEN2 syndromes.
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Parathyroid disease may be the first indicator of
MEN disorders and children who present with
hyperparathyroidism and have a family history of
parathyroid disease or neuroendocrine tumors
should undergo genetic testing for the involved
genetic mutations (MEN1 and RET, respec-
tively). In MEN1, the MEN1 gene is a putative
tumor suppressor, and the development of MEN1
requires two genetic hits to result in loss of
function. One mutation is inherited in the germ-
line and is present in every cell. The second
mutation is a sporadic somatic mutation in a
single cell of an involved tissue that results in
clonal expansion and tumor development. The
MEN1 tumor syndrome includes development of
parathyroid tumors, pancreatic neuroendocrine
neoplasms, pituitary tumors, and bronchial car-
cinoids [11].

MEN2 syndrome results from an autosomal
dominant inheritance of activating mutations in
the RET proto-oncogene. RET (REarranged dur-
ing Transfection) codes for a receptor tyrosine
kinase involved in cellular growth. The missense
mutations of the gene result in gain of function
alterations in the protein, which manifest as
medullary thyroid cancer (MTC) in nearly every
patient, as well as varying presence of other
endocrine neoplasms [11]. For more information
on parathyroid disease in MEN1 and MEN2
please refer to Chaps. 30 and 31, respectively.

Pathology

In children with hyperparathyroidism, as in
adults, the most common operative finding is a
single adenoma and second most common
operative finding is four-gland hyperplasia
[1, 12]. In series of children and young adults
with PHPT, 60–92% have a single adenoma and
0–40% have four-gland hyperplasia [1, 12, 13].
In a study that focused on patients under 18 years
old with no family history of parathyroid or
thyroid disease, 100% were found to have single
adenomas [13]. Additionally, in a separate series,
10% of patients were found to have ectopic
glands, including intrathymic and intrathyroidal

adenomas (Fig. 6.1) [1]. On pathologic analysis,
specimens show hyperplastic parathyroid tissue.

Adenocarcinoma of the parathyroid is defined
by gross or histologic invasion of blood vessels,
perineural tissue, thyroid gland, or other sur-
rounding tissues and by the presence of distant
metastases. Of note, fibrosis or mitotic figures
can be found in adenomas without malignant
potential, so these findings are not sufficient to
diagnose parathyroid adenocarcinoma [3].

Clinical Presentation

History and Symptoms

Patients with hyperparathyroidism can have a
wide range of symptoms, or they can be asymp-
tomatic (Table 6.1) [1, 12]. Pediatric patients are
more likely to present with symptoms than adults.
While most adult series demonstrate asymp-
tomatic rates of 30–40%, pediatric series report
only 0–20% of patients as asymptomatic on pre-
sentation [1, 2, 12]. Children are also more likely
to present with end organ damage, including
pathologic bone fractures, osteitis fibrosa cystica,
nephrolithiasis, and pancreatitis [12]. These pre-
sentations of advanced disease may be due in part
to the frequent delays in diagnosis caused by a low
index of suspicion and delay in appropriate con-
firmatory diagnostic investigations. Hyper-
parathyroidism is the third most frequent
endocrine disease in adults (after diabetes and
thyroid disease) [3] and is a commonly considered
diagnosis, but in a large series of children and
adolescents it took an average of 24 months to
diagnose the same disease in pediatric patients [1].

In the rare patients with neonatal severe
hyperparathyroidism, symptoms present in the
first few days of life and include failure to thrive,
hypotonia, respiratory distress, and prominent
skeletal involvement. This is always combined
with severe hypercalcemia that often requires
urgent intervention [2].

A family history of parathyroid disease is
common in pediatric patients with HPT, espe-
cially in those with genetic disorders such as
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MEN1 or MEN2, or familial HPT. Patients with
these inherited conditions are even more likely to
present with symptoms when compared to those
without a family history [1, 3, 11, 12].

Physical Examination

The physical examination in children and ado-
lescents with HPT is usually normal. The
parathyroid glands lie posterior and medial to the
lateral border of the thyroid gland (see Chap. 5)
and are difficult to palpate even when enlarged.
When patients with HPT have palpable neck
nodules, the nodules are usually not parathyroid
glands [1]. Occasionally an ectopic gland may be
palpated as a small (� 1 cm), mobile, non-tender
neck nodule. Cervical lymph nodes are rarely
enlarged and supraclavicular lymph nodes are
even more rarely enlarged.

Blood Tests

In any child with suspected hypercalcemia
and/or hyperparathyroidism, serum levels of
total calcium, PTH, phosphate, and alkaline
phosphatase should be checked. Serum TSH
levels should be checked to rule out concomi-
tant thyroid disease. Diagnosis of primary HPT
is made with elevated PTH levels (>65 pg/mL,
though the normal range varies by testing pro-
tocol) in the presence of normal or elevated
serum calcium (>10.2 mg/dL, though the nor-
mal range varies by testing protocol). A PTH
level that is not appropriately suppressed with a
high-normal serum calcium level is also con-
sistent with HPT. Secondary HPT, in contrast,
is diagnosed when elevated PTH levels are
present in the setting of hypocalcemia caused by
a known separate etiology such as chronic renal
failure.

Undescended (1%) Undescended (1%)

Intrathyroidal (1%)

Retro-esophageal (1%)

Posterior
mediastinum (1%)

10%

79%

7%

Intrathyroidal (1%)

Thymus (12%)

Thyrothymic ligament (15%)

Lower pole (70%)

Anterior mediastinum (1%)

(a) (b)

Fig. 6.1 The location and frequency of ectopic superior (a) and inferior (b) parathyroid glands. The shaded area
indicates the embryologic of descent of the parathyroid glands
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Imaging

Preoperative localization of the affected gland is
important as it determines the operative approach
for parathyroidectomy. If a single enlarged or
hyperfunctioning gland is detected, the operation
can be performed as a minimally invasive, or
unilateral, parathyroidectomy (MIP). Cervical
ultrasound (US) can aid both in the diagnosis of
parathyroid adenomas and preoperative local-
ization of the diseased gland. Parathyroid ade-
nomas are recognized on ultrasound as a small,
round, generally symmetrical, hypoechoic

structure (Fig. 6.2). Neck ultrasound is nonin-
vasive, relatively inexpensive, and radiation and
sedation can be avoided, but the effectiveness of
ultrasound is operator-dependent. Operator
dependency probably explains the widely vari-
able published accuracy rates of 48–74% [3, 14].
Ultrasound is also unable to sufficiently evaluate
mediastinal glands.

One of the most common and most accurate
preoperative localization studies is a dual-phase
technitium-99 m sestamibi scan with single-
photon emission computed tomography/
computed tomography (SPECT/CT) (Fig. 6.3),
with accuracy rates over 90% [3, 14, 15]. While
the costs of sestamibi imaging with SPECT/CT
are higher than ultrasound, this modality is less
operator-dependent and is much better at
detecting ectopic adenomas. However, when
detection rates are based on persistent radionu-
clide uptake in both phase scans, the false neg-
ative rate can be as high as 40%. Recent studies
including both adult and pediatric patients show
that review of the early phase sestamibi scan by
an experienced endocrine surgeon can result in
increased preoperative localization of parathy-
roid adenomas, thus increasing the possibility of
performing a MIP [16, 17].

Additional imaging options include CT or
magnetic resonance imaging (MRI). CT images
rely on the vascularity of parathyroid glands and
their relative enhancement with contrast com-
pared to the surrounding structures. CT has a
sensitivity of 40–86% depending on the tech-
nique and experience of the radiologist [18].
Recently the sensitivity of CT has improved to
88% with the introduction of four-dimensional
CT (4D-CT) that utilizes changes in the perfu-
sion of contrast over time in addition to the
three-dimensional images [18]. In MRI imaging,
hyperfunctioning parathyroid glands show con-
trast enhancement on T1-weighted images. Sen-
sitivity for adenoma detection with this modality
is 69–88% [18] and it may be preferred in
pediatric patients, as there is no associated ion-
izing radiation and the costs are comparable with
sestamibi SPECT/CT [3, 18].

Table 6.1 Clinical presentations of hyperparathyroidism

Asymptomatic

General

• Fatigue

• Weakness

• Myalgias

Neurologic/Psychiatric

• Headache

• Depression

• Cognitive impairment

Skeletal

• Bone pain

• Osteoporosis

• Pathologic fractures

• Osteitis fibrosa cystica

Gastrointestinal

• Anorexia

• Nausea

• Vomiting

• Diarrhea

• Constipation

• Pancreatitis

• Peptic ulcer disease

Renal

• Polyuria

• Polydipsia

• Kidney stones

• Hypertension
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Indications for Operation

The indications for operation vary based on the
cause of hyperparathyroidism. In general, pub-
lished indications derive from primary HPT in
adult patients, as this is the most common type of
HPT and the disease is uncommon in children.
Any patient with elevated or inappropriately
normal PTH and symptoms of hypercalcemia,
including nephrolithiasis, nephrocalcinosis, renal
dysfunction, osteopenia, pathologic fractures,
osteitis fibrosa cystica, and altered neurologic
function with obtundation, delirium, or coma,
should undergo a parathyroidectomy [3, 18].

Regarding patients with asymptomatic PHPT,
a National Institutes of Health (NIH) consensus
conference published guidelines in 1990 that
were amended in 2002 and 2008 [19] that pro-
pose surgery should be performed in the fol-
lowing circumstances:

• Serum calcium is more than 1 mg/dL
(>0.25 mM/L) above the upper limits of
normal.

• Glomerular filtration rate of <60 ml/min (per
1.73 m [2]). Below this level, elevations in
serum PTH occur, and pathophysiological
abnormalities associated with declining renal

function may negatively influence the hyper-
parathyroid state.

• Reduced bone density, with a Z-score of −2.5
or less in patients younger than 50 years old,
or any previous fracture or fragility.

• Age less than 50, as evidence supports a
greater risk of complications from PHPT in
these individuals over time [19].

Based on these recommendations, all children,
adolescents, and young adults diagnosed with
PHPT should undergo the appropriate operation
to remove the affected gland(s).

If the patient’s workup is suspicious for
parathyroid carcinoma and the disease appears to
be resectable, any biopsy including fine-needle
aspiration should be avoided, as this can violate
the capsule and increase the risk for tumor
implants. The patient should proceed to operative
resection, as described below [4].

The indications for operative intervention in
secondary hyperparathyroidism are less clear.
Medical therapy is the first-line treatment for
SHPT, with the goal to increase available serum
calcium and vitamin D, decrease hyperphos-
phatemia, and increase the sensitivity of CaSRs
to serum calcium. Medical therapy with calcitriol
supplementation and phosphate binders is often

Fig. 6.2 Cervical
ultrasound demonstrating a
hypoechoic mass (arrow)
consistent with a
parathyroid adenoma
posterolateral to the left
thyroid lobe
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sufficient to maintain normal PTH and phos-
phorous levels. Pilot studies of cinacalcet, a
calcimimetic that allosterically activates CaSRs,
showed that a single dose predictably lowered
serum PTH, calcium, and phosphorous in pedi-
atric renal dialysis patients, which suggests this
compound might have further use as medical
treatment for pediatric SHPT [20]. Although in
most cases calcium and PTH levels return to
normal after return of normal renal function
surgical treatment of SHPT should be considered
in the following circumstances:

• A calcium ∙ phosphate product >70
• Severe bone disease and pain
• Pruritus
• Extensive soft tissue calcification with

tumoral calcinosis
• Calciphylaxis [21].

While the vast majority of hyperparathy-
roidism in the setting of CKD resolves within
6 months of renal transplantation, tertiary
hyperparathyroidism (TPHT) develops in 2–3%
of patients who receive a renal transplant [22].
Contrary to SHPT, the primary treatment of
THPT is surgical. After receiving a kidney
transplant patients with SHPT are routinely
monitored for resolution of their HPT. Surgical
treatment should be considered if any of the
following occur after renal transplantation:

• Severe hypercalcemia (>11.5 mg/dL)
• Persistent hypercalcemia (>10.2 mg/dL more

than three months after transplant)
• Severe osteopenia
• Symptomatic HPT (fatigue, pruritus, bone

pain, pathologic bone fracture, peptic ulcer
disease, mental status changes)

• Hypercalcemia with a history of renal calculi
[23]

Management

Preoperative Management

The only curative management for PHPT is
surgical removal of the diseased parathyroid
gland(s). In general, no additional treatment is
needed prior to parathyroidectomy. However, as
described above, patients with SHPT and THPT
are managed medically to control the levels of
serum PTH, calcium, and phosphorous, and
surgery is only performed if patients meet the
indications presented above.

Hypercalcemic Crisis
Occasionally, patients present in hypercalcemic
crisis with extremely high levels of serum cal-
cium (generally above 14 mg/dL), oliguria or
anuria, and changes in mental status [24]. This is

Fig. 6.3 Dual-phase
technetium-99 m sestamibi
scan showing increased
focal uptake of the
radionuclide that persists in
the late phase scan,
indicating a positive
localization of a right side
parathyroid adenoma
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more common in patients with NSHPT, in part
because the syndrome is rare and the initial
symptoms go unrecognized. Hypercalcemic cri-
sis is a medical emergency, and patients need to
be stabilized before they can undergo a
parathyroidectomy. If this is the initial presenta-
tion of the patient for hypercalcemia (i.e., they
have not previously been diagnosed with HPT),
they should undergo a shortened diagnostic
workup while they are being medically stabi-
lized. This workup should include:

• History and physical examination
• X-rays of the head, thorax, vertebral column,

pelvis, and long bones to look for osteolytic
lesions associated with PHPT, metastases,
other neoplasms

• Ultrasound examination of the abdominal
organs to exclude hepatic, pancreatic, renal,
or gynecologic tumors

• Laboratory studies including phosphate,
potassium, creatinine, urea, alkaline phos-
phatase, complete blood count, and PTH [24].

While this workup is taking place, treatment
for the severe hypercalcemia should begin. These
patients are usually severely dehydrated, and the
first step of therapy is intravenous hydration with
normal saline. In addition, any medications that
are associated with or adversely affected by
hypercalcemia should be discontinued. Once
intravascular volume is normalized then urinary
excretion of calcium is encouraged by additional
intravenous fluid. Loop diuretics are added to
inhibit calcium reabsorption in the kidney and
prevent fluid overload. Patients with renal failure
may need urgent hemodialysis. Once the etiology
of hypercalcemia is determined to be PHPT, the
best definitive treatment is prompt surgical
intervention. If surgery cannot be performed
urgently, calcium can also be lowered with
administration of gallium nitrate, bisphospho-
nates, or calcitonin, all of which act to inhibit
osteoclasts and/or slow bone resorption [3].
However, due to the slow onset of therapeutic
effect and long half-life of bisphosphonates, their
use can lead to postoperative hypocalcemia, and
in general they are not recommended when

urgent surgery can be performed. If they are
used, it is suggested that, due to children’s highly
sensitive response to bisphosphonates, only half
of the normal dose should be given in the acute
setting [25]. Case studies and small pilot studies
indicate that cinacalcet, a calcimimetic, may be
used in the pediatric population in the short term
to lower calcium [20, 26]. Once patients are
stabilized, they can proceed to surgery.

Operative Management

The goals of operative care are to identify and
remove the diseased parathyroid gland or glands,
preserve function in the remaining glands, iden-
tify and treat concomitant thyroid disease, and
avoid intraoperative complications. The opera-
tive approach is determined by considering
patient history and results from the preoperative
imaging studies. A small series of 25 patients
with PHPT demonstrated that patients younger
than 18 years old with no family history of
parathyroid disease uniformly had single
parathyroid adenomas [13].

Parathyroidectomy is conducted either
through a bilateral four-gland exploration or as a
MIP (Fig. 6.4). For patients with PHPT and
preoperative imaging that confirms localization
of the diseased gland (as described in 6.54
Imaging), the operation of choice has been
MIP. MIP has advantages over bilateral
four-gland exploration including decreased
operative time, lower hospital costs, shorter
lengths of stay, and fewer events of postoperative
hypocalcemia [27–32]. An additional benefit of
MIP is the unilateral neck exploration, leaving
the contralateral side relatively free of manipu-
lation and thus scarring, making future neck
operations less difficult. However, controversy
around MIP has arisen due to recent large studies
in adults with PHPT that indicate long-term
recurrence rates may be slightly higher in
patients who undergo an MIP versus bilateral
exploration [33, 34]. As these findings have not
been reported in children and postoperative
complication rates are often higher in children
than in adults [35], our center continues to
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perform MIPs in pediatric patients with positive
preoperative localization studies. In this proce-
dure, a small (1.5–2 cm) incision is made along
an anterior neck skin fold on the side of midline
identified with preoperative imaging, and uni-
lateral exploration is completed to identify both
ipsilateral parathyroid glands, taking care to
identify and protect the recurrent laryngeal nerve.
If an enlarged gland is encountered, it is removed
and intraoperative testing modalities described
below are used to confirm that the excised gland
is the causative adenoma [3]. If no enlarged
gland is identified, this procedure can be con-
verted to a bilateral exploration without exten-
sion of the incision. If it is found that the patient
has four-gland hyperplasia, a subtotal parathy-
roidectomy can be performed, with removal of
3.5 glands and an intended remnant amount of
50–75 mg. In these cases, we recommend cry-
opreservation of parathyroid tissue for later
autotransplantation if the patient goes on to have
postoperative hypoparathyroidism.

The success of MIP is enhanced with intra-
operative localization adjuncts, including radio-
guidance and intraoperative PTH values.
A radio-guided parathyroidectomy involves pre-
operative intravenous injection of technetium-
99 m sestamibi 1–2 h prior to the operation and
use of a hand-held gamma probe intraoperatively
to localize hyperfunctioning parathyroid glands.
Once the gland is removed, an ex vivo radionu-
clide count greater than 20% of background
counts indicates appropriate removal of hyper-
functioning parathyroid tissue. This technique
has been shown to be equally effective in chil-
dren as in adults despite smaller adenomas in
children [36].

Intraoperative PTH (ioPTH) monitoring is a
reliable, accurate adjunct to a successful MIP
[37]. After induction of anesthesia and prior to
making an incision, a baseline PTH level is
drawn. Once the enlarged gland is removed, a
rapid PTH serum level is checked at 5, 10 and
15 min post removal. A fall in the serum PTH
level to below 50% of baseline at any of these
time points is indicative of cure, and the opera-
tion can be concluded. However, if the levels fail
to fall by 50%, the presence of a second

hyperfunctioning gland should be suspected, and
cervical exploration should be continued. If a
second adenoma is found and removed, this
process of ioPTH measurement is repeated. In
some cases, the first ioPTH shows an increase
above the baseline level. This increase is attrib-
uted to manipulation of the gland during the
exploration. By treating the elevated first ioPTH
value as the new baseline and monitoring for a
drop of later ioPTH levels by 50% below this
new baseline, cure can still be accurately detec-
ted [38]. Using ioPTH decline as measurement
for cure can be used effectively in children. In
fact, a study of the kinetics of PTH decline in 15
pediatric patients with PHPT suggests that their
serum PTH falls faster than in adults after
removal of a parathyroid adenoma and 100%
demonstrated cure with the 5 min ioPTH level,
compared to 54% of adults by 5 min and 70% by
10 min [10]. This suggests that, in a child with
PHPT, a persistently elevated ioPTH level at
5 min indicates presence of additional hyper-
functioning parathyroid tissue and operative
exploration should continue in an effort to iden-
tify it.

The operative approach to SHPT assumes
four-gland hyperplasia pathology, and begins
with bilateral exploration. If hyperplasia indeed
is present, a subtotal parathyroidectomy or total
(four glands) parathyroidectomy with autotrans-
plant is performed. A study of 105 patients
undergoing parathyroidectomy for SHPT or
THPT showed that ioPTH monitoring is still
useful in patients as it can demonstrate cure [39].
This study gives even more striking rationale for
using ioPTH monitoring in parathyroidectomy
for THPT. While patients with THPT are gen-
erally assumed to have hyperplasia as well, if
only one or two glands are noted to be enlarged
during a bilateral exploration, these should be
removed and ioPTH values should be checked.
Limited resection with only one or two glands
was sufficient for cure in 21% of patients with
THPT [39]. Additionally, ioPTH monitoring
allowed for the detection of supernumerary
glands in three patients with THPT, meaning the
surgical approach was altered in a total of 25% of
THPT patients based on ioPTH results [39].
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In patients with parathyroid carcinoma and no
evidence of metastases, the recommended pro-
cedure is en bloc removal of the parathyroid
cancer, with ipsilateral thyroid lobectomy, isth-
mectomy, tracheal skeletonization, excision of
any adherent muscle, and a central lymph node
dissection if deemed appropriate based on
appearance and extension of the primary tumor
and surrounding nodes [4]. Parathyroid carcino-
mas are often difficult to diagnose preoperatively,
especially in children where the index of suspi-
cion is exceedingly low. Therefore, if certain
gross features, such as firm texture, thick gray or
white capsule, and adherence to surrounding
tissue, are encountered during the operation, the
surgeon should consider carcinoma [4]. Utmost
care must be taken to not violate the capsule so as
to prevent spillage. Once en bloc resection has
been performed, exploration of the remaining
glands should be completed as carcinoma can
coexist with multiple gland disease [4]. If the
disease is metastatic, resection of the primary
disease and the metastases can improve PTH and
hypercalcemia [4].

Postoperative Management

In our practice, patients older than age 14 with an
uneventful procedure and no comorbidities are
discharged to home on the same day as their
operation. Patients younger than age 10 can be
admitted to the general care floor overnight with
a general diet and full activity. When a patient
falls between those ages, individual patient
characteristics and parental comfort level are
taken into account to decide whether or not to
admit them to the floor postoperatively. Patients
and parents are educated about the signs and
symptoms of hypocalcemia, and patients are
discharged with calcium carbonate (Tums),
1000–3000 mg based on age (Calcium carbonate
dosing—Age 2–5 yrs: 400 mg, maximum
1200 mg daily; Age 5–11 yrs: 800 mg, maxi-
mum 2400), to be used as needed for hypocal-
cemia. If patients are at high risk for
postoperative hypocalcemia (e.g., subtotal
parathyroidectomy, redo operation), or if the
patient and family would have difficulty detect-
ing symptoms of hypocalcemia, they are

Anterior
jugular vein

Sternohyoid
muscle

Sternothyroid
muscle

Left
thyroid

lobe

Inferior
thyroid
artery

Carotid
artery

Recurrent
laryngeal
nerve

Parathyroid
adenoma

Fig. 6.4 Minimally invasive parathyroidectomy (MIP).
A 1.5–2 cm transverse skin incision is made in line with
the skin folds. The anterior strap muscles (sternohyoid,
sternothyroid) are separated, and a unilateral exploration

is undertaken to identify both ipsilateral parathyroid
glands. The enlarged gland is removed, taking care to
protect the recurrent laryngeal nerve
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discharged on 1000–3000 mg scheduled daily.
Patients who undergo a total parathyroidectomy
with forearm transplant of parathyroid tissue will
require complete calcium and calcitriol replace-
ment at discharge because the autograft will not
become fully functional for at least 2 weeks.
Patients return for a follow-up appointment one
week postoperatively.

Complications

Multiple studies have indicated that high-volume
endocrine surgeons have better clinical outcomes
with fewer complications [35, 40, 41]. Operative
complications include recurrent laryngeal nerve
damage, which can cause hoarseness with uni-
lateral injury or airway compromise if both
nerves are damaged. In adults, recurrent laryn-
geal nerve monitors are sometimes used. These
utilize a special endotracheal tube with a built-in
sensor that is too large to use in most children,
and thus they are not used in pediatric parathy-
roidectomies. Another possible complication is
hematoma, though this risk is much lower than in
thyroidectomy. Similarly, wound infections are
possible but uncommon complications. Parathy-
roidectomy is considered a clean procedure and
thus perioperative antibiotic prophylaxis is not
recommended. If a wound infection does occur,
conservative treatment with antibiotics should be
attempted prior to open drainage. Due to the
location of the incision on the neck, many deli-
cate underlying structures are exposed with an
open wound, and this should be prevented if
possible.

Hypoparathyroidism can result from devas-
cularization or removal of the remaining
parathyroid glands and can lead to hypocalcemia.
This is often transient, with symptoms resolving
within the first week postoperatively. The risk of
both transient and permanent hypocalcemia is
higher in subtotal parathyroidectomy and in
reoperative parathyroidectomy. For these rea-
sons, it is recommended to cryopreserve some of
the removed parathyroid tissue for potential
autotransplantation should the patient’s
hypoparathyroidism persist. A study of the

Healthcare Cost and Utilization Project—
National Inpatient Sample demonstrated that
children having parathyroidectomy have higher
complication rates than adults, both general (21%
vs. 12%) and endocrine-specific complications
(15.2% vs. 6.2%) [35]. Age affects complication
rates as well, with more complications in chil-
dren age 0–6 (22%) than in those aged 7–12
(1.1%) or 13–17 (0.6%) [35]. This supports the
involvement of multidisciplinary care with
pediatric endocrine patients, especially in the
youngest subset.

Long-Term Outcomes and Follow-up

In HPT, disease persistence is defined as elevated
serum calcium within 6 months postoperatively,
and disease recurrence denotes initially normal
serum calcium levels that become elevated again
more than 6 months postoperatively. Cure is
defined based on calcium levels and not PTH
levels because PTH levels can remain elevated
postoperatively in 20–30% of patients. The
scarce data available on cure rates and recurrence
rates in pediatric patients suggest they are similar
to those in adults, with 96–100% cured in
reported series [1, 12, 13]. Patients should con-
tinue follow-up with their primary care provider
or endocrinologist with routine monitoring for
symptoms of hypercalcemia. While less than 5%
will have persistent disease or develop recurrent
disease, these few may require reoperative
parathyroidectomy. The most common cause of
persistent HPT is surgeon inexperience in locat-
ing and adequately excising the parathyroid
adenomas [42].

Recurrent HPT is uncommon, but occurs
more frequently in the setting of familial disease.
When recurrent or persistent disease is suspected,
a full workup must be completed to confirm the
diagnosis. When the diagnosis is confirmed,
vocal cord assessment should be performed to
evaluate for occult dysfunction [42, 43]. Sur-
geons considering reoperative parathyroid sur-
gery should have a higher threshold for operation
than initial surgery due to the increased difficulty
of reoperation. These include markedly elevated
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serum calcium level, recurrent nephrolithiasis, or
ongoing bone loss. Patients should undergo
preoperative imaging, and the operative approach
must be decided based on the findings with the
consideration that the diseased gland has a higher
chance of being in an ectopic location. The use of
intraoperative localization adjuncts is especially
important in reoperative parathyroidectomies
[43].
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7Adrenal Gland Embryology,
Anatomy, and Physiology

Sanjeev Vasudevan and Mary L. Brandt

Surgical intervention may be required for
definitive treatment of adrenal gland disorders;
therefore, every surgeon involved in treating
children with adrenal pathology needs a thorough
understanding of adrenal gland embryology,
physiology, and anatomy. This chapter reviews
these topics with special emphasis on how they
relate to diseases of the adrenal gland and espe-
cially their surgical treatment. Adrenal gland
embryology is reviewed first as it explains many
unique aspects of adrenal anatomy, histology,
and physiology. Adrenal physiology is then
reviewed as it forms the basis to understand
problems of deranged adrenal function, espe-
cially the unregulated secretion of steroids or
catecholamines that are common manifestations
of adrenal tumors. Finally, the anatomy of the
adrenal glands and surrounding structures is
considered as this explains the clinical findings
of mass effects on adjacent organs of functional
and nonfunctional adrenal tumors and, most
importantly, forms the basis to understand the
conduct of adrenal operations.

Embryology

The adrenal gland is made up of two distinct
types of tissue that arise from two separate ori-
gins. These two tissue types are responsible for
the dual functions of the adrenal gland––steroid
and catecholamine metabolism. At 5–6 weeks
postconception, bilateral mesothelial prolifera-
tion occurs between the root of the dorsal
mesentery and the gonadal ridges (Fig. 7.1) [1].
This tissue eventually forms the fetal cortex of
the immature adrenal glands. The fetal adrenal
cortex surrounds the developing adrenal medulla
(Fig. 7.2), and the entire gland is encapsulated by
a mesodermal layer that separates the adrenal
gland from the adjacent developing gonad and
kidney. The close approximation of the nascent
adrenal cortex to the mesoderm destined to
become the kidney and gonads explains both the
normal anatomic relationship to the kidney and
the occasional finding of ectopic adrenal tissue or
adrenal “rests” associated with the gonadal ves-
sels and gonads [2–4]. Up to 50% of newborns
have ectopic adrenal tissue, either cortical tissue
alone (if it migrated before invasion of the
medullary cells) or a combination of cortical and
medullary tissue. This ectopic adrenal tissue
atrophies in most children so that adrenal rests
are found in only 1% of adults [1].

At 9 weeks gestation the fetal adrenal cortex
differentiates into histologically distinct zones—
the definitive zone and the fetal zone [5]. During
gestation, the fetal cortex primarily produces
androgens, which along with hormones produced
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by the developing gonads influence sexual dif-
ferentiation of the fetus [6, 7]. In the third tri-
mester, a third layer called the transitional zone
forms between the definitive zone and fetal zone.
By 6 months of life the definitive and transitional
zones give rise to the zona glomerulosa, the
outermost layer of the adrenal cortex which
produces mineralocorticoids, and the zona fas-
ciculata, which produces glucocorticoids. Over
the first year of life, the fetal cortex involutes and
the zona reticularis which produces androgens
begins to develop as the inner most layer of the
adrenal cortex [8]. The zona reticularis becomes
a distinct layer by 3–4 years of age (Fig. 7.2).

Chromaffin cells are the functional cells of the
adrenal medulla and are derived from the neural
crest (Fig. 7.1). Along with chromaffin cells the
neural crest also supplies the chief cells of the
paraganglia and the parafollicular C cells of the
thyroid to the developing endocrine system by
the neural crest [9]. Chromaffin cells in the
adrenal produce catecholamines, and are the cells
of origin of pheochromocytomas and neuroblas-
tomas. Chief cells, found in the varied anatomic
locations of the paraganglia, are the cells of ori-
gin of extra-adrenal pheochromocytomas and
neuroblastomas [9, 10].

The merging of the primitive medullary and
cortical cells to create the adrenal gland is
accomplished by migration of medullary cells
into the cortex which begins during the seventh
week of gestation. This process continues so that
by the second trimester the fetal adrenal cortex
surrounds the medulla and the entire gland
becomes encapsulated by a mesodermal layer
separating the adrenal glands from the sur-
rounding retroperitoneal structures (Fig. 7.2) [1,
11]. Interestingly, while in mammals the
medullary and cortical tissues merge into a single
organ, in pre-vertebrates, they develop as two
separate organs [10].

Adrenal Cortex Histology
and Physiology

The fully mature adrenal cortex is made up of
three layers with distinct hormonal functions
(Fig. 7.3). The outer layer is the zona glomeru-
losa, which makes up about 10% of the adrenal
cortex and consists of columnar epithelium
arranged in cord-like structures [12, 13]. The
cells of the zona glomerulosa have sparse cyto-
plasm, rounded nuclei, and a characteristic
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transverse infolding of the mitochondrial
cristae [13].

Activation of the renin-angiotensin axis
stimulates the zona glomerulosa layer to produce
and secrete aldosterone. The juxtaglomerular
cells of the kidney are stimulated to secrete renin
when the intrarenal blood pressure is low, when
the macula densa cells in the distal renal tubule
sense a decreased concentration of sodium
chloride or when renal sympathetics are acti-
vated. Circulating renin then converts
angiotensinogen, a serum globulin produced in
the liver, to an oligopeptide, angiotensin I.
Angiotensin I is converted by angiotensin-
converting enzyme (ACE) to angiotensin II.
Angiotensin II is a vasoconstrictor and also
directly stimulates zona glomerulosa cells to
synthesize and secrete aldosterone. Aldosterone
causes the kidney to save sodium and lose

potassium [8]. ACE inhibitor drugs decrease
angiotensin II and aldosterone and are a mainstay
in the treatment of hypertension.

The middle layer of the adrenal cortex is the
zona fasciculata which makes up about 80% of
the mature adrenal cortex. This layer has large,
lipid-rich, polyhedral cells that store large
amounts of cholesterol which is a precursor of
cortisol [13, 14]. Zona fasciculata cells, unlike the
cells in the zona glomerulosa, possess the
enzymes 17a-hydroxylase and 11b-hydroxylase,
which promote the conversion of progesterone to
cortisol [15]. During stress cholesterol is con-
verted to cortisol and the zona fasciculata
decreases in size [14]. The adrenal cortex respond
to the hypothalamic-pituitary axis (HPA) via
corticotropic releasing factor (CRF) from the
hypothalamus which causes the pituitary to
secrete adrenocorticotropic hormone (ACTH)
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Fig. 7.2 Adrenal embryology—development of the
mature adrenal gland. Adrenal medullary cells migrate
to and begin merging with the developing adrenal cortex
during the 7th week of gestation. By the second trimester
the cortex surrounds the medulla and the entire gland is
encapsulated by a mesodermal layer separating the

adrenal glands from surrounding retroperitoneal struc-
tures. At 9 weeks gestation the cortex begins to differen-
tiate into histologically and physiologically distinct zones
and this process continues until the first few years after
birth
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which acts on the zona fasciculata cells to pro-
duce cortisol. Cortisol secretion from the zona
fasciculata is controlled by circadian secretion of
ACTH, the stress-induced stimulation of the
HPA, and the negative feedback regulation of the
HPA by cortisol [8]. During stress, the adrenal
medulla and zona fasciculata of the cortex can
interact directly. The sympathetic nervous system
can directly stimulate cortisol secretion from cells
of the zona fasciculata and cortisol stimulates the
chromaffin cells of the medulla to increase syn-
thesis of catecholamines.

The innermost layer of the adrenal cortex
adjacent to the medulla is the zona reticularis
which makes up about 10% of the entire adrenal
cortex and has a darker color than the other
layers due to the pigment lipofuscin [14]. It is
made up of small eosinophilic cells arranged in a
cord-like fashion [16]. The zona reticularis is the
site of production and secretion of dihy-
droepiandrosterone (DHEA) and DHEA-sulfate.
Production of these androgens is also regulated
by ACTH [15].

Adrenal Medulla Histology
and Physiology

The adrenal medulla produces catecholamines
and is regulated by the sympathetic nervous
system. The central nervous system activates the
sympathetic nervous system via preganglionic
fibers from the spinal cord. These preganglionic
fibers synapse with postganglionic fibers within
the sympathetic ganglion and the postganglionic
fibers carry the stimulus to end organs [17]. The
adrenal medulla is unique in that it is supplied by
preganglionic fibers that directly synapse to
chromaffin cells which produce catecholamines.
There are no postganglionic nerve fibers [17, 18].
Chromaffin cells are arranged in a reticular pat-
tern around multiple venous channels which
allows secreted catecholamines to rapidly enter
the bloodstream [17].

Some medullary chromaffin cells secrete epi-
nephrine and others secrete norepinephrine [15].
The primary substrate for catecholamine
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produces catecholamines by a stepwise enzymatic alter-
ations of tyrosine
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production is tyrosine. Tyrosine comes directly
from dietary sources or is synthesized in the liver
from dietary phenylalanine. Through stepwise
enzymatic alterations, tyrosine is converted to
dopamine via tyrosine hydroxylase and aromatic-
L-amino acid decarboxylase (see Fig. 7.3).
Dopamine can be converted to norepinephrine by
dopamine-b-hydroxylase. The conversion of
norepinephrine to epinephrine requires Pheny-
lethanolamine N-methyltransferase (PNMT), an
enzyme that is present in chromaffin tissue
(Fig. 7.4). Cortisol from the adrenal cortex
increases PNMT which, in turn, increases
epinephrine production [8, 19].

Adrenal Anatomy

At birth the adrenal glands together weigh about
8 g and are nearly the size of adult adrenal glands
[20]. Therefore, by weight, newborn adrenal
glands are 10–20 times proportionally larger than
adult adrenal glands [1, 21]. The relatively large
size of the adrenal gland is obvious on newborn
imaging studies where the adrenal gland may be
up to one-third the size of the adjacent kidney
[1]. After one year of age, the fetal cortex invo-
lutes and the adrenal gland approaches normal
adult dimensions (approximately 5 � 3 � 0.6
cm) and weight (4–6 g each) [10]. The right
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Fig. 7.4 Adrenal anatomy. Both adrenal glands are
within Gerota’s fascia at the superior-medial pole of the
kidneys lateral to the vertebral column, in front of the 12th
rib on the right and in front of the 11th and 12th rib on the
left. The right adrenal is located against the bare area of
the liver and is partially covered by the vena cava
anteriorly. The left adrenal is behind the tail of the
pancreas and is anterior to the diaphragm. The right
adrenal vein drains directly into the inferior vena cava and

is usually less than a centimeter in length. The right renal
vein is short and drains directly into the inferior vena
cava. The left adrenal vein is longer than the right adrenal
vein and merges with the left inferior phrenic vein prior to
draining into the left renal vein. The arterial blood supply
to the adrenal is variable and consists of multiple small
branches from the inferior phrenic arteries superiorly, the
abdominal aorta medially, and the renal arteries inferiorly
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adrenal gland tends to be a more triangular shape
than the larger, more crescent shaped left adrenal
gland [19]. The surface of the adrenal has a
characteristic bright yellow-orange color which
is distinct from the surrounding retroperitoneal
fat. The distinctive color of the adrenal gland is
more noticeable in infants and young children
than in adults due to the paucity of retroperi-
toneal fat in younger children. This distinct color
is often present in adrenal tumors and their
metastases and is a helpful guide when per-
forming gross total resections of adrenocortical
carcinomas, neuroblastomas, and involved
lymph nodes.

Relationship to Retroperitoneal
Structures

The adrenal glands are located in the retroperi-
toneum, superior and slightly anterior and medial
to the kidney. They are lateral to the vertebral
column, in front of the 12th rib on the right and
in front of the 11th and 12th rib on the left (see
Fig. 7.4) [10]. On the right, the adrenal is located
against the bare area of the liver and is partially
covered by the vena cava anteriorly [11]. On the
left, the adrenal lies behind the tail of the pan-
creas and is anterior to the diaphragm [11]. Both
adrenal glands lie within the pararenal fat at the
superior-medial pole of the kidneys within Ger-
ota’s fascia [10]. There is a fusion of the anterior
and posterior Gerota’s fascia between the adrenal
gland and the superior pole of the kidney [10].
This connective tissue plane separates the adrenal
gland and kidney and facilitates dissection of the
adrenal away from the superior pole of the kid-
ney during adrenalectomy. The renal fascia
envelops the adrenal and extends cranially,
where it attaches to the diaphragm and fixes the
adrenal glands to the posterior abdominal wall
[10]. The lateral attachments are to the superior
pole of the kidney and pararenal fat. In distinc-
tion to the posterolateral anatomy, which is
essentially the same for the two glands, the
anterior and medial relationships are different on
the right and left sides (Fig. 7.4).

Venous Anatomy

Adrenal capillaries drain into a central vein
which exits the cortex at the inferomedial aspect
of the gland. Each gland has a dominant vein,
although smaller accessory veins are often found
adjacent to the adrenal arteries [10]. Anatomic
variants have been reported to occur in up to
50% of patients, although most variants are
minor [22]. Significant variations probably occur
in 3–5% of patients [22, 23]. Multiple adrenal
veins draining via their usual pathway into the
inferior vena cava IVC on the right and the left
renal vein on the left are the most common
anomalies [11]. Other anomalies include acces-
sory venous drainage to the inferior phrenic vein
and venous connections to the azygous vein
and/or posterior gastric veins. These connections
could act as shunts around an obstructed IVC or
portal vein [10]. During resection of large adre-
nal tumors the superior pole arteries to the kidney
can easily be mistaken for the adrenal vein and
care must be taken to avoid inadvertent ligation
of these arteries [11].

The right adrenal vein drains directly into the
inferior vena cava and is usually less than a
centimeter in length [10]. The short length of the
right adrenal vein can make its ligation difficult
during right adrenalectomy. In addition, large,
right adrenal masses can significantly displace
the adrenal vein and occasionally requiring cir-
cumferential mobilization of the inferior vena
cava for adequate exposure and control. Ano-
malous drainage, such as a right adrenal vein
draining into the retrohepatic vena cava at the
confluence of the hepatic veins has been repor-
ted.11 [23]. The left adrenal vein is longer than
the right adrenal vein and merges with the left
inferior phrenic vein prior to draining into the left
renal vein [10]. When dissecting large left-sided
adrenal tumors, one often finds the adrenal vein
flattened against the mass and stretched to a
length significantly longer than normal. Once the
left adrenal vein has been identified, early liga-
tion is preferable prior to full dissection of the
mass due to the risk of avulsing the attenuated
vein from the left renal vein. In general, anatomic
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variants in venous drainage on the left are asso-
ciated with an anomaly in the left renal vein.
Drainage of the left adrenal vein directly into the
IVC in a patient with retroaortic left renal vein
has been reported [24].

Arterial Anatomy

Unlike the venous system, the arterial branches
to the adrenal glands are not as distinct. These
branches arise from three sources––the inferior
phrenic arteries superiorly, the abdominal aorta
medially, and the renal arteries inferiorly
(Fig. 7.4) [10, 12, 19]. The anatomy of the
arterial system is unpredictable and variable and
adrenal arteries can also arise from the intercostal
or gonadal arteries [11].

The arteries enter on the medial side of the
glands and give rise to a dense network of ves-
sels that supply the three layers of the adrenal
cortex and the medulla. In infants and children,
adrenal arteries are usually small and can be are
ligated with cautery, harmonic scalpel, or fine
ties. Larger arterial branches are seen when with
mass lesions within the adrenal gland cause
neovascularization and engorgement of the ves-
sels. In these cases, meticulous dissection and
ligation of vessels is necessary to avoid bleeding.

Lymphatic Anatomy

On the right, adrenal lymphatics drain to
paracrural, paraaortic, and paracaval lymph
nodes. On the left, adrenal lymphatics initially
drain into paraaortic and left renal hilar lymph
nodes. Adrenal lymphatics also may drain
directly to the thoracic duct and posterior medi-
astinal nodes [10, 12]. Extension of lymphatic
spread to adjacent retroperitoneal lymph node
groups is common so a thorough knowledge of
the adrenal lymphatic drainage patterns is critical
for appropriate surgical therapy of advanced
stage adrenocortical carcinoma, neuroblastoma,
or malignant pheochromocytoma when gross
total lymphadenectomy is often indicated.

Anatomic Basis of Surgical Approaches
to the Adrenal

Operations on the adrenal glands can be done
using open or minimally invasive techniques
from either an anterior or posterior approach.
Because the posterolateral anatomy is basically
the same for both adrenal glands, the surgical
approach through the flank is the same for both
glands. The glands are fixed to the posterior
abdominal wall by the renal fascia, allowing
direct access to the glands. The posterior
approach is begun with an incision made along
the 12th rib, which is usually removed to facili-
tate exposure. The latissimus dorsi muscle is
divided and the peritoneum is reflected away. To
improve exposure the diaphragm can be divided
to, after bluntly mobilizing the pleura. Once this
is accomplished, the transversalis muscle is
divided and the kidney is retracted inferiorly to
expose the adrenal [10]. The posterior minimally
invasive or retroperitoneoscopic approach is not
commonly used in children, unless there has
been extensive previous abdominal surgery or
the child is obese [21]. The retroperitoneoscopic
approach begins with a small incision at the tip of
the 12th rib. With blunt finger dissection, a space
is created to insert the first trocar. The space is
opened using a balloon trocar and high (20–
24 mmHg) insufflation pressures prior to placing
additional trocars [25].

The anterior approach to the right and left
glands is different because of the asymmetric
anatomy of the glands. Open anterior adrenal
procedures are most commonly performed
through a subcostal incision. For bilateral lesions
a chevron or midline incision can be used. The
most common approach used for laparoscopic
adrenal surgery is an anterior approach with the
patient in a lateral position, although the proce-
dure can be performed in the supine position as
well [26]. Although single incision (SILS)
laparoscopic adrenal surgery has been described,
most surgeons continue to prefer a standard
laparoscopic approach for adrenal procedures
[27]. Whether an open or minimally invasive
technique is used, the steps of the procedure are
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the same. On the right side, the posterior attach-
ments of the liver to the diaphragm are divided
[11]. The liver can them be retracted superiorly to
expose the fascia covering the adrenal gland. If
additional exposure is needed, the small veins
draining the caudate lobe into the vena cava can
be divided [11]. If necessary, the duodenum can
mobilized medially with a Kocher maneuver to
further expose the vena cava and the kidney [10,
11]. On the left side, the omentum is divided off
the colon and the lesser sac entered. The inferior,
avascular border of the pancreas can be dissected
free and elevated to reveal the adrenal [11]. For
small tumors, this direct approach through the
lesser sac usually provides adequate exposure,
however for large tumors visceral rotation may be
required to adequately expose the adrenal gland
and aorta. In this maneuver, the splenic flexure of
the colon, spleen, and tail of the pancreas are
mobilized and retracted medially [10]. Once the
gland is adequately exposed, identification and
ligation of the adrenal vein is usually carried out
first. As previously noted, the right adrenal vein
empties directly into the vena cava; the left vein
joins the inferior phrenic vein to empty into the
left renal vein. Once the vein is divided, medial
and superior dissection to identify the arteries
supplying the gland can be carried out.

References

1. Barwick TD, Malhotra A, Webb JA, Savage MO,
Reznek RH. Embryology of the adrenal glands and
its relevance to diagnostic imaging. Clin Radiol.
2005;60(9):953–9.

2. Savas C, Candir O, Bezir M, Cakmak M. Ectopic
adrenocortical nodules along the spermatic cord of
children. Int Urol Nephrol. 2001;32(4):681–5.

3. Iyengar V, Pittman DM. Ectopic adrenal gland tissue
in inguinal hernia sac. Ann Diagn Pathol. 2007;11
(4):291–2.

4. Ketata S, Ketata H, Sahnoun A, FakhFakh H,
Bahloul A, Mhiri MN. Ectopic adrenal cortex tissue:
an incidental finding during inguinoscrotal operations
in pediatric patients. Urol Int. 2008;81(3):316–9.

5. Moore K, Persaud T. The developing human. 8th ed.
New York: WB Saunders; 2008.

6. Kempna P, Fluck CE. Adrenal gland development
and defects. Best Pract Res Clin Endocrinol Metab.
2008;22(1):77–93.

7. Hanley N, Arit W. The human fetal adrenal cortex
and the window of sexual differentiation. Trends
Endocrinol Metab. 2006;17:391–7.

8. Cohen M, Brunt L. The endocrine system. In:
O’Leary J, Capote L, editors. The physiologic basis
of surgery. 4th ed. Philadelphia: Lippincott Williams
& Wilkins; 2008. p. 362–404.

9. Adams MS, Bronner-Fraser M. Review: the role of
neural crest cells in the endocrine system. Endocr
Pathol. 2009;20(2):92–100.

10. Avisse C, Marcus C, Patey M, Ladam-Marcus V,
Delattre JF, Flament JB. Surgical anatomy and
embryology of the adrenal glands. Surg Clin North
Am. 2000;80(1):403–15.

11. Brunt L, Cohen M. Adrenalectomy—open and
minimally invasive. In: Fisher J, Bland K, editors.
Mastery of surgery. 5th ed. Philadelphia: Lippincott
Williams & Wilkins; 2007.

12. Clark O, Duh Q, Kebehew E. Textbook of endocrine
surgery. 2nd ed. Philadelphia: WB Saunders; 2005.

13. Bravo EL. Physiology of the adrenal cortex. Urol
Clin North Am. 1989;16:433–7.

14. Silverman M, Lee A. Anatomy and pathology of the
adrenal glands. Urol Clin North Am. 1989;16:
417–32.

15. Molina P. Endocrine physiology. 3rd ed. New York:
McGraw Hill; 2010.

16. Conram R, Cheng E, Dehmer L, Sharmada H. The
Pineal, Pituitary, Parathyroid, Thyroid and Adrenal
Glands. In: Stocker J, Dehner L, Husain A, editors.
Stocker & Dehner’s Pediatric Pathology. Philadel-
phia: Lippincott, Williams & Wilkins; 2011.

17. Tsapatsaris N, Breslin D. Physiology of the adrenal
medulla. Urol Clin North Am. 1989;16:439–45.

18. Dimitrios L, Heerden Jv. Adrenal glands: diagnostic
aspects and surgical therapy. New York: Springer;
2004.

19. Linos D, Heerden JV. Adrenal glands: diagnostic
aspects and surgical therapy. New York: Springer;
2004.

20. Langlois D, Li JY, Saez JM. Development and
function of the human fetal adrenal cortex. J Pediatr
Endocrinol Metab. 2002;15(Suppl 5):1311–22.

21. Misseri R. Adrenal surgery in the pediatric popula-
tion. Curr Urol Reports. 2007;8:89–94.

22. Parnaby CN, Galbraith N, O’Dwyer PJ. Experience
in identifying the venous drainage of the adrenal
gland during laparoscopic adrenalectomy. Clin Anat.
2008;21(7):660–5.

23. Sebe P, Peyromaure M, Raynaud A, Delmas V.
Anatomical variations in the drainage of the principal
adrenal veins: the results of 88 venograms. Surg
Radiol Anat. 2002;24(3–4):222–5.

84 S. Vasudevan and M.L. Brandt



24. Stack S, Rosch J, Cook D, Sheppard B, Keller F.
Anomalous left adrenal venous drainage directly into
the inferior vena cava. Jl Vasc Interven Radiol.
2001;12:385–7.

25. Dickson P, Jiminez C, Chisholm G, Kannamer D,
Ng C, Grubbs E, et al. Posterior retroperitoneoscopic
adrenalectomy: a contemporary american experience.
J Am Coll Surg. 2001;212:659–65.

26. Brunt L. Minimal access adrenal surgery. Surg
Endosc. 2006;20:351–61.

27. Ishida M, Miyajima A, Takeda T, Hasegawa M,
Kikuchi E, Oya M. Technical difficulties of transum-
bilical laparoendoscopic single-site adrenalectomy:
comparison with conventional laparoscopic
adrenalectomy. World J Urol. 2013;31(1):199–201.

7 Adrenal Gland Embryology, Anatomy, and Physiology 85



8Pheochromocytoma

Michael J. Stechman and Gregory P. Sadler

Tumours arising from neuroectodermal chro-
maffin-staining cells of the adrenal medulla are
known as pheochromocytomas (PHEO). Tumours
arising from neuroectodermal chromaffin-staining
cells located in extra-adrenal sympathetic and
parasympathetic ganglia are known as paragan-
gliomas (PGL).Both tumours are extremely rare in
children with a reported incidence of less than 0.3
cases per million [1]. Most of PHEO and sympa-
thetic PGL secrete catecholamines including
adrenaline, noradrenaline and dopamine, but 95%
of head and neck PGL are derived from
parasympathetic ganglia and are usually
non-functioning [2, 3]. PHEO and PGL are rare
compared to the usual retroperitoneal tumours of
childhood such as neuroblastoma and Wilms’
tumour and while neuroblastoma and Wilms’
tumour usually occur in infants and toddlers,
PHEO and PGL can occur at any age through to
adulthood [4]. Much of the data about the natural
history and management of PHEO are derived
from the extensive literature of the adult disease.
However, there are some important differences in

the aetiology, presentation, surgical management
and follow-up of children with PHEO and PGL.

Epidemiology

PHEO and PGL may occur at any age during
childhood but most often arise during the early
teens and with an approximately equal male to
female incidence [5–8]. Between 80 and 90% of
PHEO and PGL occur in adults with the
remaining 10–20% occur in children. The
tumours are either sporadic or familial. The
majority of tumours in adults are sporadic but
with advanced testing up to 30% of adult
tumours initially thought to be sporadic are found
to have detectable germ-line mutations [6, 9].
The incidence of detectable gene abnormalities
rises to 56% in adolescents below 18 years of
age and to 70% in children under 10 years of
age. Mutations of several genes including RET,
VHL, SDHx, NF1 and TMEM127 are associated
with inherited endocrine tumour syndromes that
include the development of PHEO or PGL (see
Table 8.1) [10–15]. These disorders result in
tumours that are more likely to be bilateral,
multi-focal and extra-adrenal [7, 8, 16–19].

Aetiology and Molecular Genetics

The molecular basis of sporadic catecholamine-
secreting tumours is poorly understood and few
somatic mutations have been identified in tumour
specimens. However, our understanding of the
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molecular basis of tumorigenesis in familial
pheochromocytoma continues to develop. Experi-
mental evidence suggests that alterations in the
genes responsible for these familial pheochromo-
cytoma (VHL, RET, NF1 and SDHx) impair c-Jun
dependent neuronal apoptosis during normal
development. This unifying explanation is known
as the ‘developmental culling hypothesis’ [20, 21].
The individual genetic disorders giving rise to
PHEO and PGL are discussed below.

Von Hippel–Lindau Disease (VHL)

This autosomal-dominant disease is a significant
cause of PHEO presenting in children with an
incidence of 1 per 36,000 live births [22]. VHL is
characterised by an increased risk of heman-
gioblastoma of the CNS and retina, renal cell
cancer (RCC), neuroendocrine tumours of the
pancreas, endolymphatic sac tumours and PHEO.
10–20% of affected patients develop PHEO and

Table 8.1 Familial disorders with known genetic defects that are associated with the development of pheochromo-
cytoma and/or paraganglioma

Syndrome Gene
(chromosome)a

Clinical manifestations % with
PHEO

%
PHEO
bilateral

References

von Hippel Lindaub VHL
(3p25-p26)

PHEO, cerebellar
hemangioblastoma, retinal
angiomas, renal cell carcinoma,
pancreatic cysts, pancreatic NETs in
5–10%

10–20% 40–80 [11]

Multiple endocrine
neoplasia type 2Ac

Multiple endocrine
neoplasia type 2B

RET (10q11.2) PHEO, MTC,
hyperparathyroidism
PHEO, MTC, mucosal neuromas,
colonic ganglioneuromatosis,
Marfanoid facies, skeletal
abnormalities

50% 50–80 [10]

von
Recklinghausen’s
disease

NF1 (17q11.2) Neurofibromata, >6 café au lait spots,
axillary freckling, skeletal
abnormalities and PHEO

5–10% 10 [15]

PGL-1 SDHD (11q23) Parasympathetic head and neck PGL
± PHEO

Uncommon – [14]

PGL-2 SDHAF2
(11q13.1)

Parasympathetic head and neck PGL
(non-functioning)

Not
described

– [38]

PGL-3 SDHC (1q21) Parasympathetic head and neck PGL,
PHEO rare

Rare – [12]

PGL-4 SDHB
(1p35-p36)

Sympathetic abdominal PGL and
PHEO—50% malignant

PGL or
PHEO in
70%

[13]

Familial
pheochromocytoma

TMEM127
(2q11)

PHEO ? 43 [40]

Familial neural
crest-derived
tumours

KIF1B
(1p36.2)

PHEO or neuroblastoma ? ? [102]

RET Rearranged during transfection; SDH Succinate dehydrogenase; SDHAF2 Succinate dehydrogenase complex
assembly factor 2; TMEM127 Transmembrane 127; NF1 Neurofibromatosis type 1; KIF1B Kinesin family member 1B
(microtubule motor)
aHomozygous mutations of SDHA cause Leigh syndrome which is not associated with PHEO or PGL
bFour types of VHL disease are recognised (1, 2A, 2B and 2C)—type 1 is not associated with PHEO
cMedullary thyroid cancer (MTC) is usually the initial presentation. MEN2A is associated with Hirschsprung’s disease
in 5%
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the tumours are often bilateral. Multiple cysts of
the pancreas, kidney and epididymis are also
common [23].

There are four subtypes of VHL: Types 1, 2A,
2B and 2C. All subtypes are due to germ-line
abnormalities of the VHL gene on chromosome
3p25 [24]. There is a strong genotype–phenotype
correlation. Type 1 disease is due to truncating
VHL mutations that are inactivating and lead to
loss of function. Type 1 disease is not associated
with PHEO. Each of the Type 2 diseases is due to
specific missense activating mutations and leads
to gain of function of the VHL protein. Each
variant has a specific tumour-risk pattern. Type
2A has an increased risk of retinal and CNS
hemangioblastoma and PHEO but not RCC,
Type 2B has an increased risk of RCC, heman-
gioblastoma and PHEO; and Type 2C has an
increased risk of PHEO only [24, 25].

Nearly, all VHL families harbour specific
germ-line mutations, but up to 20% of cases of
VHL disease occur de novo [26]. Although
malignant PHEO is reported in less than 5% of
patients with VHL, those patients with subtypes
that lead to RCC and hemangioblastoma have a
reduced life expectancy and should be screened
from 5 years of age onward with MRI of the
brain and spinal cord, kidneys and adrenal glands
[27]. Patients with VHL who are undergoing a
surgical procedure should have preoperative
evaluation of urine or plasma metanephrines to
exclude occult PHEO.

Multiple Endocrine Neoplasia Type 2A
and 2B (MEN 2A and 2B)

MEN 2 is an autosomal dominantly inherited
endocrine tumour syndrome that affects 2–3 per
100,000 of the population. It is due to activating
germ-line mutations of the gene on chromosome
10q11 that encodes the RET tyrosine kinase
receptor [10]. Two main clinical subtypes are
recognised, MEN 2A and MEN 2B.

MEN 2A is characterised by medullary thy-
roid cancer (MTC) in all patients, hyperparathy-
roidism in 30% and PHEO in 50%. MEN 2B is
much less common accounting for only 10–15%

of patients with MEN. The clinical features of
MEN 2B include Marfanoid facies, skeletal
deformities, mucosal neuromas of the tongue and
lips, ganglioneuromatosis of the intestine, MTC
and PHEO. A third disorder, familial MTC
(FMTC), is also due to RET mutations but not
associated with PHEO. Although MTC is almost
always the initial presenting disorder in MEN2,
as many as one-third of patients may present with
MTC and PHEO simultaneously and so the latter
should always be excluded prior to surgery for
MTC [28].

The clinical features of the disease (pheno-
type), age of onset and aggressiveness of MTC
are dependent upon the specific codon mutation
inherited by the patient (genotype) [27, 29].
Patients with MEN 2A have mutations that affect
the extracellular ligand-binding domain of the
receptor (exons 10 and 11 of the RET gene) and
85% of patients have codon 634 RET mutations.
The remaining 10–15% have mutations of
codons 609, 611, 618 and 620 [30]. In contrast,
those with MEN 2B have mutations affecting the
intra-cellular, tyrosine kinase domain (exons 15
and 16) and 95% of patients have the codon 918
mutations, or more rarely codon 883 mutation
[30]. Patients with FMTC have mutations
affecting codons 768, 790, 791, 804 and 844
(exons 13 and 14) although mutations are
described in exons 10 and 11, denoting an
overlap between FMTC and MEN 2A [10].
Interestingly, although PHEO is observed in 50%
of individuals with codon 634 and 918 muta-
tions, it occurs rarely in those with mutations in
exon 10 (codons 609, 611, 618 and 620) or exon
15 (codon 791 and 804) [31, 32].

Neurofibromatosis Type 1 (Von
Recklinghausen Disease)

Neurofibromatosis type 1 (NF-1) is an auto-
somal-dominant condition that occurs in 1 in
3000 live births and is due to mutations in the
NF1 gene on chromosome 17q. Half represent de
novo changes [24]. PHEO develops in 5% of
those affected, usually in adulthood [33]. Diag-
nosis of NF-1 is usually straightforward because
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of the presence of cutaneous neurofibromata,
café au lait spots and axillary and inguinal
freckling. Genetic testing is problematic because
the gene contains 60 exons with numerous
pseudogenes [34]; however, it is rarely necessary
due to the obvious clinical signs. Screening for
PHEO should be performed in individuals with
the disorder who develop hypertension.

Hereditary Paraganglioma
and Pheochromocytoma Syndromes

Four inherited syndromes, PGL-1, PGL-2, PGL-3
and PGL-4 syndromes, have varying predisposi-
tion to development of PHEO, extra-adrenal
sympathetic PGL and parasympathetic head and
neck PGL. These syndromes are caused by
germ-line mutations of genes encoding subunits
of the mitochondrial complex II enzyme, succi-
nate dehydrogenase (SDH), which is involved in
the tricarboxylic acid cycle. PGL-1 syndrome is
caused by SDHD mutations, PGL-3 syndrome is
caused by SDHCmutations and PGL-4 syndrome
is caused by SDHB mutations. SDHD mutations
are also found in up to 11% of sporadic PHEO
[35] and in up to 50% of sporadic head and neck
PGL tumours [36]. These SDHD mutations have
an unusual paternal origin of inheritance [37].
PGL-2 syndrome is due to mutations of the
SDHAF2 gene which encodes a protein required
for flavination of the SDHA subunit [38].

PGL-1 syndrome is associated with parasym-
pathetic head and neck PGL (chemodectoma or
glomus tumour) in middle-aged patients and
occasionally PHEO [14, 36]. PGL-2 is the least
common syndrome and is associated with
parasympathetic head and neck PGL. PGL-3
syndrome is rare with only 10 families in the
literature. The disorder is associated with devel-
opment of parasympathetic head and neck PGL
only [36]. PGL-4 causes predominantly abdom-
inal sympathetic PGLs and occasionally PHEO
[13], but almost half are malignant [39].

Tumours may develop from the first decade of
life. Diagnosis of initial tumour is at a median
age of 32 years and there is an estimated pene-
trance of 45% by age 40 [36].

Other Genetic Disorders

Germ-line inactivating mutations of the
transmembrane-encoding gene TMEM127 on
chromosome 2q11 have been shown to be asso-
ciated with the development of PHEO [40]. Like
RET, TMEM127 acts as a tumour suppressor
gene. Large-scale mutational analysis of 990
patients with sporadic PHEO revealed TMEM127
mutations in just under 2%, with bilateral
tumours in over a third of these individuals [41].

The Carney triad of gastro-intestinal stromal
tumours (GISTs), pulmonary chondroma and
PHEO/PGL occurs predominantly in women and
is most commonly associated with deletions of
chromosome 1pcen13-q21 which contains the
SDHC gene although the exact genetic defect is
unknown [42]. However, a separate condition,
the Carney-Stratakis syndrome of GIST and
PHEO/PGL, has been demonstrated to be due to
SDHB, SDHC and SDHD mutations in a pro-
portion of patients [36].

Genetic testing should be performed in all
children and adolescents that present with PHEO
or PGL. The precise order of genetic testing is
dependent upon the clinical presentation. Thus,
patients presenting with PHEO and MTC should
undergo screening of RET, whereas those with
isolated PHEO should undergo VHL and if neg-
ative, SDHB, SDHD and SDHC testing. Indi-
viduals with extra-adrenal tumours in the
abdomen and chest should undergo VHL, SDHB,
SDHD and SDHC screening, whereas those with
head and neck PGL are most likely to harbour
mutations in SDHD, SDHB, SDHC, SDHAF2
and occasionally the VHL gene. Counselling and
testing of first-degree relatives should follow the
detection of index cases.
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Pathology

Grossly pheochromocytomas are soft vascular
tumours that when sliced are a pink/tan colour.
Tumours are usually less than 5 cm in maximal
diameter but can be much larger. Microscopi-
cally, tumours have a regular nested (Zellballen)
pattern of polyhedral cells which stain yellow
with chromic acid [43] (hence the term ‘chro-
maffin positive’) and contain large nuclei with
numerous secretory granules. A layer of susten-
tacular cells surrounds the nests of chromaffin-
positive cells. These cells are more prominent in
benign tumours [44, 45] and stain positive for the
immunohistochemical marker S-100. Tumours
also demonstrate immunoreactivity for chromo-
granin A and synaptophysin [46–48].

The incidence of malignant PHEO is around
12% in children [5], but is higher in extra-adrenal
sympathetic tumours, particularly those due to
SDHB mutations. Only distant metastases and
local invasion are definitive markers of malignant
tumours. However, a number of surrogates sug-
gest an increased risk of malignancy: tumour
diameter >5 cm (75% prevalence of malignancy)
[5]; presence of lymphovascular or capsular
invasion; presence of confluent tumour necrosis;
increased Ki-67 proliferation index and absent
S-100 staining of sustentacular cells [45, 49–51].
Scoring systems to predict malignancy have been
developed (PHEO of the Adrenal Gland Scaled
Score or PASS) [52] using some of the above
criteria and other histological appearances
including the presence of high cellularity, tumour

cell spindling, cellular monotony, increased
mitotic figures, atypical mitotic figures, nuclear
pleomorphism and cellular hyperchromasia.
However, significant inter- and intra-observer
variability of PASS component scoring high-
lights the limitations of current scoring systems
in diagnosing malignancy [53].

Malignant tumours have increased tumour
expression of some biological markers [telom-
erase catalytic subunit hTERT, heat shock pro-
tein (HSP) 90, cyclo-oxygenase, N-cadherin,
vascular endothelial growth factor (VEGF)] and
decreased expression of others (neuropeptide Y
(NPY) and EM66) [54]. The use of these indi-
cators to predict malignant behaviour is not
routine in clinical practice.

Finally, SDHB protein expression by tumour
immunohistochemistry is absent in all PHEO/
PGL presenting in patients affected by SDHB, C
and D mutations, but present in all those pre-
senting as part of MEN2, VHL and NF1 and in
almost 90% of those with no germ-line
mutation [55]. SDHB immunohistochemistry
could be a useful to guide genetic testing and, in
the case of SDHB-related PHEO/PGL, assist
in identifying tumours with high malignant
potential.

Clinical Presentation

Sustained hypertension is the most common
presenting finding in children (Table 8.2) in
contrast to adults who often have the classic triad

Table 8.2 Clinical
presentation of
pheochromocytoma and
functioning paraganglioma
in children compared with
adults

Children with PHEO/PGL Adults with PHEO/PGLa

Age 11 years

Male: Female 1.6:1 1:1

Presenting symptom

Sustained hypertension 90–100 68

Headache 81–95 90

Palpitations 35–63 72

Sweating 69–90 92

Mass effect 30–38 ?
aSustained hypertension is the most consistent finding in children diagnosed with
chromaffin tumour, whereas adults generally present with the classic triad of headache,
palpitations and sweating with episodic hypertension
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of episodic sweating, palpitations and headache
[19, 56]. In addition to signs and symptoms of
excess catecholamines, tumours may present
with local mass effects (abdominal pain with or
without abdominal distension), or as an inci-
dental finding on imaging studies, or during
biochemical screening tests. A feature sometimes
noted in tumours related to VHL and MEN 2
syndromes is the lack of symptoms. This may be
that this is due to ascertainment bias (e.g.

tumours detected on screening do not reach a size
where they become symptomatic) rather than a
feature of genetic tumours per se [57].

Evaluation

The approach to diagnosis in children is sum-
marised in Fig. 8.1 with additional explanations
in the following sections.

Fig. 8.1 Suggested algorithm for the investigation of a child with suspected pheochromocytoma or paraganglioma
(PHEO pheochromocytoma, PGL paraganglioma, see text for other abbreviations)
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History

On presentation, the child and parents should be
questioned about the presence and duration of
symptoms relating to catecholamine excess such
as headache, palpitations, panic attacks, sweating
and about neurological symptoms such as blurred
vision and weakness. In addition, specific ques-
tioning should investigate the possibility of other
associated conditions such as thyroid nodules,
hypercalcaemia, megacolon and renal tumours.
Family history of PHEO, PGL and any related
endocrine tumour (see Table 8.1) should be
noted along with a pedigree of affected and
unaffected family members. Finally, a full past
medical history of medical problems and surgical
procedures that might impact anaesthesia or
operation should be documented.

Physical Examination

The most common abnormality on physical
examination is hypertension but the physical
examination is often normal. However, physical
exam is diagnostic in patients with NF-1 (mul-
tiple cutaneous neurofibromata, café au lait spots
and axillary/inguinal freckling) and in patients
with MEN 2B (Marfanoid appearance, lingual
neuromas, signs of Hirschsprung’s megacolon,
neck scar from previous thyroid surgery). Adre-
nal and extra-adrenal tumours are not usually
palpable unless they are very large, although
tumours in the neck and at the abdominal aortic
bifurcation may be palpable.

Investigations

The presence of catecholamine-secreting tumours
is confirmed by the biochemical testing of plasma
or urine for fractionated catecholamines (adrena-
line, noradrenaline and dopamine) or metane-
phrines (metadrenaline, normetadrenaline and
3-methoxytyramine). When catecholamine

excess is determined then imaging is done to
localise the tumour.

The majority of children with PHEO, partic-
ularly if symptomatic, will have increased levels
of urinary catecholamines and metanephrines.
Metanephrines result the enzyme catecholamine-
O-methyltransferase (COMT) within the tumour
metabolises catecholamines. Plasma and urinary
metanephrines are more sensitive (99 and 97%
respectively) than plasma and urinary cate-
cholamine (86 and 84% respectively) because
catecholamine secretion may be intermittent [58,
59]. Therefore, the most appropriate tests in
children are urinary metanephrines or if urine
collection is not feasible then plasma metane-
phrines. The increased sensitivity of plasma
metanephrines is also valuable to detect early
disease when there is a known genetic mutation
that puts a patient at risk for PHEO. Elevation of
metanephrines greater than 4� the upper limit of
the reference range is 100% diagnostic for a
chromaffin tumour [60]. Metanephrine estima-
tions may be affected by certain drugs (e.g.
monoamine oxidase inhibitors, paracetamol, tri-
cyclic antidepressants, sympathomimetics such
as ephedrine and phenylephrine, amphetamines
and levodopa) so these drugs should be discon-
tinued prior to testing [61].

Tumours may have characteristic biochemical
secretions and are classified as either noradrener-
gic or adrenergic. For example, PGLs and PHEOs
arising in association with VHL disease are nora-
drenergic and predominantly secrete nora-
drenaline and normetadrenaline [62]. This is likely
due to VHL tumours having reduced expression of
the enzyme phenylethanolamine-N-methyl-
transferase (PNMT), which converts nora-
drenaline to adrenaline [63]. Adrenergic PHEOs
secrete a mixture of adrenaline/metadrenaline and
noradrenaline/normetadrenaline. They may be
sporadic or due to RET and NF1 mutations.
Dopamine and its metabolite 3-methoxytyramine
are occasionally the predominant secretions, usu-
ally from PGL arising due to SDHx mutations.
Such tumours are often asymptomatic.
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Differential Diagnosis

Definitive biochemical findings of elevated cat-
echolamines denote a PHEO or a PGL. In young
children, neuroblastoma is a possibility, but may
be distinguished from PHEO and PGLs because
neuroblastomas do not secrete physiologically
active catecholamines [19]. PHEO or PGL
require preoperative alpha- and beta- adrenergic
receptor blockade so it is important to distinguish
these tumours from neuroblastomas. Therefore,
in addition to VMA and HVA, children that
present with a diagnosis of neuroblastoma and
symptoms of catecholamine excess should have
24-h urinary measurements of fractionated cate-
cholamines and metanephrines.

Imaging and Localisation

Computerised Tomography
(CT) and Magnetic Resonance
Imaging (MRI)
Radiological investigations to localise the tumour
should only be performed after a confirmed
biochemical diagnosis. Abdominal and pelvic CT
and MRI have a high sensitivity (90–100%) and
specificity (70–80%) [64, 65] and will detect the
majority of tumours, particularly if they are
symptomatic. However, CT and MRI may lack
the sensitivity to localise tumours <1 cm diam-
eter that may be detected by early biochemical
screening. Contrast CT is quicker and may be
more readily available, but requires exposure to
radiation. Ionic contrast has been reported to
precipitate catecholamine release from PHEO
and ‘PHEO crisis’, but non-ionic contrast is safe
[66]. MRI (Fig. 8.2) avoids radiation and can
distinguish PHEO (which appear hyperintense on
T2-weighted images) from other types of adrenal
mass (usually hypointense) [67] but may require
general anaesthetic in children. Ultrasound may
be useful for surveillance of the neck in children
at risk of head and neck PGL. Extra-adrenal PGL
may occur in the head and neck (5%), the bladder
(10%), along the sympathetic chain in the thorax
(10%), and along the sympathetic chain in

abdomen (75%), either above (juxtarenal) or
below (organ of Zuckerkandl), the origin of the
inferior mesenteric artery [68]. Due to the
increased likelihood of extra-adrenal and
multi-focal disease in children, particularly those
with familial disease secondary to SDHx muta-
tions, extra-adrenal sites often require
investigation.

Other Imaging and Investigations
If initial imaging is negative or reveals
extra-adrenal disease, functional imaging with
123I-MIBG (Meta-iodobenzylguanidine) or
111In-octretide may identify occult or multi-focal
tumours, confirm functionality of extra-adrenal
lesions and detect metastatic disease. Radiola-
belled MIBG is taken-up by chromaffin cells via
the vesicular monoamine transporter 1 (VMAT-1)
because it resembles noradrenaline. It is 80–90%
sensitive and more than 95% specific [67]. Radi-
olabelled octreotide binds to somatostatin recep-
tors commonly expressed by adrenergic tissue and
is 50–70% sensitive. Although less sensitive than
MIBG, octreotide scanning may be useful if
cross-sectional imaging and MIBG scanning are
negative. Routine use of functional scans in the
presence of adrenal lesions seen on CT/MRI may
lead to false-positive localisation of other
non-catecholamine-secreting incidentalomas [69,
70], so their use is best reserved for the detection of
occult or extra-adrenal disease or for
post-operative investigation of residual or meta-
static disease. Various forms of positron emission
tomography (PET) scanning have shown promise.
In one study, imaging with 6-[18F] fluor-
odopamine was 98% sensitive and 100% specific
and was superior to 123I-MIBG [71]. Factors pre-
dicting MIBG negativity were young age, hered-
itary aetiology and lack of VMAT-1 expression in
tumours. It is therefore likely that 6-[18F]fluor-
odopamine PET will be of use in detecting PGL in
young patients when conventional imaging and
MIBG have failed. It should also be considered for
locating metastatic disease [2]. Finally, selective
adrenal vein sampling has proved misleading in
PHEO and has very limited value [69].
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Management

Biochemical diagnosis and localisation of PHEO
or PGL should be followed by medical prepara-
tion to control blood pressure and then prompt
surgical excision.

Preoperative Management

Major operations done in the presence of undi-
agnosed PHEO are associated with a mortality of
between 25 and 100%; therefore, preoperative
preparation to protect against catecholamine
excess and triggers of secretion such as induction
of anaesthesia are essential for a successful out-
come. Although practice varies, alpha-adrenergic
blockade, with or without beta-adrenergic
blockade, is the most common strategy. In the
author’s unit, supervised initiation of alpha
blockade using oral phenoxybenzamine
(0.25–1.0 mg/Kg/day in 3 divided doses) to
control blood pressure is the first step. Once
alpha blockade is established (usually requiring

4–7 days of therapy) then beta blockade to con-
trol tachycardia is commenced (e.g. propranolol
0.25–0.5 mg/Kg/day in 3 divided doses). This
sequence of alpha blockade first and then beta
blockade is important to avoid dangerous eleva-
tions in blood pressure that occur with
alpha-induced vasoconstriction. Pharmacological
relief of chronic vasoconstriction allows restora-
tion of the inevitable associated depleted
intravascular volume over 2–4 weeks. In the
week prior to surgery, patients are admitted for
supervised blood pressure monitoring and further
optimisation of alpha and beta blockade to ensure
a goal of a normal resting blood pressure and a
postural drop in blood pressure without the nor-
mal compensatory tachycardia. At this point it is
safe to proceed with an operation. Other regi-
mens have been described, e.g. alpha blockade
with doxazosin or prazosin, with and without
beta blockade [72], using calcium channel
blockers alone [73], and using the catecholamine
synthesis blocker, metyrosine, if there are con-
cerns about cardiac failure [74]. However, it must
be stressed that preparation should be carried out
by a multi-disciplinary team that is experienced

Fig. 8.2 Axial (left) and coronal (right) images from the
MRI abdomen of a 13-year-old boy with VHL disease.
Bilateral PHEO were diagnosed on biochemical screen-
ing. Note the hyperintense appearance of the tumours
(white arrows) on axial T2-weighted images. He was

treated with laparoscopic adrenalectomy for the 45-mm
right-sided tumour and laparoscopic cortical-sparing
subtotal adrenalectomy for the 20-mm left-sided tumour,
performed sequentially
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in managing such patients and that the familiarity
and experience of the team with the condition is
probably more important than the exact regimen.

Surgery

Again, a team approach, involving personnel
experienced in the surgery for PHEO/PGL, is
crucial to ensure a successful outcome in children
with the disease. Surgeons experienced in treat-
ing such patients will counsel children and their
families about possible associated genetic disor-
ders, surgical approach, possible steroid depen-
dence post-operatively, and the need for
long-term follow-up. PHEO and intra-
abdominal PGL account for 95% of these
tumours and can be dealt with by laparotomy or
laparoscopic surgery.

Adrenalectomy for PHEO
Due to the rarity of PHEO in children, there are
no randomised trials concerning the most
appropriate method of surgical excision; how-
ever, one small, randomised study in adults
reported reduced blood loss, operative time and
length of hospital stay with laparoscopic resec-
tion [75]. The only disadvantage observed was
an increase in intraoperative haemodynamic
instability, which has been reported previously
[76] but it is usually controlled without signifi-
cant problems. There are several case series of
adults comparing laparoscopic and open
adrenalectomy for a variety of adrenal patholo-
gies that favour the laparoscopic approach in
terms of blood loss, post-operative pain, length
of hospital stay, earlier return to alimentation and
earlier return to normal activity [77–85].
Laparoscopic adrenalectomy has also been
demonstrated to be safe in children [86] and is an
accepted approach for unilateral and bilateral
adrenal pathology.

Controversial issues regarding surgery for
PHEO include the need of unilateral versus
bilateral adrenalectomy for children with a high
risk of bilateral disease when imaging has
detected only one involved gland and the use of
cortical-sparing resections during bilateral

adrenalectomy in order to avoid long-term ster-
oid dependence. Follow-up data suggest that
unilateral laparoscopic adrenalectomy is the best
approach for disease that is unilateral on imag-
ing, followed by regular follow-up with plasma
metanephrine measurements for early detection
of contralateral disease [87]. Cortical-sparing
surgery has been reported in retrospective stud-
ies of selected adult patients but it is probably
only feasible with small tumours (e.g. <26 mm)
[88]. Because a small amount of adrenal medulla
is inevitably left behind with the preserved cortex
there is a significant risk of recurrent disease
(10–38%) [89–92]. The risk of recurrence must
be carefully weighed against the substantial
morbidity associated with adrenal insufficiency
and Addisonian crises that 20% of children will
suffer following bilateral adrenalectomy [92].

Following laparoscopic surgery, post-
operative stay is <48 h for unilateral surgery
but will be longer for bilateral surgery, where
pain control and commencement of steroid
replacement regimens tend to increase hospital
length of stay.

Surgery for Thoracic and Abdominal PGL
Tumours along the sympathetic chain can be
technically challenging due to their close rela-
tionship to the great vessels and visceral artery
branches. For this reason, minimally invasive
surgery may not be feasible, and thoracotomy
and laparotomy may be the preferred options.

Surgery for Malignant PHEO
The presence of metastatic disease and local
invasion is the only definite signs of malignant
pheochromocytoma, but size >5 cm and history
of genetic disease (SDHB mutations) are associ-
ated with increased risk. The choice between
laparoscopic and open surgery will therefore
depend upon the presence of family history
combined with appearances on preoperative
imaging. Large tumours with evidence of renal,
vena caval, duodenal or hepatic involvement on
the right side, or pancreatic, splenic, renal or
colonic involvement on the left side, and/or local
nodal metastases should be treated with open
radical adrenalectomy and even more radical
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local excisions if needed. In our experience of
approximately 100 adult pheochromocytomas
and a small number of children, preoperative
imaging signs of malignancy are rare and
laparoscopic surgery is generally feasible even
with larger tumours. Patients with locally
advanced or metastatic disease at presentation
should be treated by a combination of surgical
debulking followed by adjuvant treatment to
stabilise disease and treat symptoms.

Preoperative Considerations

Apart from medical preparation for surgery,
preoperative preparation should include informed
consent for surgery with the parents and if
competent, the child. Specifically, this should
include appropriate mention of steroid replace-
ment post-operatively if bilateral tumours are
present, laparoscopic and open surgical approa-
ches and possible or serious complications.
Imaging should be checked and the side of
tumour marked on the patient by the operating
surgeon. An anaesthetist experienced in the
management of PHEO should counsel the family
about the type of anaesthesia, use of regional or
epidural anaesthesia and possible cardiovascular
complications.

Intraoperative Considerations

Operative Technique
Laparoscopic adrenalectomy is most commonly
transperitoneal, although some surgeons favour
retroperitoneoscopic laparoscopy for bilateral
tumours since the patient does not require repo-
sitioning during surgery [93, 94]. This section
will describe transperitoneal surgery. Following
general anaesthesia and arterial catheter for blood
pressure monitoring, a urinary catheter and oro-
gastric tube are inserted. The patient is then
placed on the operating table with the torso in a
45° lateral decubitus position with bolsters either
side of the table hinge at the level of the buttocks
and shoulders. The hips are rolled slightly pos-
terior with the arms flexed and placed at chest

level with appropriate padding. The lower
extremities are secured to the operating table,
which is then hyper-extended or ‘broken’ at the
level of the loin to open the space between the
costal margin and iliac crest. The table is rolled
away from the operating surgeon by 10°–15° so
that the patient is lying firmly against the bolsters
and a patient warming blanket (e.g. ‘Bair Hug-
ger’, Arizant, UK) is applied. For right-sided
tumours, the patient is right side up and for
left-sided tumours, left side up (Fig. 8.3).

After antiseptic skin preparation, drapes are
placed to expose the costal margin from the
xiphoid process around to the tip of the 12th rib.
Carboperitoneum, at a pressure of 10–14 mmHg,
is induced by the insertion of a Veress needle
approximately two-thirds of the distance along
the costal margin to the mid-axillary line. Inser-
tion of each port is preceded by infiltration of
local anaesthetic at the site of incision. Safe
introduction of the first 10-mm port is best
achieved with an optical port (e.g. Visiport,
Autosuture, UK) and further ports are inserted
under direct vision of the laparoscope (Fig. 8.3).

Each adrenal gland lies on its respective
diaphragmatic crus, separated from the kidney by
the perinephric fat and fascia. Although right and
left adrenalectomy are distinct operations, both
involve dissection that is focused upon the safe
identification, ligation and division of the adrenal
vein as it drains into the inferior vena cava on the
right and the renal vein on the left. This is fol-
lowed by excision of the gland and removal
using an endoscopic tissue retrieval bag.

Right Adrenalectomy
The addition of an extra 5-mm port on the right
facilitates the introduction of a liver retractor into
the sub-hepatic space to retract the right lobe of
the liver cephalad and expose the posterior
parietal peritoneum covering the inferior vena
cava, perinephric fat and adrenal gland, which sit
on the upper pole of the kidney (Fig. 8.3a). The
peritoneum is held with an atraumatic grasper in
the operator’s left hand and incised with an
ultrasonic dissector at the level of its reflection
onto the liver, taking care to avoid contact with
the vena cava. Dissection is extended along the
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lateral border of the vena cava and the tissue
plane between the vena cava and gland gently
opened. In the authors’ experience a 5-mm
endoscopic suction device is invaluable for this
part of the operation, since PHEOs are very
vascular tumours and both dissection and suc-
tioning to maintain a clear surgical field can be
achieved using this instrument. The short right
adrenal vein is visualised, mobilised to provide
enough length to clip twice proximally and twice
distally with an endoscopic clip applicator and
then it is divided with endoscopic shears. Once
the dominant venous drainage of a PHEO has
been ligated, the patient’s blood pressure will
generally decrease and become less labile.

Following division of the vein the tumour can
be retracted laterally and mobilised by dividing
the numerous small arterial vessels arising from
the aorta, inferior phrenic artery and renal artery.
Larger (>5 cm) tumours may be associated with
multiple fine venous and arterial collaterals that

may need to be dealt with using endoscopic clips;
however, most can be divided using an ultrasonic
dissector. Dissection continues along the inferior
and superior borders of the adrenal gland and the
lateral fascial connections to the kidney are
divided last to free the tumour. The adrenal bed
is then irrigated with water, taking care not to
brush the clips off the adrenal vein stump, and
the tumour is placed in a waterproof endoscopic
tissue retrieval bag (to avoid spillage of tumour
cells during removal) and removed via the most
lateral port. This will require the incision to be
enlarged, but the tumours are usually soft and
pliable and can be removed through relatively
small incisions. Routine placement of drains is
not necessary and the myofascial layers of the
most lateral port are closed in layers with
absorbable ‘1’ or ‘0’ braided or monofilament
suture. Skin wounds are closed with subcuticular
absorbable suture and adhesive skin closure
strips.

Fig. 8.3 Equipment, patient and surgeon positioning, and port sites (values are port sizes in mm) for right (a) and left
(b) laparoscopic adrenalectomy
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Left Adrenalectomy
Tumours on the left can usually be removed
using 3 ports, although a 5-mm port below the
xiphoid process can be introduced to permit the
use of a retractor to manoeuvre the spleen and
tail of pancreas away from the renal hilum
(Fig. 8.3b). First, the splenic flexure of the colon
is mobilised medially, using an atraumatic gras-
per in the left hand and an ultrasonic dissector in
the right hand to divide the splenocolic ligament
and the lateral peritoneal reflection of the
descending colon. The spleen and tail of pan-
creas are then mobilised by division of the
lienorenal ligament as far posterior as possible—
usually to the point when the posterior aspect of
the gastric fundus is visible. Caution should be
exercised in retracting the spleen and ensuring
that the active blade of the dissecting device does
not touch or worse still, breech the diaphragm
and cause a pneumothorax.

Once the spleen and pancreas have been
mobilised, they fall to the midline by rolling the
patient towards the operating surgeon so that the
table is horizontal. At this point the pheochro-
mocytoma will generally be visible as a bulge
through Gerota’s fascia. The left adrenal gland
lies medial to the kidney and the left adrenal
vein, which is longer than the right, drains cau-
dally into the left renal vein. The vein is located
by incising Gerota’s fascia and dissecting medi-
ally over the surface of the tumour. At the most
inferior/medial point, the 5-mm suction instru-
ment is again used for dissecting and keeping the
operative field clear. The adrenal vein is identi-
fied as it drains into the left renal vein, rounded,
clipped 3 times and divided. Blunt graspers are
then insinuated below the tumour to lift it upward
away from the renal hilum, and the caudal,
cephalic and deep surfaces of the tumour are
dissected. Haemostasis is achieved using an
ultrasonic dissector or endoscopic clips for larger
venous or arterial collaterals. Again, the lateral
attachments are divided last to provide a pivot
upon which to rotate the tumour away from the
renal hilum. After irrigation of the adrenal bed
with water to confirm haemostasis, removal of

the tumour and closure of the wounds is as
described for the right side.

Bilateral Laparoscopic Adrenalectomy
Bilateral tumours can be treated with sequential
left and right or right and then left laparoscopic
adrenalectomy or by the retroperitoneoscopic
approach, starting with the larger of the tumours.
If either tumour is <2.5 cm, cortical-sparing
surgery is a reasonable option, provided the
tumour is well circumscribed with a substantial
amount of normal unaffected cortical tissue.
Preoperative imaging and intraoperative laparo-
scopic ultrasound are helpful to determine whe-
ther sufficient unaffected cortical tissue can be
preserved and gland mobilisation should be
minimised to preserve the blood supply to the
cortical remnant.

Open Adrenalectomy
Open adrenalectomy may be performed as a
planned procedure because of concerns about
tumour size and signs of malignancy on preop-
erative imaging, or because of conversion of an
initial laparoscopic procedure due to an intraop-
erative suspicion of malignancy or due to a
technically difficult laparoscopic procedure.
Laparoscopic surgery is usually converted to
open because of bleeding from the inferior vena
cava on the right or the renal vein on the left.
Once these issues have been dealt with (see
below) the operation proceeds as already
described. When malignant PHEO or PGL is
suspected, the principal aim is to achieve a
complete tumour resection with excision of
regional para-aortic lymph nodes. If adjacent
organs are involved, these should be excised en
bloc, e.g. by nephrectomy, splenectomy and
distal pancreatectomy. For right-sided tumours,
adequate clearance may require partial hepatec-
tomy with or without jugulo-caval or
cardio-pulmonary bypass if reconstruction of the
vena cava is required. Ex vivo techniques have
also been described for dealing with tumours
involving portal triad or caval structures, such
that the tumour and liver are excised en bloc,
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separated on the ‘back table’ and the liver
reimplanted [95]. Such techniques clearly require
a team approach with surgeons from different
specialities working in tandem.

Post-operative Care

Tumour excision is occasionally associated with
post-operative hypotension due to residual alpha
blockade, and this may require temporary use of
pressor agents and management on an intensive
care unit. However, most patients can be man-
aged in a post-anaesthesia recovery setting for
4–6 h. Once haemodynamically stable, the arte-
rial catheter can be removed and the patient
managed in a ward setting.

Patients undergoing bilateral adrenalectomy
should have intravenous glucocorticoids at
induction of anaesthesia (hydrocortisone
2–3 mg/kg/day in 3 divided doses for 48–72 h).
Following the institution of normal diet a main-
tenance dose of oral hydrocortisone is given.
Fludrocortisone (0.05–0.1 mg/day), a synthetic
mineralocorticoid, is required to ensure adequate
salt balance and adequacy of dose is monitored
by measuring supine and erect blood pressure
and avoiding peripheral oedema. In the medium
term, the dose can be checked by monitoring of
serum sodium and potassium and if necessary,
plasma renin activity, which should be at the
upper limit of normal. Regimens will of course
vary and joint care with a paediatric endocri-
nologist is essential.

Complications

Intraoperative Complications
Haemodynamic instability, myocardial ischemia,
hypertensive stroke and cardiac arrest are the
most serious potential complications and relate to
catecholamine excess induced by anaesthesia,
carboperitoneum and tumour manipulation prior
to venous ligation. For the surgeon, the primary
concern for right-sided tumours is safe dissection
around the junction of the adrenal vein and infe-
rior vena cava. Avulsion of the vein or dislodged

endoscopic clips will result in brisk venous
bleeding that should be controlled with a blunt
grasper by the first assistant, while the operating
surgeon performs a subcostal open incision. The
area should then be packed to control bleeding
and allow repair with a 5/0 polypropylene vas-
cular suture. On the left side, colonic thermal and
grasper injury are rare but potential complica-
tions, as is splenic capsular tear and thermal
injury to the splenic artery, leading to haemor-
rhage. However, it is rare that splenic injuries
necessitate splenectomy. Failure to control the
left adrenal vein will result in brisk bleeding but
tamponade with an endoscopic swab for 5 min
should slow this enough to control haemorrhage
with endoscopic clips. If this is not possible,
conversion to open adrenalectomy is appropriate,
to allow repair with a vascular suture.

Early Post-operative Complications
The advent of laparoscopic surgery has led to a
reduction in respiratory and wound complica-
tions that were common following open unilat-
eral and bilateral adrenalectomy and the
incidence of post-operative pneumonia is now
around 10–15%. Port-site hernia may occur and
present as small bowel obstruction following
surgery. Therefore, port sites that are enlarged for
tumour removal should be formally closed.
Steroid dependence is expected after bilateral and
cortex-sparing surgery and should be managed
administration of intravenous hydrocortisone
starting at the induction of anaesthesia. Residual
adrenal function after subtotal adrenalectomy
should be investigated by ACTH stimulation test
once the patient has fully recovered from sur-
gery. Ileus and gastric stasis are uncommon with
laparoscopic surgery and nearly all patients can
drink fluids in the immediate post-operative
period and resume a diet over the next 24 h if
fluids are tolerated.

Late Complications
Addisonian crisis occurs in 20% of patients after
bilateral adrenalectomy who are steroid-
dependent. Addisonian crisis may be precipi-
tated by an acute illness or poor medication
compliance [92]. It may also occur following
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cortex-sparing surgery due to relative steroid
deficiency. Crises are characterised by dizziness,
collapse, hypotension and hyponatremia and are
treated supportively with intravenous fluids,
intravenous hydrocortisone and treatment of any
precipitating factor. When oral intake can be
tolerated then oral steroids are reintroduced.
Patient and family education is important to
encourage medication compliance to prevent
further episodes.

Follow-Up and Prognosis

Rigorous follow-up to evaluate for recurrent and
metastatic disease is mandatory for children with
sporadic and familial PHEO and PGL, because of
the unpredictable nature of some seemingly
benign lesions. Lifelong, regular biochemical
screening is necessary, with appropriate imaging
for non-functioning head and neck tumours in
patients with SDHx mutations. However, the
majority of tumours will be benign and if com-
pletely excised, will result in a near-normal life
expectancy for the patient.

Prognosis following surgery for malignant
PHEO depends upon the presence and site of
metastatic disease and completeness of surgical
resection. Unfortunately, surgery for advanced
disease is seldom curative. For patients with lung
and liver metastases survival is generally less
than 5 years, whereas those with bony metastases
have a better prognosis. Overall, the 5- and
10-year survival for children with malignant
PHEO is 78 and 30%, respectively. Established
treatment for advanced malignant disease is
either surgery with curative intent or cytoreduc-
tive surgery since this will generally improve the
response to adjuvant therapies.

Other Treatment for Malignant
Disease

Radioactive 131I-MIBG

Positive uptake (>1% uptake of injected dose) on
diagnostic 123I-MIBG scanning is seen in 60% of

metastases from PHEO. Patients who have pos-
itive uptake or positive expression of VMAT 1
and VMAT 2 on tumour immunohistochemistry
are candidates for treatment with radioactive
131I-MIBG. Review of 166 patients treated with
131I-MIBG demonstrated tumour response in
30%, disease stabilisation in 40–50% and hor-
mone response in 15–45% [54]. Response was
greatest in those with limited disease. Progres-
sion occurred in 13%. Bone marrow toxicity is
the principal complication and is dose related. In
children, there is a risk in the long term of second
malignancy [96]. The use of radiolabelled MIBG
as an adjuvant treatment following potentially
curative surgery remains to be validated.

Radioactive Somatostatin Analogues

The radiolabelled somatostatin analogues include
111In-pentetreotide and 111In-DOTA-octreotide,
90Y-DOTA-octreotide and 177Lu-DOTA-
octreotate and radiolabelled lanreotide. Patient
selection is based upon scintigraphy uptake,
usually with 111In-pentetreotide. Therapy is less
effective than radiolabelled MIBG with disease
stabilisation in only 25%. The side-effect profile
is similar. Since some patients may have
co-existing MIBG-positive and MIBG-negative
metastases that exhibit radiolabelled somatostatin
analogue uptake, combined treatment may be
effective [97].

Chemotherapy, Radiotherapy
and Novel Treatments

Combination chemotherapy with cyclophos-
phamide, vincristine and dacarbazine (CVD) im-
proves symptoms in around 50% of those with
inoperable disease but the response is short-lived
and CVD does not prolong survival [98, 99].
Radiotherapy is most helpful for palliative
treatment of bony metastases, and soft-tissue
lesions can be treated with radiofrequency abla-
tion, cryotherapy and arterial embolization.
Experience with newer treatments including the
mTOR inhibitor everolimus [100] and the

8 Pheochromocytoma 101



combination of temozolomide and thalidomide
have been [101] disappointing. The tyrosine
kinase inhibitor sunitinib remains unproven but
partial response to treatment has been observed
in a small number of patients [54].
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9Neuroblastoma

Keith Holmes

Neuroblastoma represents 10% of childhood
solid tumours, with an incidence of 6–8 per
million. The tumours develop in cells derived
from the neural crest and may arise in any
structure with the crest as its origin. There is an
extra-ordinary variation in the presentation and
outcome of the disease with some patients dying
from extensive metastases in spite of intensive
multimodal therapy and others experiencing
disappearance of the tumour with no treatment.

History

“Sarcomas” of the suprarenal gland were recor-
ded in the late nineteenth century by Virchow
(1864) and Morgan (1879) [1]. “Congenital sar-
comas of the suprarenal gland” were reported [2],
almost certainly describing the special category
of disease which occurs in the first few weeks of
life. The term “Neuroblastoma” was first used in
1910 [3] in recognition of the similarity of the
cells to embryonic sympathetic ganglia and the
adrenal medulla.

Clinical Features

Neuroblastoma may present as incidental finding
on clinical examination or imaging (Figs. 9.1a, b
and 9.2) in an otherwise well child or more
alarmingly as a profoundly ill child with wasting,
anaemia, hypertension and a large abdominal
mass with evidence of metastases. This latter
situation is all too frequently preceded by
symptoms and signs shared by many common
childhood ailments leading to distressing delays
in diagnosis and treatment.

The abdomen accounts for 60% of the pri-
mary tumours half of these arise in the suprarenal
gland. A further 15% arise in the thorax; 10% in
the pelvis and the remainder in other sites.

Horner syndrome may arise when a tumour
develops in the cervical sympathetic chain and is
usually permanent. Paralysis from spinal cord
compression is a risk with intra spinal disease
and is a therapeutic emergency. Paraneoplastic
syndromes such as watery diarrhoea and hyper-
tension are manifestations of tumour endocrine
secretion while the explanation for the disabling
Opsoclonus Myoclonus or dancing eye syn-
drome is not known.

Investigation

The first step is an appropriate suspicion. Listen
to the parents, examine the child and if no
obvious cause for illness is found then consider a
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readily available and non-invasive ultrasound
scan.

If suspicion is confirmed, the minimum
diagnostic set includes urine catecholamine
assay, cross-sectional imaging and biopsy of
tumour and bone marrow. The aim is to obtain a
tissue diagnosis and detect metastatic disease.
Ultrasound scan (US) is often the first investi-
gation but Computed Tomography
(CT) (Fig. 9.3) or Magnetic Resonance imaging
(MR) are mandatory. Tissue diagnosis will

require US or CT guided needle core biopsies of
the primary tumour, sometimes aided by endo-
scopy. Multiple cores are necessary [4–9] to
allow biological as well as histopathological
analysis. Discrete tumours may be excised at
presentation if this is deemed safe on imaging.
Either way the tissue must be sent fresh to the
attending pathologist and without added preser-
vative. The majority of tumours will take up
meta-iodo-benzyl guanidine (MIBG) (Fig. 9.4), a
radio-labelled precursor of noradrenaline. Most

Fig. 9.1 Symptomless neck mass

Fig. 9.2 Incidental finding
on chest X-ray
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treatment protocols now include MIBG gamma
scanning to detect metastatic disease.

Treatment History

Unsurprisingly early treatment was surgical. The
first recorded operation for neuroblastoma was
by Bartlett in 1916 [4, 10]. The operation was a
success and the patient still alive 15 years later
Subsequent reports were very pessimistic with no
survivors in a 1934 report [5] Prior to 1937, there
were only 2 of 20 survivors without operation
[6].

The addition of radiation therapy improved
survival: with 21 survivors out of 24 patients in

1959, most of whom received radiation therapy
after tumour excision [7]. In a similar study, the
addition of radiation therapy improved survival
from one of nine to six of seven following
incomplete excision [8]. Radiation therapy alone
resulted in five survivors [9] but all were infants,
now known to have a good prognosis by virtue
of their age.

Chemotherapy, now the mainstay of treatment
for advanced disease was slow to gain accep-
tance. The Subcommittee on Childhood Solid
Tumors of the National Cancer Institute USA in
1970 found no significant difference in survival
when a cohort of patients treated in 1956 were
compared with a similar cohort treated in 1962.
These eras were before and after the use of

Fig. 9.3 Tendency to
surround major vessels
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actinomycin D, cyclophosphamide and vin-
cristine [11].

The St Jude Children’s Research Hospi-
tal USA [12] and The Children’s Cancer Study
Group A (CCSGA) USA [13, 14] demonstrated a
modest improvement in survival with the use of
cyclophosphamide and vincristine.

Staging

Audrey Evans and others realised that there were
patient and tumour characteristics which would
predict survival independent of therapy. A disease

staging system was proposed by the CCSGA [15]
(Table 9.1) which led the way to disease risk
stratification. The prognostic significance of
patient age and disease stage was confirmed by
analysis of the outcome of patients from CCSG
and Children’s Hospital of Philadelphia [16]. The
staging principles were developed further by a
larger group and published as the International
Neuroblastoma Staging System (INSS) [17, 18]
(Table 9.2). The distribution of INSS stages is
shown in (Fig. 9.5).

The latest and arguably the most thoroughly
researched staging system was developed by The
International Neuroblastoma Risk Group (INRG)

Fig. 9.4 MIBG of
neuroblastoma
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[19] and based on data from almost 9000 patients.
The INRG Staging System (INRGSS) [20] was
derived from an earlier study which demonstrated
the importance of Surgical Risk Factors (SRF) in
the prediction of the risk and effectiveness of
operations to excise the tumour [21]. In essence a
SRF is present when a vital structure, typically a
large blood vessel, is encased by tumour [22].

The INRGSS, as it has its basis on pre-operative
imaging overcomes some of the subjectivity of
INSS which in part was based on operative out-
come.A comparison of the distribution of stages in
INSS and INRGSS is shown in (Fig. 9.5a, b). For
consistency INRGSS, is used in this text except
when citing a reference in which case the con-
temporary staging system is respected.

Table 9.1 CCSG staging

Stage I Tumour confined to the organ or structure of origin

Stage II Tumour extending in continuity beyond the organ or structure of origin but not crossing the midline.
Regional lymph nodes on the ipsilateral side may be involved

Stage III Tumour extending in continuity beyond the midline. Regional lymph nodes may be involved bilaterally

Stage IV Remote disease involving the skeleton, organs, soft tissue and distant lymph node groups

Stage
IV-S

(Special category). Patients who would otherwise be Stage I or II but who have remote disease confined
to liver, skin or bone marrow and who have no radiographic evidence of bone metastases on complete
skeletal survey

From [15], with permission

Table 9.2 International staging system for neuroblastoma

Stage 1 Localised tumour confined to the area of origin; complete gross excision, with or without microscopic
residual disease; identifiable ipsilateral and contralateral lymph nodes negative macroscopically

Stage
2a

Unilateral tumour with incomplete gross excision; identifiable ipsilateral and contralateral lymph nodes
negative microscopically

Stage
2b

Unilateral tumour with complete or incomplete gross excision; with positive ipsilateral regional lymph
nodes; contralateral lymph nodes negative microscopically

Stage 3 Tumour infiltrating across the midline with or without regional lymph node involvement; or, unilateral
tumour with contralateral regional lymph node involvement; or, midline tumour with bilateral regional
lymph node involvement

Stage 4 Dissemination of tumour to distal lymph nodes, bone, bone marrow, liver and/or other organs (except as
defined in Stage 4S)

Stage
4S

Localised primary tumours defined for Stage 1 or 2 with dissemination limited to liver, skin and/or bone
marrow

From [17], with permission

Fig. 9.5 a and b Stage distribution INRGSS with INSS
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Pathology

The heterogeneity in behaviour of neuroblastic
tumours is reflected by a wide spectrum in their
microscopic morphology. The spectrum ranges
from tumours with well differentiated cells which
closely resemble mature neural elements to those
comprised of undifferentiated small round blue
cells, morphologically indistinguishable from
other malignant childhood tumours and resem-
bling undifferentiated embryonic blast cells
(Fig. 9.6a, b).

The histological appearance has a profound
influence on tumour behaviour [23–25]. Key
variables are the degree of differentiation of the
neuroblasts and the predominance of mature
Schwann cells or stroma.

The International Neuroblastoma Pathology
Committee (INPC) formed in 1994 with the aim
of standardising histopathological definitions and
tumour morphology. The Committee refined the
classification as more information became
available [26–28]. In ascending order of malig-
nancy and from differentiated to undifferentiated,
there are three tumour types: ganglioneuroma;
ganglioneuroblastoma; and neuroblastoma.

Molecular Pathology

Extensive studies at a sub-cellular level have
added further precision to the prediction of
tumour behaviour. One of the first variables to
emerge was DNA ploidy: tumours with diploid

DNA have a worse prognosis than those with
hyperdiploid [29]. One of the first genetic pre-
dictors of tumour behaviour to be identified was
amplification of the MYCN oncogene [30]
(Fig. 9.7a, b), which was associated with an
unfavourable prognosis. Chromosomal aberra-
tions associated with unfavourable prognosis,
include 1p deletion [31]; loss of chromosome
11q [32]; gain of chromosome arm 17q [33].
Oncogenic mutations of ALK (anaplastic lym-
phoma kinase) are also associated with poor
prognosis [34]. An elegant multivariate analysis
of the impact of all these genetic variables on
patient survival by Wendy London may be found
in the INRG task force report [19].

Risk-Based Therapy

As overall survival improved from around 20%
in 1970 to around 50% in 1990 [35, 36] it
became clear that the risk of disease could be
estimated by clinical and biological factors
including: patient age, tumour stage, histology
and MYCN status [37–39]. This information
allowed the many effective therapies to be mat-
ched with the needs of the patient and the trend
was for less therapy rather than more.

Patients with metastatic disease had the worst
outcome and required intensive multimodal
therapy while the prognosis for patients with
localised disease was much better [40, 41].
Indeed some patients with localised disease, were
cured by operation alone [42–44], with the

Fig. 9.6 a Undifferentiated cells. b Differentiated cells
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implication that operation was the least toxic
therapy for patients with localised disease.

The trend towards less intervention was
extended by the German study group (GPOH)
who observed spontaneous regression in 44 of 93
infants who did not receive any treatment for
their localised disease [45].

Predicting the Risk of Operation

The trend towards operation as the sole treatment
for localised disease demanded that the risk of
surgery be predicted with as much accuracy as
possible. This was emphasised by reports of
serious surgical complications and even
post-operative deaths in this generally good
prognosis group of patients [46, 47].

In 1995, the European Neuroblastoma Study
Group opened a study to examine the risk of
operation based on imaging before surgery
(LNESG1). Data were collected from 107 insti-
tutions in 10 European countries. Cross-sectional
imaging studies from each patient were evaluated
to detect features which would predict the prob-
ability of complete tumour resection and the risk
of operation complication. Surgical Risk Factors
(SRF) were defined for each tumour site based on
the risk of damage to neighbouring structures
[21]. These risks arose as a result of the tendency

for Neuroblastoma to encase vital structures, in
particular major blood vessels (Fig. 9.8a and b).

The presence of SRF was associated with a
complete excision rate of 46%, compared with
75% when SRF were not present. The operative
complication rate was 17% if SRF were present
compared with 5% in the absence of SRF.

This study was the first to estimate the vari-
ability in the complexity of operation and predict
its risk and efficacy. The implication from this
study was that patients with tumours which
exhibit SRF should have neo-adjuvant therapy
before operation in anticipation of a reduction in
tumour volume and vascularity and thus a safer
operation.

The tumour in patients with advanced disease
INRGSS L2 and M almost invariably exhibits
vascular encasement with SRF/IDRF. In spite of
very effective chemotherapy, these risk factors
rarely disappear completely and the surgeon is
faced with technical hazards which would nor-
mally discourage operation. In spite of this, most
contemporary treatment protocols include a
determined attempt to remove the entire tumour
at operation following more or less intensive
chemotherapy.

Even in these patients with advanced disease,
who may be regarded as the most challenging for
the surgeon, the often lengthy operation may be
accomplished with low morbidity and mortality

Fig. 9.7 a and b MYCN amplification
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(Fig. 9.9). The death rate as a result of operation
is less than 1% and the complication rate less
than 10% [48–50]. The operative techniques
were elegantly described by Kiely. For abdomi-
nal tumours, the overlying viscera must be dis-
sected and reflected to expose the posterior
abdominal wall. Dissection then proceeds along
the major vessels starting at a section free from

tumour and dissecting the latter from the vessels.
Only in this way may branches and tributaries be
identified and preserved.

The scope of minimally invasive surgery
(MIS) for Neuroblastoma is currently under
review. Smaller and localised tumours are
already safely and effectively excised by MIS. It
is likely that MIS will prove effective with more

Fig. 9.8 a Cross-sectional imaging showing absence of risk factors (SRF/IDRF). b Cross-sectional imaging showing
presence of risk factors

Fig. 9.9 Operation
showing clearance of
advanced neuroblastoma
from major abdominal
vessels
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extensive tumours in future always with the
proviso that oncological principles are respected.

Predicting the Risk of Disease

The variability in behaviour of neuroblastoma
and its relation to clinical and biological variables
became increasingly apparent [40, 41]. The
International Neuroblastoma Risk Group (INRG)
sought to develop a consensus for risk stratifica-
tion before treatment [19]. In a large part, this was
driven by the need for a system which would gain
world-wide acceptance and thus facilitate accu-
rate comparison of risk-based outcome studies
from any national or international study group.

Data were collected from 8800 comparable
patients and 13 variables analysed for prognostic
significance. The most important and discrimina-
tory factors were tumour stage, patient age, his-
tology grade, MYCN and 11q status and DNA
ploidy. Four risk groups emergedwith 5 year event
free survival (EFS) of: >85; >75; >50 and <50%.
The INRG also introduced a novel staging system
(INRGSS) again based on patient and tumour
characteristics before treatment [20]. In summary,
the patient stages were defined by Image Defined
Risk Factors (IDRF), equivalent to SRF and based
on pre-operative cross-sectional imaging. The
stages were L1, a localised tumour with no IDRF;
L2, a localised tumour with IDRF; M, a tumour
with distant metastases and MS, a small primary
tumour with metastases confined to skin and liver
and in a patient less than 18 months of age.
Emphasis was placed on staging before operation.
In this way, the outcome of operation as a staging
factor was eliminated. This cornerstone of INSS
was considered an imprecise variable as it was
dependent on the persistence and or skill of the
surgeon and the outcome of operation.

Treatment Strategies

Neuroblastoma cells are susceptible to many
therapeutic agents and sometimes undergo
apoptosis. There are now strong data which
allow the risk of the disease to be predicted with

accuracy. For many years, a main driver of
clinical research has been matching the risk of
treatment with the risk of disease. For these
reasons, treatment strategies will be presented in
relation to the category of disease.

Localised Disease—No Image Defined
Risk Factors (INSS Stage 1 and 2—INRG
Stage L1)

Operative excision has proved very effective as
the sole treatment for patients with localised
disease [42–44]. Most relapses occur in patients
with unfavourable biological features and may be
salvaged with adjuvant therapy.

This strategy eliminates the acute and
long-term side effects of adjuvant therapies and
the safety of operation may be predicted with
accuracy by careful evaluation of the
pre-operative imaging [21]. For this group of
patients, the relapse free survival (RFS) is 94%
and overall survival (OS) is 99% [51].

Localised Disease with Risk Factors
(INSS Stage 3 INRG Stage L2)

The presence of surgical or image defined risk
factors (SRF or IDRF) is a contra-indication to
operative excision as a first procedure. Operation
in this situation is associated with a higher
complication rate (17 v 5%) and a lower rate of
complete excision (46 v 75%) [21]. Treatment
strategies therefore employ pre-operative
chemotherapy to reduce tumour volume and
decrease vascularity. The European protocol for
‘unresectable localised’ Neuroblastoma involved
alternating cycles of carboplatin and etoposide
with cyclophosphamide, vincristine and doxoru-
bicin (CADO). Four cycles were given before
operation and two thereafter. The 5-year EFS and
OS were 76 and 88% [52].

Early studies demonstrated a survival advan-
tage of complete surgical excision [53, 54].
When the influence of biological factors was
included, the benefit of operation excision was
not uniform. Gross surgical resection was of
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benefit to patients with unfavourable biology but
did not for improve outcome in patients with
favourable biology [38].

Biological variation was used to stratify
therapy in Memorial Sloan Kettering (MSK).
A good outcome was reported following opera-
tion as the sole therapy for patients with good
biology tumours [55]. The overriding importance
of good biology was emphasised by the finding
of spontaneous regression in 44 of 93 infants
with tumours which were not resected [56].

At the other end of the biology spectrum,
MSK [55] and COG [57] demonstrated a good
outcome for bad biology stage 3 patients when
treatment intensity was escalated and included
myeloablation in addition to surgical excision.
The overall survival for this group of patients
was better than 85%.

Metastatic Disease in Patient Over 18
Months of Age (INSS Stage 4 INRG
Stage M)

Strategies for this most dangerous end of the
Neuroblastoma spectrum involve: induction
chemotherapy, surgical excision and then con-
solidation therapy to deal with any residual dis-
ease. Although protocols vary in detail
throughout the world, the principles are similar.
In Europe induction is by a rapid schedule of
cisplatin, vincristine, carboplatin, etoposide, and
cyclophosphamide (COJEC) [58]. Treatment is
given in cycles every 10 days for 70 days and
then peripheral blood stem cells are harvested for
bone marrow rescue. Surgical excision is then
undertaken with the goal of complete resection.
This is followed by high dose therapy with bone
marrow ablation and stem cell rescue. Consoli-
dation therapy, after tumour excision, comprises
retinoic acid, a maturational agent and anti GD2,
a monoclonal antibody.

The prognosis for patients with stage 4 disease
has, until recently been uniformly dismal with
overall survival rates less than 50% [35, 36].
Contemporary consolidation therapy after induc-
tion, surgical excision and bone marrow ablation
shows more promising results. This therapy

includes monoclonal antibody, immunomodula-
tion and maturational therapy with retinoic acid
derivatives and has resulted in very encouraging
results with EFS of 66% and OS of 86% at 2 years
[59].

The role of operation is impossible to esti-
mate. “Aggressive surgery” [60] and surgical
excision [61] was promoted for these patients,
typically after intensive induction chemotherapy
to eradicate metastatic disease and reduce tumour
volume at the primary site [59, 62].

In spite of very effective chemotherapy and a
very effective operation, it is difficult to estimate
a benefit from complete surgical resection of the
primary tumour. Complete resection was pro-
moted by some [49, 63] but not by others [64,
65], who felt that tumour biology and intensive
chemotherapy were more important.

Previous evidence of an independent benefit
of complete surgical excision by the German
Paediatric Oncology Group (GPOH) [66] has not
been confirmed by subsequent studies [67].
There is some evidence that surgical excision of
the primary tumour of benefits survival in
patients over one year of age with stage 4
tumours exhibiting amplification of MYCN [68]
and that gross total resection reduces the rate of
local relapse [69].

In a recent GPOH report [70], 54.7% of 278
patients underwent complete resection after
induction chemotherapy with 5 year EFS of
33.9% and OS of 43.8%. They found no corre-
lation between the extent of surgical excision and
survival.

The most recent and largest study of the
impact of operation on survival in patients with
high risk Neuroblastoma was from the European
Study Group (SIOPEN) [50]. Five year EFS was
38% and OS 44%, the treatment strategies were
broadly similar to those in the GPOH study.
The SIOPEN study complete excision rate was
77% of 1462 patients with a significant increase
in EFS following complete macroscopic exci-
sion: 41%; compared with incomplete excision
28% and inoperable 14%. The contrasting con-
clusions of these two broadly comparable studies
may be due to under powering with the smaller
sample size in the GPOH study and their lower
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complete excision rate. Another explanation is
the different strategy for local control in the two
studies. The SIOPEN study advised irradiation of
the primary tumour site with 21 Gy in all patients
independent of excision completeness.
The GPOH study reserved irradiation for patients
with residual disease. These different approaches
may confound the different benefits of complete
excision reported in the two studies.

Metastatic ‘Special’ in a Patient Under
18 Months of Age (INSS Stage 4S, INRG
Stage MS)

This group of patients represents the most dra-
matic potential for Neuroblastoma to involute,
often without any treatment. The prognosis for
patients with 4S disease is very good with overall
survival better than 90% [71]. The primary
tumour is small and metastatic disease is con-
fined to skin, liver and bone marrow. The risk to
life arises from exponential growth of the hepatic
metastases (Fig. 9.10) with a lethal effect on a
number of organ systems: liver, lung, kidney, gut
and vena cava. The risk to life and need for
treatment was estimated by Evans and her team
in Philadelphia [72] who developed a scoring

system dependent on the degree of abnormality
in each system.

Chemotherapy with carboplatin and etoposide
is the first line of therapy, a single course is often
effective. More intensive chemotherapy may be
required if symptoms persist with external beam
radiation if this is ineffective. Surgical treatment
by creation of an abdominal silo and or ligation
of the hepatic artery, have been used in an
emergency.

Radiation Therapy

There is a long history of radiation treatment, and
the Neuroblastoma cell is very radiosensitive.
The long-term effects on growth mean that use is
restricted to patients over one year of age.

There is no benefit to patients with INSS
Stage 1 and 2 disease [38]. Patients with bad
biology stage 3 disease [57] and all patients with
stage 4 [73, 74] do benefit from external beam
radiation to the primary tumour site.

Targeted radiation therapy may be delivered
with MIBG containing an isotope of iodine,
typically I131. MIBG has not yet found favour as
first line therapy but is frequently used for
recurrent disease. Although disease remission

Fig. 9.10 Stage 4S
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can be induced and life prolonged there are few
long-term survivors [75].

Screening

Almost all neuroblastoma cells secrete cate-
cholamines or derivatives thereof which are
readily detected in random urine samples [76].
This phenomenon is important in diagnosis and
has been used to screen for the disease in the
hope of allowing earlier and more effective
treatment. Japanese workers accumulated the
largest series following the introduction of
nationwide screening in 1985. Initial enthusiasm
and a survival rate of 97% [77] did not stand up
to long-term examination as there was no
decrease in the incidence of poor prognosis
tumours and no decrease in the death rate from
Neuroblastoma [78]. Although there was a con-
siderable increase in the number of cases diag-
nosed, the implication from long-term analysis
was that screening detected good biology low
stage tumours which were not a risk to life.
Consistent with the benign nature of some neu-
roblastoma tumours and their innate tendency to
apoptosis, the assumption is that many of the
tumours detected by screening would have
undergone natural involution. Similar conclu-
sions followed evaluation of screening pro-
grammes in Quebec and Germany. The Japanese
screening programme was stopped in 2004.
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10The Evaluation and Management
of Adrenal Masses
and Adrenocortical Tumors (Act)

Kenneth W. Gow

This chapter discusses the etiology, epidemiol-
ogy, pathology, clinical presentation, treatment,
and outcomes of adrenocortical tumors and in
this context consider the general principles of
evaluating adrenal masses. Before examining
these topics in detail a brief review of adrenal
anatomy, physiology, and masses follows.

Physiology of Adrenocortical Tumors

The adrenal glands are yellow-colored organs
located within Gerota’s fascia above the upper
poles of the kidneys. The left gland is shaped like
a crescent while the right gland is more
pyramid-shaped. The arterial supply to each
adrenal gland comes from three sources with
branches from the inferior phrenic artery, the
renal artery, and the aorta. The venous drainage
of the left adrenal gland is into the left renal vein
and the right adrenal gland is directly into the
inferior vena cava. The lymphatic drainage is
through channels towards the aortic nodes.

The adrenal gland has two distinct parts, the
medulla and the cortex, with the medulla sur-
rounded by the cortex. The cortex in turn consists
of three layers, each with separate functions.
From the exterior to the interior, the layers are

the zona glomerulosa, zona fasciculata, and the
zona reticularis.

The adrenal medulla is primarily responsible
for the production of epinephrine and nore-
pinephrine. These catecholamines are secreted
into the bloodstream when the medulla is stim-
ulated by acetylcholine release from sympathetic
nerves. The adrenal cortex secretes several hor-
mones including mineralocorticoids (e.g., aldos-
terone) from the zona glomerulosa, glucocorticoids
(e.g., cortisol) from the zona fasciculate, and
adrenal androgens [e.g., dehydroepiandrosterone
(DHEA)] from the zona reticularis and
fasciculata.

Adrenal masses arise from either the medulla
or the cortex. Adrenal medullary lesions in chil-
dren include relatively common neuroblastomas
and rare pheochromocytomas. Tumors of the
adrenal cortex include adenomas and carcinomas.
It is difficult to distinguish a benign adrenocorti-
cal adenoma from a malignant adrenocortical
carcinoma in the absence of metastatic disease,
therefore in this chapter the two lesions will be
grouped together under the label adrenocortical
tumors (ACT). ACTs are also rare in children and
their clinical characteristics and biologic behavior
differs substantially from ACTs in adults and
from adrenal medullary tumors.

Etiology of Adrenocortical Tumors

Most ACTs occur in children with no predis-
posing condition, however, there are some
known molecular risk factors for developing
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ACT including abnormalities of the p53 tumor
suppressor and insulin-like growth factor 2
(IGF-2). In addition, there are less well-defined
associations of ACT with other chromosomal
abnormalities, tumors, birth defects, and envi-
ronmental exposures.

The p53 tumor suppressor protein is important
in cell cycle regulation and induces cell cycle
arrest or cell death in response to DNA-
damaging agents [1–4]. Mutations or deletions
of the p53 gene occur in many human cancers.
Li-Fraumeni syndrome (LFS), also referred to as
SBLA (Sarcoma; Breast and Brain tumors;
Leukemia, Laryngeal carcinoma, and Lung
cancer; and ACT) syndrome, is associated with
alterations of the tumor suppressor gene p53 on
the short arm of chromosome 17, band 13 [5–8].
LFS is a rare autosomal dominant condition with
incomplete penetrance in which affected mem-
bers develop the aforementioned tumors. In LFS
patients, ACT occurs 100 times more frequently
than in the general population.

The insulin-like growth factor (IGF) signaling
pathway has many important roles in normal cell
growth and development. All components of the
IGF system are expressed by human fetal adrenal
gland [9]. The IGF-2 gene maps to chromosome
11p15. Overexpression of IGF-2 is thought to

contribute to tumor genesis in Beckwith-
Wiedemann Syndrome (BWS), which is asso-
ciated with an alteration in the 11p15 region.
Children with BWS, sometimes referred to as
EMG (Exomphalos-Macroglossia-Gigantism)
syndrome, have an increased risk of benign and
malignant tumors of multiple organs at a young
age. The most common neoplasm associated with
this syndrome is nephroblastoma (Wilms tumor),
followed by ACT (Figs. 10.1 and 10.2) and hep-
atoblastoma [10]. BWS is also commonly
accompanied by nonneoplastic enlargement of the
adrenal glands caused by cortical hyperplasia [10].
Other possible syndromes including multiple
endocrine neoplasia (MEN1), familial adenoma-
tous polyposis coli (FAP), Lynch Syndrome, and
neurofibromatosis type 1 (NF1) have been sug-
gested but have not been universally accepted as
being associated with ACTs [11, 12].

ACTs have a high frequency of chromosomal
gains and amplifications, and several chromoso-
mal subregions containing candidate proto-
oncogenes have been identified [13, 14]. The
most consistent findings in ACTs have been the
presence of copy number gains in chromosome
region 9q34 [15]. However, there is no consistent
difference in chromosomal gains or losses between
the adrenal adenomas and carcinomas [15].

Fig. 10.1 A 3-month old with Beckwith–Wiedemann
Syndrome who was born with hyperinsulinism and an
omphalocele who later presented with a left adrenal mass.

aMacroglossia and hirsutism (forehead). b Gynecomastia
(black arrow) and a repaired omphalocele (white arrow).
c Hirsutism of the leg

122 K.W. Gow



In rare cases, ACTs have been reported in
association with congenital urinary tract abnor-
malities such as duplication of the collecting
system, with tumors such as ganglioneuroma and
ganglioneuroblastoma, and with congenital
adrenal hyperplasia [16–20]. Environmental
exposures to several agents have been postulated
to be important in the development of ACTs, but
these have typically been case reports with
unclear mechanisms [21, 22].

Epidemiology of Adrenocortical
Tumors in Children

Of the adrenal tumors of childhood, ACTs are
less common than neuroblastomas but are more
common than pheochromocytomas [23]. Neu-
roblastomas and pheochromocytomas derive
from the adrenal medulla while ACTs are the
most common tumor of the adrenal cortex in

childhood [24, 25]. Even so, ACTs are rare in
American children. It is estimated that there will
be about 19 new cases of adrenocortical carci-
nomas in children per year in the US [26].
However, some cases of adrenocortical carci-
noma may be initially misclassified as adreno-
cortical adenoma, so a better estimate is
probably 25–30 cases per year [27]. A recent
Surveillance, Epidemiology, and End Results
(SEER) program study review of pediatric
adrenocortical carcinoma calculated an inci-
dence for patients under 20 years of age at 0.21
per million [28].

Interestingly, there are geographic differences
in the incidence of ACT. In a region of southern
Brazil, ACTs are much more common. The
markedly increased incidence of ACTs in this
area is probably due to the increased incidence of
a p53 mutation in the population although other
genetic factors and environmental exposures
have been suggested.

Fig. 10.2 a CT Scan demonstrated a left adrenal mass
consistent with an ACT (white arrows). b An open left
adrenalectomy was performed which confirmed an ACT

with no lymphatic or vascular invasion and all nodes
negative of disease
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ACTs typically present in the first five years
of life with a median age of presentation between
3 and 4 years of age. However, there is a
biphasic age distribution with a larger peak dur-
ing infancy and a second smaller peak in ado-
lescence [29–32]. Girls outnumber boys in all
reports, with a female to male ratio of 1.5:1. This
female predominance increases after adolescence
to 6:1 [29, 31, 32].

Pathology of Adrenocortical Tumors
in Children

Unlike similar tumors in adults, adrenocortical
adenomas in children have no histopathologic
features that allow them to be reliably distin-
guished from adrenocortical carcinomas. Also,
the biologic behavior of pediatric adrenocortical
neoplasms may be difficult to predict on the basis
of morphologic criteria. Thus, the term adreno-
cortical neoplasm [or adrenocortical tumor
(ACT)] is currently used to designate both
benign and malignant tumors of the adrenal
cortex in children [10].

Gross Features of Adrenocortical
Tumors in Children

The median tumor weight of an ACT is 126 g
but may range from 2 g to 6 kg. There is no
tumor laterality predominance, and bilateral
tumors occur in about 1% of cases [33, 34].
There are descriptions of ectopic sites within the
spinal canal [35], thoracic cavity [36] and in the
abdomen away from the adrenal gland. Ectopic
occurrence is not surprising in view of the
adrenal’s close proximity to the celiac plexus,
kidney, genitalia, broad ligament, epididymis,
and spermatic cord during development.

Adenomas are usually spherical, unilateral,
solitary, and well demarcated, but often not truly
encapsulated. They typically weigh less than
50 g. Adenomas range in color from yellow to
red-brown, but may appear black if the tumor
contains a large amount of the pigment lipofuscin
[37, 38].

Carcinomas usually weigh over 100 g
although smaller malignant tumors have been
reported. Grossly, they have coarse trabecula-
tions, a multinodular contour, and are yellow to
brown in color. Areas of hemorrhage and
necrosis are frequently seen [38, 39]. In adreno-
cortical neoplasms of childhood, malignant
behavior is usually associated with lesions that
weigh more than 500 g, whereas most tumors
that weigh less than 500 g are benign [40].
Cystic changes may be seen in both adenomas
and carcinomas, but are more common in carci-
nomas and larger adenomas [10].

Microscopic Features of Adrenocortical
Tumors in Children

Adrenal adenoma comprises a heterogeneous
group of benign neoplasms that histologically
resemble the appearance of the normal zona
fasciculata, the zona glomerulosa, or most often,
a combination of both [10]. Cells are typically
arranged in nests separated by a delicate
fibrovascular stroma. Cytological features vary
from large, pale vacuolated cells with vesicular
nuclei characteristic of the zona fasciculata to
smaller cells with eosinophilic cytoplasm and
condensed chromatin similar to those in the zona
glomerulosa and zona reticularis [10]. In general,
adrenocortical adenomas are histologically bland,
with low nuclear-to-cytoplasmic ratio, very little
necrosis or hemorrhage, and they rarely have
mitoses or bizarre nuclear forms. In children,
however, benign adrenocortical tumors are more
likely to display marked nuclear atypia, poly-
morphism, necrosis, and mitotic activity than do
similar tumors in adults. Occasionally, central
degenerative changes (necrosis, hemorrhage,
cystic alterations, and vascular proliferation) may
be seen in adenomas. Despite some association
of cell types with secretory products, it is not
possible to reliably predict the endocrine function
of a tumor on the basis of histologic character-
istics [10].

Adrenocortical carcinoma shows a wide
range of differentiation on histologic examina-
tion, not only between different tumors but also
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within the same tumor [10]. Morphology ranges
from normal-appearing adrenal cells to com-
pletely undifferentiated cells. Broad fibrous
bands often separate the tumor into multiple
nodules. Most cells are lipid-poor and eosino-
philic, and they may be arranged in nests, tra-
beculae, or sheets. Hyperchromatic nuclei,
pleomorphism with bizarre giant cells and mult-
inucleated forms, necrosis (especially confluent
areas of necrosis), mitotic activity (including
atypical mitoses), and vascular or capsular inva-
sion may be seen. However, none of these his-
tologic features is necessarily diagnostic of
malignancy in ACTs in children [6, 26].

Adrenocortical Adenoma
or Carcinoma?

There have been several attempts to distinguish
between adrenocortical adenomas and carcino-
mas using clinical and pathologic features of the
tumors. These studies have analyzed many dif-
ferent parameters with varying degrees of suc-
cess. In children, clinical findings, tumor size,
tumor weight, and histologic features may sug-
gest malignant potential, but no single parameter
(except the detection of metastases) allows
benign tumors to be discriminated from malig-
nant ones [10, 41]. Classification of carcinomas
into low grade and high grade based on mitotic
rate has also been proposed [42, 43]. However,
ACTs in children cannot be reliably classified as
benign or malignant using these systems [42, 44].

Special studies are often of limited value in
the pathologic diagnosis of ACTs. Adrenocorti-
cal carcinomas are usually vimentin-positive and
often negative for cytokeratin, epithelial mem-
brane antigen, and carcinoembryonic antigen
[10]. However the main value of immunohisto-
chemistry of an adrenal mass is to diagnose
neoplasms that metastasize to the adrenal gland
rather than distinguishing between benign and
malignant ACTs [45].

The electron microscopic appearance of
adenomas resembles that of cells of the normal
adrenal cortex, with steroid-producing cells
showing tubulovesicular or tubular lamellar

mitochondria, and an abundant, smooth endo-
plasmic reticulum. Adrenocortical, carcinomas
may show abnormal numbers and morphology of
mitochondria, and dissolution of the basement
membrane surrounding alveolar groups of cells
but these findings are not diagnostic [26].

Chromosomal analyses of ACTs has shown
that aneuploidy tends to point toward malig-
nancy, although this characteristic is also found
in benign tumors, especially larger ones [46, 47].
Cytogenetic studies of carcinomas have shown
loss of heterozygosity of several gene loci in
some cases [47, 48]. Mitotic rate has been
consistently reported as the most important
determinant of aggressive behavior [43, 49–51].
Other histopathologic variables are also impor-
tant, and it is possible to stratify the risk of
recurrence based on a score that includes a
combination of different histopathologic charac-
teristics, such as venous, capsular, or adjacent
organ invasion, tumor necrosis, mitotic rate, and
the presence of atypical mitoses [51].

An unanswered question is how to categorize
an ACT with a few “malignant” pathologic fea-
tures. One approach proposed by Bugg [42] is to
differentiate between those adrenocortical carci-
nomas with low-grade pathologic features and
those with high-grade pathologic features.
Another approach advocated by Dehner is to
acknowledge the uncertainty by using terms such
as “atypical adrenocortical neoplasm” or
“adrenocortical neoplasm of uncertain or inde-
terminate malignant potential” for the completely
resected tumor and recommend close follow-up
with appropriate hormonal monitoring [52].

Evaluation of Adrenal Masses

The combination of history, physical examina-
tion, laboratory tests, and diagnostic imaging can
usually distinguish adrenal cortical tumors from
adrenal medullary tumors and other adrenal
problems. Modern cross-sectional imaging in
particular is critical in the evaluation of children
with clinical features of adrenocortical hyper-
function. Finding an adrenal mass in this setting
is diagnostic of an adrenocortical neoplasm.
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Symptoms and Signs of Adrenal
Masses

Adrenal tumors usually present with mass effects
or with systemic manifestations of excessive
hormone secretion. A neuroblastoma can grow
quite large and present as a palpable abdominal
mass or with symptoms of compression of sur-
rounding structures, such as when the tumor
extends into the spinal canal and causes paraly-
sis. Neuroblastoma may also present with signs
of metastases such as periorbital lesions causing
bulging eyes or dark circles around the eyes
(“black eyes” or “raccoon’s eyes”), bone metas-
tases causing bone pain, liver metastases leading
to hepatomegaly and respiratory embarrassment,
and subcutaneous deposits resulting in bluish
lesions under the skin (“blueberry muffin”).
Finally, both neuroblastoma and more commonly
pheochromocytoma can present with systemic
effects of catecholamine secretion such as
hypertension, palpitations, sweatiness, shakiness,
anxiety, and diarrhea.

In contrast to adult ACTs, most pediatric
ACTs secrete hormones that lead to their pre-
sentation, usually at 5–8 months of age [29, 32,
53]. Children will present with various manifes-
tations depending on the specific adrenocortical
hormones secreted by the tumor. The most
common presentations are virilization, feminiza-
tion, Cushing’s syndrome, and Conn’s syn-
drome. Although the clinical manifestations of
one endocrine syndrome may predominate,
ACTs usually secretes several hormones and thus
signs and symptoms of multiple syndromes may
be seen.

Precocious puberty refers to secondary sex
characteristics that appear in girls younger than
8 years, and in boys younger than age 9. Preco-
cious puberty may be gonadotropin-dependent
(true precocious puberty) or gonadotropin-
independent (pseudoprecocious puberty). Fur-
thermore, precocious puberty may be character-
ized as isosexual when the premature secondary
sex characteristics are appropriate for the
patient’s gender, or heterosexual when the pre-
mature secondary sex characteristics are inap-
propriate for the patient’s gender. Heterosexual

precocious puberty manifests as virilization in
girls and feminization in boys. Because func-
tioning adrenocortical neoplasms represent a
gonadotropin-independent source of endogenous
androgens and cortisol, they usually produce
pseudoprecocious puberty, Cushing’s syndrome,
or a mixture of the two [10].

Virilizing syndrome is the most common
presentation, with about 80% due to the secretion
of androgens, which cause deepening of the
voice, acne, hirsutism, increased muscle mass,
and secretion and proliferation of the sebaceous
glands. Specifically, in girls, there is clitoral
enlargement, facial and pubic hair, amenorrhea,
advanced bone age, and occasionally male pat-
tern hair changes [10]. In boys, there is early
development of acne, pubic hair, penile
enlargement, and precocious isosexual pseudop-
uberty [10].

Cushing’s syndrome results from the pro-
duction of autogenous corticosteroids and occurs
in about one third of patients with ACTs. Chil-
dren with Cushing’s syndrome present with
moon facies, weight gain, centripetal distribution
of fat, plethora, hypertension, and striae. In
addition, most patients who present with Cush-
ing’s syndrome will also have signs and symp-
toms of virilization.

Conn’s syndrome is also known as primary
aldosteronism and may be caused by adrenal
cortical carcinoma, adrenal adenoma, or bilateral
cortical hyperplasia. Aldosterone-producing
adenoma is rare in children [54]. Symptoms
associated with Conn’s syndrome include head-
ache, weakness of proximal muscle groups,
polyuria, tachycardia, hypocalcemia, and hyper-
tension. As with Cushing’s syndrome, a patient’s
presentation may be complicated by manifesta-
tions of other hormones secreted by the ACT.

Laboratory Investigation of Adrenal
Masses

The laboratory investigation of adrenal masses
includes measuring the abnormal hormone
secretions of medulla (catecholamines) or cortex
(mineralocorticoids, glucocorticoids, androgens)
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and evaluating systemic effects of the tumor or its
abnormal hormonal production. When medullary
tumors are suspected urine or blood may be
collected for substances secreted by the
tumor including homovanillic acid (HMA),
vanillylmandelic acid (VMA), dopamine, and
norepinephrine.

Laboratory testing for ACTs includes evalua-
tion of androgen and glucocorticoid levels and
their breakdown products. Measurements of uri-
nary 17-ketosteroids (17-KS) are the most
important marker for ACT. 17-KS levels are ele-
vated in the majority of patients with ACTs
regardless of whether the tumor is associated with
Cushing’s syndrome or virilization [31]. Plasma
dehydroepiandrosterone sulfate (DHEA-S) levels
are abnormal in about 90% of patients with ACTs,
making this the second most sensitive tumor
marker. Abnormal urinary DHEA is less sensitive,
with only two thirds of cases with detectable ele-
vation. Urinary 17-hydroxycorticosteroid
(17-OH) levels are elevated in patients with clin-
ical signs of excessive glucocorticoids. Therefore,
evaluation of patients suspected of having an ACT
includes determination of urinary 17-KS and
17-OH, urinary or plasma cortisol (either baseline
or suppressed), plasma DHEA-S, testosterone,
androstenedione, 17-hydroxyprogesterone, aldos-
terone, renin activity, 11-deoxycorticosterone
(DOC) and other 17-deoxysteroid precursors.
The hormone activity will not help differentiate
benign frommalignant lesions since bothwill have
a significant elevation in these markers [55].
Additional useful tests include serum electrolytes,
especially potassium, which would be low
with increased aldosterone, and serum glucose,
which can be elevated with, increased
corticosteroids.

Imaging Evaluation of Adrenal Masses

By the time that most children present with an
adrenal mass, the mass is visible with diagnostic
imaging; however, small lesions with hormonal
activity may be radiologically occult. With cur-
rent imaging technology, the scenario of delayed
diagnosis of a functional adrenal tumor that was

common in the past has largely been eliminated
[23, 25].

Plain radiography has limited value but can
reveal a mass effect of the tumor on surrounding
organs or calcifications, which suggest neurob-
lastoma or previous adrenal hemorrhage. In the
past excretory urography and nephrotomograms
were often performed, which would show the
mass effect of an adrenal lesion on the kidney
and urinary collecting system however, these
tests have been replaced by ultrasound and
cross-sectional imaging.

Ultrasonography (US) is often the first
imaging procedure performed in children with
abdominal masses since it can be performed
easily and without sedation. US can determine
the location of a mass and its relationship to
surrounding vessels and organs, determine if the
mass is cystic or solid, assess the vascularity of
the mass, and identify associated liver metas-
tases. US serves as a good initial study to define
the next step of management (Fig. 10.3a).
However, US is most useful for large masses and
the majority of lesions of the adrenal cortex tend
to be small and are often difficult to visualize.
Doppler US is a valuable tool to evaluate for
associated tumor extension into the renal vein,
inferior vena cava, and right atrium (Fig. 10.3b).
Hamper et al described the sonographic features
of ACTs including a wide range in size (range 3–
22 cm), a round or ovoid circumscribed shape
commonly displaying a lobulated border, and in
a quarter of the cases, a thin echogenic
capsule-like rim. The adrenocortical carcinomas
less than 6 cm were homogenous solid masses
and were nearly isoechoic to renal cortex. Larger
lesions tended to be heterogeneous and to contain
central or diffuse hypoechoic regions that corre-
sponded to necrotic areas in the surgical pathol-
ogy specimens. The term “scar sign” refers to
radiating linear echoes that suggest adrenocorti-
cal carcinoma [56].

Computerized Axial Tomography (CT) is
the imaging procedure of choice for evaluating
adrenal lesions. CT provides accurate definition
of the adrenal size, location, and appearance
(Fig. 10.4a). Furthermore, it assesses local and
vascular invasion, enlargement of lymph nodes,
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and the presence of metastases within in the
abdomen or distant sites (Fig. 10.4b). On CT,
ACTs are typically circumscribed, appear vari-
ably heterogeneous due to hemorrhage and
necrosis, and may display a thin capsule-like rim
[10]. Larger lesions tend to enhance heteroge-
neously with IV contrast.

Magnetic resonance imaging (MRI) may
also define the extent of the adrenal lesion
including its relationship to surrounding organs
and vessels (Fig. 10.5). It may provide some
advantages over CT, as it involves no radiation,
displays different planes, and may better char-
acterize tumor thrombus (Fig. 10.5). ACTs have
intermediate signal intensity on T1-weighted MR
images, and high signal intensity relative to liver
on T2-weighted images [10]. Also, MR may help
differentiate benign from malignant lesions based
on the enhancement with gadolinium [57].

Nuclear scans may also be helpful in the
evaluation of adrenal masses in some specific
situations. Metaiodobenzylguanidine (MIBG)
scans may be used to detect adrenal medullary

tumors, pheochromocytomas, and neuroblas-
tomas due to MIBG affinity for medullary tissue.
MIBG scans may be particularly useful in
localizing such tumors in extra-adrenal sites.
Iodocholesterol-labeled analogs may be used to
detect primary adrenocortical tumors or metas-
tases. Dexamethasone administered before the
scan may make the test more sensitive by sup-
pressing autologous ACTH-responsive adrenal
tissue.

More recently, positron emission technology
(PET) scanning has been used to study recurrent
or metastatic adrenal tumors. However, its role
has yet to be fully elucidated.

Differential Diagnosis of Adrenal
Masses

The differential diagnosis of an ACT includes a
variety of benign and malignant conditions and
some of the more common considerations are
discussed below.

Fig. 10.3 An 11-year-old female presented with a large
left sided abdominal mass. A CT scan and MRI were
performed which demonstrated a left adrenal primary
tumor with tumor extension through the adrenal veins into
bilateral renal veins, hepatic veins, IVC, and into the right
atrium. Her treatments consisted of biopsy, neoadjuvant
chemotherapy, resection of primary and thrombus under

cardiopulmonary bypass, and Mitotane therapy. a Trans-
verse ultrasound of the left upper quadrant demonstrating
the left kidney displaced inferiorly and a large mass in the
left suprarenal space (*). b Doppler ultrasound of the right
upper quadrant demonstrating a partial occluding tumor
thrombus (+) in the inferior vena cava (IVC)
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Neuroblastoma

Neuroblastoma is a neoplasm of the adrenal
medulla or extra-adrenal sympathetic tissue that

typically affects young children. The age at
diagnosis and some clinical manifestations may
overlap with the presentation of ACTs, however,
neuroblastomas usually produce excessive

Fig. 10.4 An 11-year-old female presented with a large
left sided abdominal mass. a Axial CT scan with a 10.1 X
10.2 cm heterogeneous left adrenocortical carcinoma (*)
displacing the pancreatic tail superiorly and the left

kidney inferiorly with left renal vein and IVC tumor
thrombus (white arrow). b Axial CT scan with more
cranial views demonstrating right atrial tumor thrombus
(white arrow)

Fig. 10.5 An 11-year-old
female presented with a
large left sided abdominal
mass. Coronal MRI
demonstrating left
adrenocortical carcinoma
(ACC) with left renal vein
and IVC tumor thrombus
(IVC) and extending into
the right atrium (R Atrium)
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catecholamines that can be detected in the serum
and urine. Also, children with neuroblastoma are
much more likely to present with metastases
compared to children with ACTs. Furthermore,
neuroblastomas may be associated with parane-
oplastic syndromes of myoclonic encephalopathy
and tumor elaboration of vasoactive intestinal
peptide.

On imaging the typical neuroblastoma is a
large, irregular, retroperitoneal mass that fre-
quently encases vascular structures, often con-
tains characteristic punctate calcifications, and
may extend through neural foramina into the
extradural spinal canal. However, neuroblastoma
may also appear as a circumscribed suprarenal
mass that is indistinguishable from an ACT. One
imaging study that may be helpful in distin-
guishing an ACT from a neuroblastoma is the
MIBG scan, which will be positive in patients
with neuroblastoma.

Pheochromocytoma

Pheochromocytoma is a neoplasm derived from
neural crest tissue. Similar to neuroblastoma, a
pheochromocytoma secretes catecholamines
and concentrates MIBG, however, pheochro-
mocytomas usually occur in older children (6–
14 years) compared to neuroblastomas and
ACTs that usually occur in infants and tod-
dlers. Children with pheochromocytomas typi-
cally present with constant or paroxysmal
hypertension with resulting headaches [58, 59].
Pheochromocytomas may occur in patients
with neurofibromatosis, von Hippel-Lindau
disease, Sturge-Weber syndrome, and multiple
endocrine neoplasia types IIA and IIB. Less
than 10% of pheochromocytomas in children
are malignant [10]. On imaging, they tend to
be rounded, circumscribed masses. On
T1-weighted MR, a pheochromocytoma has
lower signal intensity than that of the liver and
on T2-weighted images a higher signal inten-
sity than ACTs [59].

Adrenal Hemorrhage

Adrenal hemorrhage typically occurs in neo-
nates, which would be an unusual age of pre-
sentation for adrenocortical tumors. Adrenal
hemorrhage can be distinguished from a neo-
plastic adrenal mass by serial sonograms that
demonstrate a temporal evolution of the mass
through stages of liquefaction, clot retraction,
and eventual shrinkage.

Renal Lesions

Large adrenocortical neoplasms may appear on
imaging to invade or arise from the upper pole of
the kidney. Solid renal neoplasms of childhood
include Wilms tumor (nephroblastoma),
mesoblastic nephroma, renal cell carcinoma,
clear cell sarcoma, and rhabdoid tumor of the
kidney. None of the renal tumors produces the
clinical findings of hormonally active ACTs.
However, rhabdoid tumor and mesoblastic
nephroma may be associated with
hypercalcemia.

ACTH-Independent Macronodular
Adrenal Hyperplasia (AIMAH)

AIMAH, also known as massive macronodular
adrenocortical disease (MMAD) [60–62], is a
benign proliferative disorder of the adrenal cor-
tex that presents with ACTH-independent
Cushing’s syndrome. Steroid hormone secretion
is ACTH independent and associated with both
undetectable plasma levels of ACTH and the
inability to suppress cortisol secretion with high
dose dexamethasone [63]. Histologically, it is
composed of nodules with two cell types, lipid
rich cells with clear cytoplasm and lipid-poor
cells with a compact cytoplasm [60]. Although
corticosteroid secretion is independent of ACTH
the cells express the ACTH receptor and patients
will respond to exogenous ACTH [61, 64]. The
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increased steroid hormone synthesis in AIMAH
is thought to be due to an overall increase in
adrenocortical mass rather than augmented syn-
thesis within each cell [64]. AIMAH may be
associated with McCune-Albright syndrome, an
autosomal dominant disorder characterized by
polyostotic fibrous dysplasia, café-au-lait spots,
precocious puberty, and hyperfunctioning endo-
crine glands [65]. McCune-Albright syndrome is
caused by an activating mutation in the GNAS1
gene.

Primary Pigmented Nodular
Adrenocortical Disease (PPNAD)

PPNAD is similar to AIMAH but it does not
respond to ACTH [61, 66]. Both AIMAH and
PPNAD are benign proliferative disorders.
PPNAD is characterized by nodules usually less
than 4–6 mm in diameter with a brown or black
color. The color is a result of large cells con-
taining a granular, pigment-containing cyto-
plasm. The internodular adrenal cortex is
atrophic and disorganized, and the adrenal glands
are usually normal weight and size [67, 68].
PPNAD can be seen isolation, but it is usually
associated with the Carney complex, an autoso-
mal dominant syndrome that includes perioral,
ocular, or genital schwannomas, and endocrine
gland hyperactivity. Affected patients often have
tumors of two endocrine glands. The most
common tumor in the Carney complex is
PPNAD and other tumors include prolactin or
growth hormone secreting pituitary tumors, thy-
roid adenomas or carcinomas, testicular
large-cell calcifying Sertoli cell tumors, and
ovarian cysts [69–71]. Clinically evident PPNAD
is seen in 25–30% of patients with Carney
complex and it usually presents in childhood, late
adolescence, or early adulthood [67, 71, 72].
Such patients have been treated successfully with
bilateral adrenalectomies [68].

Surgery for Adrenocortical Tumors

Surgery is the single most important aspect of
treatment of an ACT. Surgery requires careful
perioperative planning. All patients with a func-
tioning tumor should be treated with the
assumption that there will be suppression of the
contralateral adrenal gland and therefore requires
“stress” steroid supplementation for the periop-
erative period. Also, special attention to elec-
trolyte balance, blood pressure, wound care, and
infection prevention is paramount.

The use of open procedures such as laparo-
tomy or a thoracoabdominal approach in general
will allows the surgeon the best chance to com-
pletely excise the tumor. A curative, complete
resection may be attempted in the 70–75% of
patients who present without distant metastases.
Total excision should be attempted even if it
requires removal of adjacent structures, such as
ipsilateral nephrectomy [55], since total resection
is essential for cure. Many series have noted that
patients with incomplete resection or distant
metastases died, whereas those with localized or
regional disease that was totally resected sur-
vived [53]. Extreme care must be exercised
during surgery as the tumor tends to be friable,
and tumor spillage occurs in about 20% of initial
operations, and in 43% of operations done for
tumor recurrence [29, 31]. Since tumor spillage
worsens prognosis [29] any maneuver that
reduces the risk of tumor spill is advocated. Also,
infiltration of the vena cava with tumor thrombus
may occur in up to 20% of the patients and may
make complete resection challenging [29, 50]. In
patients with extensive vascular infiltration, car-
diopulmonary bypass may be necessary to
achieve the vascular control needed for
thrombectomy and vascular reconstruction [73].
When ACTs are completely resected, then no
further therapy recommended. However, close
follow-up with imaging and endocrine studies is
needed to detect possible tumor recurrence. Even
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in patients with metastatic disease, complete
resection is warranted if it is feasible [55].
However, when lesions are not resectable, then
tumor ablation by injection with ethanol may be
the only option for local control.

Retroperitoneal Lymph Node
Dissection (RPLND)

The lymph node drainage of the adrenal gland is
complex. There is an extensive subserosal net-
work of lymphatic channels around the gland,
crossing several levels in different directions
inside the fascia and connective tissue involving
the adrenal gland. The incidence of lymph node
involvement with ACTs is not known, although
some studies report it to be close to 40% in adults
[74, 75]. The low frequency with which lymph
nodes are resected reflects the standard surgical
practice in which lymph node sampling is not
routinely performed, except if there is obvious
lymph node enlargement. A current Children’s
Oncology Group (COG) study, ARAR0332 has
as one of its hypotheses that residual tumor in
lymph nodes may contribute to relapse, so it
specifies that patients with large tumors (Stage II)
should have an ipsilateral retroperitoneal lymph
nodes dissection.

Minimally Invasive Surgery
for Adrenocortical Tumors in Children

While a laparotomy is still the most common
approach for adrenalectomy in children, there has
been an increase in laparoscopic adrenalectomy
with the aim to improve operative visualization
and to minimize postoperative pain [76–80]. The
International Pediatric Endosurgery Group
(IPEG) has released guidelines for the surgical
treatment of adrenal masses in children [81]. The
recommendations primarily address the use of
laparoscopy in children with adrenal neuroblas-
toma, as this is the condition for which there is
the most evidence. Nonetheless, IPEG mentions
that there is no absolute contraindication to the

laparoscopic approach for ACT, but notes that
principles of cancer surgery must be adhered to.
They conclude that the recommendation for the
laparoscopic resection of adrenal tumors is sup-
ported by class 3 evidence (descriptive case
series and opinions of expert panels). In general,
the use of open procedure is recommended for
adrenocortical carcinoma, and a laparoscopic
approach for benign lesions [55, 78, 82].
Unfortunately, preoperative diagnosis of malig-
nancy may be difficult so it is suggested that a
laparoscopic approach be limited to children with
small, localized lesions [55].

Staging of Adrenocortical Tumors

Staging of adrenocortical tumors is based on
preoperative imaging and operative findings.
Preoperative imaging defines the primary mass
and is essential for surgical planning. Specifi-
cally, imaging will define the local extent of the
tumor and distant metastases. Direct extension of
tumor thrombus from the adrenal veins into the
inferior vena cava (IVC) represents an important
mechanism of nonhematogenous malignant
spread and may occur in up to a third of patients.
The lung is the most common site of distant
metastases of adrenocortical carcinoma, followed
by the liver [10]. Other metastatic sites include
the peritoneum (29% of cases), pleura or dia-
phragm (24%), abdominal lymph nodes (24%),
and kidney (18%) [26].

The staging system as modified from Sandrini
et al is based on disease stage and tumor size [29,
31] (Table 10.1).

Adjuvant Therapy

The role of chemotherapy in the management of
childhood ACT has not been well established.
However, for patients with advanced disease or
with a high risk of recurrence, the use of systemic
therapy with mitotane or chemotherapy should
be considered even though its impact on the
overall outcome is minimal.
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Mitotane

Mitotane is an insecticide derivative that pro-
duces adrenocortical necrosis and it has been
used extensively in adults with ACT. Mitotane
inhibits corticoid biosynthesis and destroys
adrenocortical cells. Mitotane acts on the
adrenocortical mitochondria and inhibits the
11-b-hydroxylase and the cholesterol side-chain
cleavage enzymes. At higher doses it also
destroys mitochondria, resulting in necrosis of
the adrenal cortex. At low plasma concentrations,
mitotane suppresses the secretion of adrenal
steroids, providing symptomatic improvement
and regression of some of the endocrine dys-
function in patients with functioning tumors.
However, higher levels are required for an
adrenolytic effect [83, 84]. In patients with
advanced disease, objective responses may be
obtained in 20–30% of the cases using mitotane
alone [83–86]. However, these responses are
usually transient and the effect on prolongation
of survival is uncertain [83–85]. In children, the
use of mitotane for advanced ACT has not been
evaluated systematically. There have been sev-
eral reports of complete responses in children
with advanced or metastatic ACT, but these
appear to be rare events [87, 88]. In the Brazilian
experience, there have been three patients who
had locally unresectable tumors who received
mitotane for a total of 8 months and were alive
without evidence of disease after more than five
years follow-up. Nonetheless, there appears to be
growing movement away from Mitotane in view
of the lack of demonstrable beneficial effects
[89].

Chemotherapy

A variety of antineoplastic agents including cis-
platin (or cisplatinum), carboplatinum, etoposide,
5-fluorouracil with leucovorin, and ifosfamide
have been used in patients with ACTs but the
small numbers of patients treated make definitive
conclusions problematic. Cisplatin as a single
agent may induce responses in approximately
25% of patients with advanced disease [90], and
several authors have evaluated cisplatin-based
regimens. Combinations of cisplatin with dox-
orubicin and either cyclophosphamide [91] or
5-fluorouracil [92] have resulted in responses of
20–40% of patients. Cisplatin has also been
investigated in combination with etoposide
(VP-16), with similar results [84, 93]. The
combination of mitotane with cisplatin, etopo-
side, and doxorubicin has been extensively used
in children with ACT by investigators of the
International Pediatric Adrenocortical Tumor
Registry (IPACTR) [29]. The current COG pro-
tocol, ARAR0332, will study a regimen that
incorporates mitotane, cisplatin, etoposide, and
doxorubicin, which has been used before and has
been well tolerated [29].

Radiotherapy

Adjuvant radiation therapy has not been thor-
oughly evaluated in childhood ACT. Generally,
it is accepted that ACT is radioresistant [84].
Also, because many children with ACT carry
cancer-predisposing germline p53 mutations that
could potentiate genomic instability, there is a

Table 10.1 Staging of Adrenocortical Tumors

Stage Description

I Tumor totally excised with negative margins. The tumor weight is � 200 g, there is no evidence of
metastasis and the abnormal hormone levels return to normal after surgery

II Tumor totally excised with negative margins. The tumor weight is >200 g, or there is persistence of
abnormal hormone levels after surgery
Gross tumor excision with microscopic residual tumor

III Gross residual tumor or inoperable tumors

IV Distant metastasis
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concern that radiation may increase the incidence
of secondary tumors. Driver et al reported that
among 5 long-term survivors of pediatric ACT, 3
died because of secondary sarcoma arising
within the radiation fields [94].

Future Therapeutic Options

There are a several novel therapies that are being
developed [95–97]:

(i) Radionuclide therapy—Radiolabeled
metomidate, a tracer that binds to adrenal
11B-hydroxylase (P450C11) has shown
some promise in distinguishing neo-
plasms of adrenocortical origin from other
lesions. Iodine-labeled metomedate may,
in the future hold therapeutic potential as
a specific adrenocortical radionuclide.

(ii) Epidermal Growth Factor Receptor inhi-
bitors—The overexpression of the epi-
dermal growth factor receptor (EGFR)
protein in ACT’s has provided the ratio-
nale for the use of EGFR inhibitors.
However results to date in adults have
been disappointing.

(iii) Angiogenesis inhibitors—angiogenesis
and neovascularization are critical for
tumor growth. Vascular endothelial
growth factor (VEGF) is a proangiogenic
growth factor that binds to the tyrosine
kinase VEGF receptor, resulting in the
activation of several intracellular signal-
ing pathways. VEGF has been shown to
be upregulated in ACT tissue. Therefore
there has been interest in the targeting of
VEGF signaling. However, early results
in adults have not been encouraging.

(iv) IGF receptor antagonists—due to the
importance of the IGF receptors in acti-
vating PI2K/Akt and MAPK pathways in
cellular proliferation, differentiation, and
survival, some have looked at receptor
antagonists as a therapeutic option.
Overexpression of IGF-II and/or IGF-1R
is possibly the most frequent genetic
alteration in ACT. While a possible

option in the future for adults, its role in
childhood may be less helpful in children.

(v) B-catenin antagonists–The B-catenin
gene is an important element of signal
transduction in Wnt signaling. There is
some early work on antagonists of this
pathway as a potential target however to
date, there have only been animal models
of this an no applications in patients.

(vi) Steroidogenic factor 1 (SF-1) inverse
agonists–Steroidogenic factor-1 is a
nuclear receptor transcription factor that
has been identified to act in the regulation
of promoter activity of cytochrome P450
steroid hydroxylase genes in steroido-
genic cell lines. If is known that SF-1
plays a decisive role in the regulation of
adrenal development. SF-1 amplification
and overexpression has been described in
pediatric ACT. There has only been early
work towards using SF-1 inverse agonists
in vivo models of ACT.

(vii) mTOR antagonists—Phosphatidylinositol
3-kinase (PI3K)/akt/mammalian target of
rapamycin inhibitor (mTOR) deregulation
is commonly associated to human cancer
pathogenesis. Several new drugs have
been developed to inhibit this pathway.
Recently IGF-IR/mTOR signaling was
demonstrated to be activated in childhood
ACT at multiple levels. Use of mTOR
inhibitors has effect in vitro in mice and
may have potential in patients with ACT.

(viii) Gene therapy—the use of gene therapy is
an evolving approach for cancer treatment
with its aim being reactivation of onco-
suppressor genes and/or inhibit oncoge-
nes, who expression is deregulated during
tumor progression. However, early results
have been poor thus far.

(ix) Immunotherapy—Immunotherapy is a
therapeutic approach based on the stim-
ulation of the immune response against
cancer cells. Currently being studied is
the use of dendritic cells to induce
antiturmor immune responses in ACTs.
Early work is encouraging but has more
work is needed.
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Outcomes

Due to the heterogeneity and rarity of ACT,
prognostic factors have not been well defined and
outcomes are hard to predict. In addition, the
difficulty in distinguishing malignant from
benign tumors complicates any analysis.

In the older literature, a relatively poor prog-
nosis had been predicted for children with ACTs
[26]. In a report up to 1962, only 23 of 222
patients survived 2 or more years after treatment
[98]. However, more recent studies suggest a
better outcome for children with ACT with
overall survival at 5 years of 54–74% [31, 32,
42]. In a large series of 54 patients with known
outcomes, 24 (44%) died and 30 (56%) have
been disease-free for periods of 1–214 months
from diagnosis [31]. Improved survival rates in
more recent times may reflect the benefits of
earlier detection due to improved imaging, and
refinements in surgical technique and postoper-
ative care [10].

The prognosis of adrenocortical carcinoma in
children is more favorable than the prognosis of
adults, whose overall survival is 10–30% at 5
years [51, 52]. The improved outcome of
younger patients with malignant ACTs is espe-
cially apparent in children less than 5 years who
have a significantly better survival than older
children and adolescents, whose tumors behave
more like adrenocortical carcinoma in adults [51,
52]. A recent Surveillance, Epidemiology, and
End Results (SEER) program study review of
patients demonstrated that younger patients
(� 4 years) were noted to have more favorable
features than older patients (5–19 years) includ-
ing more local disease, more likely to be <10 cm,
and better 5 year survival. After adjustment the
most significant predictors of cancer-specific
death were age 5–19 years, and distant meta-
static disease. After accounting for tumor size,
only age maintained statistical significance [28].

The prognostic importance of histology has
been controversial [42, 43, 99] but in general,
lesions that are classified as an adenoma or benign
histology are associated with good prognosis,
although the rarity of ACTs in the pediatric age
group tempers this expectation. Another factor

complicating the ascertainment of outcomes is a
tendency to over-diagnose lesions as carcinomas
[26, 40]. Unless metastases are present, this dif-
ficulty in distinguishing adenoma from carcinoma
is compounded by the absence of universally
accepted histologic prognostic factors.

There have been attempts to predict outcome
based on tumor characteristics. In one study
tumor size larger than 10.5 cm, tumor weight
>400 g, invasion into the surrounding soft tissue,
and extension into the IVC were significant
markers for a poor prognosis on univariant
analysis. However, in a multivariate analysis
only local invasion and extension into the IVC
were independent predictors of an unfavorable
outcome. These authors stressed the importance
of an accurate diagnosis of ACT and they defined
9 pathologic features of malignancy and corre-
lated the number of these features in a particular
neoplasm and clinical outcome [32]. Three or
fewer unfavorable pathologic features appears to
be the threshold between the clinically benign
and malignant ACT.

Most deaths caused by adrenocortical carci-
noma occur within 1–2 years after diagnosis
[26]. Sites of metastases include liver, lungs, and
regional lymph nodes. The median time to tumor
recurrence was 6 months (range 1–48 months
with a median time to recurrence of 6 months.
Only 2 of 15 patients relapsed more than 1 year
from the initial surgery (1.8 and 4.0 years,
respectively). Recurrences in this series were
rapidly fatal in nearly all cases with a median
time from relapse to death of 5 months (range, 2–
11 months).

In the IPACTR, the revised staging system
appears to be highly predictive of outcome in
children with Stage I and Stage IV disease, with
long-term survival of >90% of patients with
Stage I disease and only 10% of those with
Stage IV disease. Predicting outcome for patients
with intermediate stages of disease is much more
difficult. For example, despite presumed com-
plete tumor resection, local recurrence will occur
in 30–50% of patients with Stage II disease. In
general, patients with Stage III disease will have
a poor outcome similar to those with Stage IV
disease.

10 The Evaluation and Management of Adrenal Masses … 135



Future Considerations

Advances in basic science, surgical techniques,
and national and international collaboration have
set the stage for further investigations of ACTs in
children. Since surgical resection seems to be an
important part of successful treatment, the Chil-
dren’s Oncology Group (COG) is evaluating the
effect of the extent of surgical resection of the
primary tumor and regional lymph nodes. As
mitotane has not been found to be of significant
benefit, it will not be used in patients who have a
complete resection. Children who recur locally
will have further attempts at complete resection
of disease and are candidates for systemic
chemotherapy. Also, the observations that
Southern Brazilian children with ACT carry a
specific germline p53 mutation [27, 57] has led
to investigations looking for the molecular lesion
responsible for tumor development in other
patients and may ultimately allow further char-
acterization of pathogenesis. Finally, an interna-
tional registry has been established which may
provide more insight into this rare tumor of
childhood.
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11Pancreas Embryology, Anatomy,
and Physiology

Joseph Fusco, Yousef EL-Gohary and George K. Gittes

The term ‘pancreas’ is derived from the Greek
word meaning ‘all flesh’ [1]. It is endodermally
derived, consisting of two morphologically dis-
tinct tissues, the exocrine and endocrine pan-
creas, which are derived from a single epithelium
(endoderm) (Fig. 11.1). The pancreas has two
major functions, the production of digestive
enzymes by the exocrine tissue, and the pro-
duction of metabolically active hormones by the
endocrine tissue. These two tissues exist together
within the pancreas despite their disparate mor-
phology and function. The endocrine pancreas,
which compromises only 2% of the adult pan-
creatic mass, is organized into islets of Langer-
hans consisting of five cell subtypes, a, b, d, ɛ,
and PP cells secreting glucagon, insulin,
somatostatin, ghrelin, and pancreatic polypeptide
hormones, respectively. The exocrine tissue on
the other hand, which forms nearly 98% of the
adult pancreatic mass, is composed of acinar and
ductal epithelial cells [1]. We will be reviewing
in this chapter the basic anatomical and embry-
ological development of the pancreas.

Basic Anatomy

The human pancreas is a long tapered glandular
organ, which lies in the retroperitoneum. It is
divided into four anatomical regions, the head,
neck, body and tail, along with one accessory
lobe or ‘uncinate process’, with the head lying
within the curve of the second part of the duo-
denum. It extends transversely towards the hilum
of the spleen, measuring between 12 and 15 cm
long in adults. The digestive enzymes and
bicarbonates are secreted by the exocrine acinar
tissue. The acini (the name stems from the Greek
word ‘acinus’ meaning grape) are an accumula-
tion of acinar cells at the termination of ducts,
and then drain into a centrally located acinar
spaces connected to tiny pancreatic tubular ductal
networks. These networks eventually join to
form the larger pancreatic ducts namely the main
pancreatic duct of Wirsung, and the accessory
duct of Santorini. The main duct drains into the
duodenum via the major duodenal papilla
(Ampulla of Vater), while the main pancreatic
duct may have a separate accessory pancreatic
duct (derived from proximal duct of Santorini),
which drains the uncinate process and lower part
of the head of the pancreas into the duodenum
via the minor duodenal papilla. Incomplete stet
of the dorsal and ventral pancreatic ducts results
in pancreas divisum, which is the most common
congenital pancreatic ductal anatomic variant,
but many anatomical variations of the pancreatic
ductal drainage system do exist (Fig. 11.2).
Blockage of the main pancreatic duct can lead to
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stasis of the digestive enzymes, which can then
become activated and begin an auto-digestion
process within the pancreas, resulting in pan-
creatitis. The endocrine hormones are produced
in the islets of Langerhans, which are scattered
throughout the pancreas, drained by a network of

capillaries that invade the islet, and are thus
delivered into the main bloodstream [2]. The
distribution of endocrine cells within the islet is
species-dependent. In rodents, the core of the
islet is occupied by the b-cells surrounded in the
periphery by a ring of a-cells, whereas in humans
and monkeys all the endocrine cell types are
intermingled with each other [3]. Non-endocrine
cells also exist in the islet, including endothelial
cells, neurons, dendritic cells, macrophages, and
fibroblasts (Fig. 11.3).

A sound knowledge of the anatomical rela-
tionship of the pancreas to other surrounding
structures is important when performing pancre-
atic surgery. The pancreatic head lies in front of the
inferior vena cava, right renal artery, both renal
veins and the superior mesenteric vessels, whereas
the uncinate process lies posterior to the superior
mesenteric vessels. The neck of the pancreas lies
directly over the portal vein and vertebral bodies
L1 and L2; this region is where the splenic vein
unites with the superior mesenteric vein to form

Fig. 11.1 Cell lineage schematic for pancreatic devel-
opment from a multipotent progenitor stem cell

Portal
vein

Celiac
trunk

Splenic
vein

Splenic
artery

Anterior superior
pancreaticoduodenal

artery

Common bile duct

Duct of santorini
dorsal duct

Main pancreatic
duct

Duct of wirsung
ventral duct

Duodenum

Fig. 11.2 Schematic illustration of the anatomical rela-
tionship of the pancreas in relation to other anatomical
structures. The pancreatic head lies in front of the IVC
and SMV, whereas the uncinate process lies posterior to
the SMV. The stomach lies anterior to the pancreas,
whereas the aorta, left adrenal gland and left kidney lie
posterior to the body of the pancreas. The tail lies in the
hilum of the spleen with the splenic artery running along
the superior border of the pancreas. Major blood supply

for the pancreas arises from the celiac trunk and superior
mesenteric arteries, with the superior pancreaticoduodenal
artery running anterior to head of pancreas. Innervation of
the pancreas is derived from the vagal and splanchinic
nerves. The pancreas is drained by multiple lymph node
groups. The body and tail drain mostly into
pancreatico-splenic nodes, whereas the head and neck
drain more widely into nodes along the superior mesen-
teric, hepatic and pancreaticoduodenal arteries
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the portal vein. The splenic vein receives the
inferior mesenteric vein near the tail of the pan-
creas. Anterior–posterior blunt trauma can thus
lead to pancreatic tissue damage as well as ductal
injury. The common bile duct passes in a deep
groove on the posterior aspect of the pancreatic
head until it joins the main pancreatic duct at the
ampulla of Vater in the pancreatic parenchyma.
The stomach lies anterior to the body and tail of the
pancreas, whereas the aorta, left adrenal gland and
left kidney lie posterior to the body of the pancreas.
The tail lies in the hilum of the spleen with the
splenic artery, which is often tortuous, running
along the superior border of the pancreas
(Fig. 11.2).

The major blood supply to the pancreas arises
from multiple branches of the celiac trunk and
superior mesenteric arteries, which form arterial
arcades within the body and tail of the pancreas.
The splenic and common hepatic arteries arise
from the celiac trunk. The dorsal and greater
pancreatic arteries branch from the splenic artery,
whereas the gastroduodenal artery branches from
the common hepatic artery, then dividing around
the head of the pancreas into anterior and pos-
terior superior pancreaticoduodenal branches that
anastomose with the anterior and posterior
branches of the inferior pancreaticoduodenal
artery, which are branches of the superior
mesenteric artery (Fig. 11.2). The vascularization

Fig. 11.3 Standard histological section of a human pan-
creas specimen, a illustrating a small, relatively
pale-staining cell known as the islet of Langerhans, which
is embedded in darker-stained exocrine tissue. b Adult
mouse pancreas wholemount image showing an isolated

islet stained with insulin, with glucagon in the periphery.
c Wholemount image of embryonic day (E) 16.5 pancreas
illustrating close relationship between insulin cells and
pancreatic ducts. d Wholemount image of an adult mouse
pancreas stained with insulin and DBA for pancreatic ducts
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of the pancreatic islets will be discussed in
greater detail later in the chapter. Venous drai-
nage of the pancreas mainly flows into the portal
system, with the head and neck draining pri-
marily through the superior and inferior pancre-
aticoduodenal veins, whereas the body and tail
drain into the splenic vein.

Physiology

The pancreas is responsible for regulating the
body’s glycemia through the endocrine cells
within the islets of Langerhans. Islets constitute
nearly 2% of the total pancreatic tissue. This
regulation is delicately balanced through the
actions of the hormones insulin and glucagon.
Insulin is the hormone of energy storage, and
induces an increase in amino acid uptake as well
as glucose uptake, increasing protein synthesis,
decreasing lipolysis and glycogenolysis, espe-
cially post-prandially or in a hyperglycemic state.
Whereas glucagon is viewed as the hormone of
energy release, stimulating higher blood glucose
levels by the stimulation of gluconeogenesis,
glycogenolysis and lipolysis in the setting of
hypoglycemia.

b-cells secrete insulin based on blood glucose
levels as well as neural and humoral factors. The
stimulus for insulin release into the bloodstream
is far greater when glucose is ingested enterally
compared to the parenteral route, indicating that
a ‘feed-forward’ mechanism in the digestive
tract is activated, anticipating the rise in blood
glucose. This anticipation is mediated by in-
cretins. There are two main incretin hormones,
glucose-dependent insulinotropic peptide; also
known as gastric inhibitory peptide (GIP) and
glucagon-like peptide-1 (GLP-1). Both are
secreted by endocrine cells located in the small
intestinal epithelium when the luminal concen-
tration of glucose increases in the digestive tract,
and subsequently they stimulate the b-cells to
secrete ‘more’ insulin. Hence, the great interest
in the pharmaceutical industry to develop
incretin-based therapies to treat diabetes, par-
ticularly type 2, because of its potent

secretagogue effect on b-cells. Unlike traditional
medications that stimulate b-cells to secrete
insulin regardless of blood glucose level, incre-
tins augment the b-cell response to blood glu-
cose levels in a glucose-dependent manner, in
addition to GLP-1’s inhibitory effect on gluca-
gon secretion and the ability to increase food
transit time in the stomach [4, 5]. A peculiar
phenomenon observed is type 2 diabetic patients
undergoing Roux-en-Y (RYGBP) surgery is that
they experience a dramatic amelioration of
blood glucose homeostasis and insulin sensitiv-
ity even before weight loss. The underlying
mechanism behind this dramatic improvement is
not fully understood. The dumping of nutrients
into the distal small intestine stimulates an
exaggerated GLP-1 peptide release from
intestinal endocrine L-cells into the portal vein,
stimulating insulin release. Humoral inhibitors
for insulin release include somatostatin, amylin,
leptin and pancreastatin. Vagus nerve generally
stimulates insulin release, whereas the sympa-
thetic nervous system inhibits it, mediated by
various peptidergic molecules secreted from
nerve fibers such as substance P, VIP, and
neurotensin.

The exocrine pancreas on the other hand
consists of two morphologically distinct struc-
tures. Acinar cells, the functional unit of the
exocrine pancreas which secrete digestive
enzymes, and duct cells that mainly secrete
bicarbonate-rich fluid. The total external secre-
tion of the pancreas consists of clear, colorless,
bicarbonate-rich alkaline solution of about 2.5 L
per day. Exocrine secretion is stimulated by the
hormones secretin and cholecystokinin (CCK),
and by parasympathetic vagal discharge. Serum
amylase is usually measured to diagnose pan-
creatitis, which is usually 2.5� normal within
6 h after the onset of an acute episode, and then
returns to normal within 3–7 days. However, the
major limitation with the use of serum amylase
measurement to diagnose pancreatitis is the lack
of specificity as several clinical conditions can
result in an elevated amylase. In addition, a
normal serum amylase certainly does not exclude
pancreatitis. The amylase-to-creatinine ratio
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(ACR) may help in differentiating acute pancre-
atitis from other conditions using the following
equation:

UrineamyU=L� SerumCrmg=dL
� �

=

SerumamyU=L� UrineCrmg=dL
� �� 100

An ACR greater than 5% suggests acute
pancreatitis, and ratios less than 1% suggest
macroamylasemia. Serum lipase levels, on the
other hand, are thought to be more specific in
diagnosing pancreatic tissue damage because it is
only produced in the pancreas. Lipase tends to be
higher in alcoholic pancreatitis and the amylase
level higher in gallstone pancreatitis, hence the
lipase-to-amylase ratio has been suggested as
means to distinguish between the two.

Imaging

There are several imaging modalities that are
useful for investigating pancreatic disease over-
all. Each modality has its advantages and draw-
backs. Often a combination of methods is
required for the accurate diagnosis of conditions
of the endocrine pancreas.

Plain Abdominal Radiographs

Although not useful for directly imaging the
pancreas, plain abdominal radiographs may
indirectly reveal an inflamed pancreas, demon-
strating a ‘sentinel loop’, which is an isolated
bowel segment (jejunum, transverse colon or
duodenum) that is dilated next to the inflamed
pancreas. Plain radiographs may also reveal the
‘colon cutoff sign’. This sign represents the
abrupt termination of gas within the proximal
colon at the level of the radiographic splenic
flexure which is caused by colonic spasm sec-
ondary to pancreatic inflammation. It must be
noted however, that both signs are nonspecific
for pancreatitis. In the setting of endocrine
insufficiency in chronic pancreatitis, calcification
may be visualized. Patients may also develop
pleural effusions which can be seen on chest

X-rays. Structural abnormalities such as annular
pancreas may be associated with duodenal
obstruction/atresia resulting in the classic
‘double-bubble’ sign on an abdominal X-ray.

Abdominal Ultrasonography (US)

US is a helpful imaging modality to examine the
pancreas in pediatric patients, although overlying
bowel gas can make imaging variable. It can be
used as a simple, noninvasive test for diagnosing
a mass within the pancreas, and can demonstrate
a peri-pancreatic fluid collection and edema.

Abdominal Computed Tomography
(CT) Scans

CT scans offer much better resolution of the
pancreas than US in terms of assessing the size
and location of an endocrine tumor within the
pancreas or a tumor within the gastrinoma tri-
angle. It is the imaging of choice for assessing
complications of pancreatitis but it should be
noted that inflammatory changes are not usually
radiographically present during the first 72 h of
pancreatic inflammation [6].

Endoscopic Retrograde
Cholangiopancreatography (ERCP)

ERCP is increasingly being used in children with
pancreaticobiliary disease, both as a diagnostic
procedure and therapeutic tool, with complica-
tion rates similar to that seen in adults [7]. As a
result, ERCP is now considered a safe and useful
tool for use in children in the hands of a
well-trained endoscopist.

Magnetic Resonance
Cholangiopancreatography (MRCP)

MRCP is a noninvasive and safer test compared
with ERCP in diagnosing choledocholithiasis in
the setting of pancreatitis, especially if there is
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real concern that ERCP may worsen pancreatitis.
Although it is not as sensitive as ERCP, with
sensitivity reported as low as 38%. However, the
use of secretin has shown very promising results
with sensitivity and specificity approaching 98%
up to 100% in assessing patients with pancreatic
divisum or common bile duct obstruction,
respectively [7]. It is now the initial imaging of
choice in evaluating pancreatic ductal anatomy in
children with unexplained or recurrent pancre-
atitis [8].

Other Imaging Modalities
for the Endocrine Pancreas

Many researchers are looking into developing
simple, noninvasive methods to image the b-cells
in vivo in order to measure their mass, function,
severity of disease and inflammation. With recent
advances in imaging technology such as mag-
netic resonance imaging (MRI), positron emis-
sion tomography (PET), ultrasound backscatter
microscopy, and fluorescence spectroscopy, this
is starting to be a reality. Type 1 diabetics have a
decrease in b-cell mass due to autoimmune
destruction whereas type 2 patients have initially
an increase in b-cell mass due to insulin resis-
tance, but the increase can no longer compensate
for the increase in insulin demand. Currently, the
only true marker of b-cell mass in vivo that can
be realistically used is insulin (or the pro-insulin
by-product C-peptide). However, more than 90%
of b-cells must be lost in order to detect inap-
propriate decreases in insulin and C-peptide
levels relative to glucose levels. So essentially,
no useful in vivo islet imaging modality currently
exists, which is also due to other logistical
problems such as the fact that islets make up only
2% of the whole pancreas, which lies in a
retroperitoneal position.

Presently, researchers are looking at certain
surface markers on b-cells, which could logically
serve as a guide to measuring b-cell mass, such as
glucose transporter-2 and glucagon-like peptide-1
receptor which are significantly downregulated
during hyperglycemia. In addition, unique b-cell
metabolism may provide a target for PET scans to

target lymphocytes which infiltrate islets in type 1
diabetic patients. These lymphocytes may be
tagged with an imaging contrast agent to monitor
inflammation, and antibody-guided targeting of
ultrasound-detectable micro-bubbles aggregating
in the islet microcirculation to allow for sufficient
b-cell mass imaging to name but a few. The
ultimate aim is to develop a simple and reliable
bedside method for monitoring disease progress
and measuring the clinical response to therapy in
diabetic patients.

Basic Pancreatic Embryology

The embryonic pancreas is known to pass
through three stages of development [9]. The first
is the undifferentiated stage where the endoderm
evaginates to initiate pancreatic morphogenesis,
with only insulin and glucagon genes being
expressed at this stage [10]. The second phase
involves epithelial branching morphogenesis
with simultaneous formation of primitive ducts.
This stage involves the separation of islet pro-
genitors beginning to differentiate and losing
their attachments to the basement membrane
[11]. The third and final stage begins with the
formation of acinar cells at the apices of the
ductal structures, with the development of
zymogen granules containing enzymes. Acinar
cells usually commence enzyme secretion shortly
after birth [9, 12].

Organogenesis of the pancreas is initiated
with the regional specification of the undiffer-
entiated primitive foregut tube by transcription
factors pancreatic and duodenal homeobox 1
(Pdx1), which marks the pre-pancreatic endo-
derm and by pancreas transcription factor
(PTF1a), where both are expressed in multipotent
pancreatic progenitor cells [13]. The first
appearance of the pancreas appears morphologi-
cally as a mesenchymal condensation at the level
of the duodenal anlagen, distal to the stomach on
the dorsal aspect of the foregut tube at embryonic
day (E) 9.0 in mice. All cells expressing Pdx1
and PTF1a in the endoderm will eventually give
rise to all of the epithelial cells in the adult
pancreas, which includes endocrine, acinar, and
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duct cells [1]. At around E9.5 gestation in mice
and the twenty-sixth day of gestation in humans,
the dorsal bud begins to evaginate into the
overlying mesenchyme while retaining luminal
continuity with the gut tube [14]. Approximately
12 h later in mice, and six days after dorsal bud
evagination in humans, the ventral bud begins to
arise. Gut rotation will bring the ventral lobe
dorsally, ultimately fusing with the dorsal pan-
creatic bud (this event corresponds to around the
sixth to seventh week of gestation in humans or
E12-E13 in mice) contributing to the formation
of the uncinate process and inferior part of the
head of the pancreas, while the rest of the pan-
creas arises from the dorsal pancreatic bud. The
entire ventral pancreatic duct and the distal part
of the dorsal pancreatic duct fuse together to
form the main pancreatic duct of Wirsung. The
remaining proximal part of the dorsal pancreatic
duct is either obliterated or persists as a small
accessory pancreatic duct of Santorini [15]. This
fusion of the two buds is followed by elongation
of the pancreatic bud stalk region (precursor to
the main pancreatic duct) and branching mor-
phogenesis of the apical region of the bud.
Unlike the usual branching morphogenesis
growth patterns seen in the developing kidney,
lung, and salivary gland, in which the branching
morphogenesis occurs at 90° angles, the pancreas
grows in an acute-angled branching pattern,
which leads to the exclusion or ‘squeezing out’

of mesenchyme from between the closely
apposed branches of epithelium (Fig. 11.4). This
exclusion of mesenchyme may influence epithe-
lial–mesenchymal interactions and lineage
selection. The pancreas then undergoes major
amplification of the endocrine cell population
through two distinct waves of differentiation
within the pancreatic epithelium during
embryogenesis, an early primary wave (pre
E13.5 in mice), followed by the secondary wave
of differentiation (E13.5-E16.5 in mice) [1]. Over
a similar gestational window the exocrine pan-
creatic precursors undergo an exponential
increase in branching morphogenesis and acinar
cell differentiation.

Dorsal and Ventral Pancreatic Bud
Development

It is important to note that while the morpho-
logical development of the ventral and dorsal
pancreatic buds may be similar, they differ
markedly at the molecular level, with various
lines of evidence suggesting that there are dif-
ferences in the specification between both pan-
creatic rudiments, with the notochord playing a
key role. Sonic hedgehog (Shh), which is a
potent intercellular patterning molecule, is
expressed along the entire foregut, is noticeably
suppressed in the prospective pancreatic

Fig. 11.4 Pancreatic branching morphogenesis is differ-
ent than other organ systems such as lung and kidney.
a Wholemount of E12.5 lung stained for Ecad, PGP9.5 (a
neuronal marker) and CD31. b E11.5 kidney cultured for
3 days and stained with the epithelial marker

Calbindin-D28 k, both demonstrating 90° branching
pattern. c E11 whole pancreas from CD-1 cultured for
five days revealing acute branching pattern mesenchymal
exclusion zones (arrow-head). Mesenchyme contains
factors that regulate pancreatic growth and differentiation
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endoderm. This suppression of Shh appears to be
necessary for dorsal pancreatic development,
permitting the expression of pancreas specific
genes including pdx1 and insulin. Deletion of the
notochord in chick embryo cultures leads to
ectopic Shh being seen in the pancreatic region
of the foregut endoderm, with subsequent failure
of the pancreas to develop [16]. Furthermore, the
pancreatic anlage normally remains in contact
with the notochord in mice until the paired dorsal
aortae fuse in the midline (*E8.0). Activin-bB
(a member of the transforming growth factor-b
family) and FGF2 (fibroblast growth factor) both
mimic notochord activity in inducing pancreatic
genes [16]. In stark contrast to the dorsal bud,
developmental gene expression in the ventral
pancreatic anlage is not affected when the noto-
chord is removed [17]. It appears that ventral
pancreatic bud development is under the control
of signals from the overlying cardiogenic mes-
enchyme, which also produces pro-hepatic sig-
nals (FGFs) to induce liver formation. Lack of
pro-hepatic FGF signaling in regions of the car-
diogenic mesenchyme will lead to the endoderm
by ‘default’ differentiating into ventral pancreas
[18]. When ventral foregut endoderm is cultured
in the absence of cardiac mesoderm or FGF, it
fails to activate liver specific genes, with instead
pdx1 being expressed. Cardiac mesoderm,
through FGF, induces liver formation from the
ventral endoderm, and simultaneously inhibits
pancreatic development [18]. Further differences
between ventral and dorsal pancreas are demon-
strated in Hlxb9 mutant mice. The homeobox
gene Hlxb9, which is transiently expressed in the
endoderm in the region of the dorsal and ventral
pancreatic anlage, when inactivated in mice, only
dorsal pancreatic development is blocked [19].
Hex is an early marker of the anterior endoderm
[20] and is expressed at E7.0 in the cells that will
subsequently gives rise to the ventral pancreas
and liver. Hex null mutant embryos have specific
failure of ventral pancreatic bud development,
with the dorsal bud developing normally [21].
These examples underscore the significantly
different molecular controls governing dorsal and
ventral pancreatic bud development.

Initiation of the Pancreas
with Endodermal Patterning

The signaling molecules that govern the specifi-
cation of the primitive gut tube into different
specialized domains remains yet to be fully elu-
cidated [22]. The pancreas and other
endoderm-derived organs develop through
‘cross-talk’ between the endoderm and the sur-
rounding mesenchyme, which is a critical step in
initiating organ specification or ‘endodermal
patterning’ along the anterior–posterior axis of
the foregut endoderm. Endodermal patterning is
manifested by the regional expression of tran-
scription factors in the primitive gut tube; for
example, Hex1 (Hematopoietically expressed
homeobox1, an early marker of anterior endo-
derm) and Nkx2.1 (also known as Thyroid
transcription factor 1) are expressed at E8.5 in
defined foregut domains along the anterior–pos-
terior axis of the primitive gut tube, giving rise to
liver and lung/thyroid respectively. Pdx1 and
PTF1a are co-expressed in the foregut–midgut
endoderm boundary, defining the pancreas and
duodenum, whereas Cdx1, and Cdx4 (early
markers of posterior endoderm) are expressed in
the posterior midgut and hindgut domains that
will give rise to the small and large intestines.
Thus, various domains of the primitive gut tube
are specified [23, 24].

Mesenchyme-induced endodermal patterning
is necessary before the initiation of organogene-
sis. When the pancreatic mesenchyme is
removed from the pancreatic epithelium in
explant cultures, it results in disrupted pancreatic
cell differentiation, with the endocrine lineage
being favored over exocrine [9].

The primitive gut tube is divided into three
domains, foregut, midgut, and hindgut regions,
each of which will give rise to specialized
structures [13]. This subdivision into presump-
tive gut tube domains is governed by different
molecular markers in the gastrula stage endo-
derm (E7.5) [13, 25, 26]. The endoderm toward
the anterior side of the embryo generates the
ventral foregut, which will later give rise to the
liver, lung, thyroid, and the ventral pancreas. The
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dorsal region of the definitive endoderm, on the
other hand, contributes to the formation of the
esophagus, stomach, dorsal pancreas, duodenum,
and intestines. The pancreas has been found to
form as a result of the actions of some key
specific transcription factors and signaling path-
ways. Fore example, FGF4 and Wnt signaling
from the posterior mesoderm are specifically
inhibited in the anterior endoderm to allow
foregut development. FGF signaling is required
to initially determine, and then to maintain gut
tube domains, as demonstrated with cultured
mouse endoderm and by in vivo studies in chick
embryos. FGF4 is normally expressed in the
mesoderm and ectoderm adjacent to the devel-
oping midgut–hindgut endoderm, and when iso-
lated mouse endoderm is cultured in the presence
of high concentrations of FGF4, a posterior (in-
testinal) endoderm was induced. On the other
hand, lower concentrations of FGF4 induced a
more anterior (pancreas–duodenal) cell fate.
Similarly in chick embryos in vivo, when treated
with FGF4, Hex1 (anterior endodermal marker)
expression domain was reduced, whereas CdxB
(posterior endodermal marker) expression
expanded anteriorly, inhibiting the development
of the foregut [23, 27]. Therefore, FGF4 plays a
critical role in endodermal patterning by
repressing anterior (foregut) fate and promoting
posterior (intestinal) endoderm fate. Another
molecular pathway that has linked endodermal
patterning to the initiation of pancreatic devel-
opment is Wnt/b-catenin signaling, as demon-
strated in frog (Xenopus) studies [28]. b-catenin
repression in the anterior endoderm is specifi-
cally necessary to initiate liver and pancreas
development, and to maintaining foregut iden-
tity. Conversely, forcing high b-catenin activity
in the posterior endoderm promotes intestinal
development and inhibits foregut development.
McLin et al. [28] demonstrated that forced
b-catenin expression in the anterior endoderm
(where b-catenin is usually repressed) led to
downregulation of Hhex, as well as other foregut
markers for liver (for1), pancreas (pdx1),
lung/thyroid (nkx2.1), and intestine (endocut)
[25], resulting in inhibition of foregut fate,
namely liver and pancreas formation. Repressing

b-catenin in the posterior endoderm (future
hindgut that normally expresses b-catenin)
induced ectopic liver and pancreas markers
(hhex,pdx1, elastase, and amylase) with subse-
quent ectopic liver bud initiation and pancreas
development [28]. The homeobox-containing
gene Hhex, is a direct target of b-catenin and is
one of the earliest foregut markers [20] and is
essential for normal liver and ventral pancreas
development in mice [21, 29]. Hex expression
was noted to have an important role in the
specification and differentiation of the ventral
pancreas, where Hex−/− null mutant mouse
embryos lacked a ventral pancreas, and lacked
liver, thyroid, and parts of the forebrain [21, 30].

Retinoic acid (RA) signaling has been impli-
cated as an important molecule for endodermal
patterning in zebrafish. RA-signaling is neces-
sary for specification and differentiation of both
liver and pancreas [31]. As with RA, BMP sig-
naling has also been shown to have a role in
endodermal patterning and in the normal devel-
opment of the pancreas in zebrafish, but neither
RA nor BMP affect the induction of endodermal
precursors [32]. Targeted disruption of the Pdx1
gene in mice also prevented pancreatic develop-
ment [33]. A critical role for Pdx1 in pancreatic
initiation and patterning of foregut endoderm in
mice was further demonstrated by humans with
Pdx1 mutations being apancreatic [34]. Unfor-
tunately, despite our knowledge of many
molecular signals mediating cross-talk between
the pancreatic mesenchyme and the epithelium,
most pathways remain poorly understood.

Pancreatic Mesenchyme

Following regional specification of the foregut
tube, the pancreatic epithelium becomes envel-
oped by the pancreatic mesenchyme. Mes-
enchymal factors then promote growth and
differentiation of the developing pancreas,
specifically inducing growth of the endocrine cell
population and rapid branching morphogenesis
[1]. The early stages of pancreatic development
involve a lineage selection by the pancreatic
epithelium between endocrine and exocrine
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lineages [9], which is regulated by stimuli from
the pancreatic mesenchyme [1]. This interaction
between pancreatic mesenchyme and epithelium
is a vital process for pancreatic development.
Pure pancreatic epithelium (E11) without its
mesenchyme failed to develop at all, however,
the epithelium grew into a fully differentiated
pancreas (acinar, ductal, and endocrine struc-
tures), when cultured with its mesenchyme [9].
The pancreatic mesenchyme has a pro-exocrine
effect on the epithelium through cell–cell contact,
and then also a pro-endocrine effect, mediated by
diffusible factors secreted from the mesenchyme
[35]. Mesenchymal contact with the epithelium
both enhances notch signaling (Hes1), which
favors the acinar lineage, and also inhibits neu-
rogenin 3 expression (Ngn3) leading to the sup-
pression of endocrine differentiation [36]. The
‘default’ differentiation of the pancreatic epithe-
lium in the absence of mesenchyme is endocrine
[9]. Interestingly, culturing pure pancreatic
epithelium in a basement membrane rich gel,
without its mesenchyme, led to the predominant
formation of ductal structures. These results
suggest that the basement membrane has factors
or components which are conducive to ductal
development [9]. To further illustrate the
importance of the mesenchyme and mesenchy-
mal signaling in embryonic and organ develop-
ment, when the normal embryonic separation that
occurs between the spleen and the
pancreas-associated mesenchyme does not occur
in Bapx1 null mutant embryos, the dorsal pan-
creatic bud gets intestinalized [37]. Activin A,
which is expressed in the splenic mesenchyme, is
a possible mediator for this transdifferentiation
since exposing pancreatic buds to activin A in an
in vitro culture system, leads to intestinalization
[38].

Some signaling pathways have been impli-
cated in mediating this epithelial–mesenchymal
interaction, such as the FGF’s. Specifically,
FGF’s 1, 7, and 10, which are expressed in the
pancreatic mesenchyme, mediate their effects
through FGF receptor 2B (FGFR2B), which is
expressed in the pancreatic epithelium. Mes-
enchymal FGF signaling has been shown to
induce epithelial proliferation favoring exocrine

differentation [39]. Similarly, null mutation of
the receptor FGFR2B or the ligand FGF10 lead
to blunting of early branching pancreatic mor-
phogenesis, with inhibition of proliferation of
endocrine progenitor cells and premature endo-
crine differentiation, indicating that FGF10 nor-
mally induces proliferation of epithelial cells, and
prevents endocrine differentiation [40, 41].
Despite the positive role that FGF plays in dorsal
pancreatic development, it seems to play a dif-
ferent role in ventral pancreatic bud develop-
ment. FGF’s secreted from the cardiogenic
mesenchyme inhibit ventral pancreatic bud for-
mation and favor liver development [18]. BMP
ligands in pancreatic mesenchyme induce
epithelial branching and inhibit endocrine dif-
ferentiation [42].

Key Signaling Molecules

TGF-b Signaling

Transforming growth factor-beta (TGF-b) super-
family signaling has been implicated in many
developmental processes, including pancreatic
development. The superfamily consists of three
main subfamilies, TGF-b isoforms (numbered 1–
3 in mammals), BMP’s, and activins. TGF-b
isoform receptors during the early stages of pan-
creatic development are distributed throughout
the pancreatic epithelium and mesenchyme, but
then gradually become restricted to the pancreatic
islets and ducts [43]. TGF-b ligands (TGF-b1, -b
2, and -b3) on the other hand are specifically
localized to the pancreatic embryonic epithelium
as early as E12.5, and then progressively become
focused to the acinar cells, where they mediate
their actions through TGF-b receptor type II [43].
Blocking TGF-b signaling in the embryonic
pancreas, either with the in vivo overexpression
of dominant-negative TGF-b type II receptor, or
with the in vitro TGF-b-specific pan-neutralizing
antibody, leads to a profound increase in the
number of proliferating endocrine cells. This
expansion of endocrine cells occurred in the
periductal area [85]. Thus overall, TGF-b isoform
signaling suppresses the transition of endocrine
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cells from the ducts in the embryonic pancreas,
and TGF-b isoform inhibition allows pancreatic
ductal epithelial cells to proliferate and differen-
tiate into endocrine cells [43].

Once TGF-b ligands bind to their receptor,
intracellular signaling is mediated by Smads.
Interestingly smad4 mutations were specifically
mutated in 50% of pancreatic cancers [44].
However, a key role for smad4 has not been
identified yet in pancreatic development [45].
Smad7 on the other hand, which acts as a general
TGF signaling inhibitor, when expressed under
the pdx1 promoter, resulted in a 90% decrease in
b-cells at birth, which were replaced by glucagon
cells [46].

Notch Signaling

Notch signaling has been identified as an
important regulator of the decision between
endocrine and exocrine pancreatic lineages [47].
Activation of the Notch receptor leads to the
activation of HES1 (Hairy-Enhancer of Split 1)
and repression of genes such as Ngn3 (neuro-
genin3, a prerequisite marker for pancreatic
endocrine lineage development) [47]. Notch also
serves to maintain cells in an undifferentiated
progenitor-like state. Impairing Notch signaling
leads to premature differentiation of pancreatic
progenitor cells into endocrine cells. However,
the exact mechanism for Notch signaling in
pancreatic lineage selection remains elusive, and
ambiguity still surrounds the exact role of Notch
signaling in pancreatic development.

Hedgehog Signaling

The mammalian hedgehog family consists of
sonic hedgehog (Shh), desert hedgehog (Dhh),
and Indian hedgehog (Ihh). Shh signaling is
essential for foregut differentiation towards a
gastrointestinal fate [48] and its suppression in
the prospective pancreatic endoderm is a pre-
requisite for pancreas formation. However, tar-
geted deletion of Shh in the foregut of mice does

not lead to an expanded pancreatic field as would
be expected [49, 50]. Null mutant mice for Indian
hedgehog (Ihh) develop a small pancreas, indi-
cating a pro-pancreatic role for Ihh [51]. Fur-
thermore, combining a Shh null mutation with a
heterozygous mutation for Ihh results in an
annular pancreas.

There appears to be a link between aberrant Hh
signaling and pancreatic exocrine neoplasia, with
the upregulation of Shh ligand being observed in
noninvasive lesions preceding pancreatic adeno-
carcinoma [52]. In addition, it has been demon-
strated that Shh ligand secreted by pancreatic
cancer epithelium binds to stromal cells in a
paracrine fashion, causing proliferation and
‘desmoplasia’ [53–55]. Clinical trials are in place
to neutralize and target Hh molecules in patients
with pancreatic adenocarcinoma [56]. Shh was
not thought to be expressed in the normal pan-
creas [16] until recently when Strobel et al. [57]
identified expression in a specialized compart-
ment within the proximal ductal system, known
as the pancreatic duct glands (PDGs), which are
blind-ending outpouches, that specifically pro-
duce Shh ligand. When exposed to chronic injury,
PDGs grow, associated with an upregulation of
Shh expression (along with gastric mucins and
other progenitor markers such as pdx1 and hes1).
This process leads to a Shh-mediated mucinous
gastrointestinal metaplasia with features of a
pancreatic intraepithelial neoplasia (PanIN).
PanIN’s are pancreatic cancer precursor lesions of
unclear origin that are known to aberrantly
express Shh and gastrointestinal mucins. They are
thought to arise from ducts, and thus PDG may be
the missing link between Shh, mucinous meta-
plasia, and neoplasia [48].

Wnt’s

Wnt signaling plays a role in early endodermal
specification of pancreas since b-catenin repres-
sion in the anterior endoderm is necessary to
initiate liver and pancreas development (see
earlier section). However, beyond endodermal
patterning Wnt signaling has multiple pancreatic
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roles which depend on the time and place of Wnt
signaling. Transgenic expression of Wnt1 or
Wnt5a in the pancreatic epithelium leads to
pancreatic agenesis or severe hypoplasia,
respectively, confirming that early Wnt signaling
is detrimental to pancreatic development. Others
found a role for Wnt signaling in promoting
post-natal pancreatic growth [58], illustrating the
complex and multiple roles that Wnt’s play in
pancreatic development.

Endothelial Cells and Oxygen
Tension

It has been shown that cells exposed to low
oxygen tensions go through adaptive changes
such anaerobic metabolism, increased angiogen-
esis, and erythropoeisis [59]. In pancreatic
development, beta cell differentiation seems to be
influenced by oxygen tension. A key mediator
for this adaptive response by cells is
hypoxia-inducible factor (HIF) [60]. HIF1a is
expressed strongly in the rat pancreatic epithe-
lium and mesenchyme at E11.5, then gradually
decreases and is virtually undetectable by birth.
Hypoxia leads to the stabilization of HIF1a,
resulting in absent Ngn3 expression and thus
arresting beta cell differentiation. Increasing
oxygen tension leads to upregulation of beta cell
differentiation with degradation of HIF1a, and
restoration of Ngn3. Similarly, inhibiting the
degradation of HIF1a resulted in the repression
of Ngn3 and arrest of beta cell differentiation,
even in normoxia [60].

Endothelial Cells

Islet transplantation entails an enzymatic diges-
tion process that also removes some intraislet
endothelial cells [61, 62]. This endothelial
removal may take away an important vascular
niche for the b-cells. Pancreatic islets are highly
vascularized, embedded in a capillary network
that is five to ten times denser than that of the
exocrine pancreas, and allows efficient secretion
of islet hormones into the bloodstream [63]

(Fig. 11.5). During development, b-cells aggre-
gate to form islets, and express high levels of
vascular endothelial growth factors (VEGF) to
attract endothelial cells [64]. b-cells deficient in
VEGF-A form islets with less capillaries, and
experimental overexpression of VEGF-A has
improved islet graft vascularization [64, 65].
Thus, there is an intimate relationship between
blood vessels and the pancreatic cells during
embryonic development. As the embryonic
pancreas progresses through the different devel-
opmental stages, it receives signals from differ-
ent adjacent structures, including notochord,
cardiac mesoderm, and the doral aortae.
Removal of the dorsal aorta from Xenopus
embryos led to the absence of pancreatic endo-
crine development [66]. In addition, aortic
endothelial cells can induce dorsal pancreatic
bud and b-cell formation in vitro from endo-
derm. Interestingly, ventral pancreas develop-
ment seems not to be dependent on the
endothelium, despite its close proximity to the
vitelline veins [67]. This difference was corrob-
orated in a human with aortic coarctation. The
patient lacked the pancreatic body and tail, but
not the head of the pancreas, with the latter
arising from the ventral bud and develops
independently of the aortae [68]. Here, the
prospective pancreatic endoderm presumably
lost the inducing signal from the ‘narrowed’
aorta, leading to dorsal pancreatic agenesis.

Fig. 11.5 Wholemount adult mouse pancreas, stained
with CD31 and insulin demonstrating the complex
microcapillary network within the islet
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Extracellular Matrix

The pancreatic epithelium is contained within a
continuous sheath of basement membrane, which
constitutes the epithelial–mesenchymal interface,
and plays an important role in guiding pancreatic
development [69]. Basement membrane has also
been shown to play an important role in regu-
lating branching morphogenesis in many other
organs, with laminin and collagen IV the major
protein components of all basement membranes
[70]. Laminin-1 was found to induce duct for-
mation in isolated E11 mouse pancreatic epithe-
lium [26], and to mediate the pro-exocrine
inductive effect of the mesenchyme, as well as
the pro-b-cell role later in gestation [35, 71].
b-cells are unable to form their own basement
membrane but depend on the endothelial cells to
produce a vascular basement membrane.
Endothelial cells also produce collagen IV,
which interacts with a1b1 integrin to increase
insulin secretion [72]. Cad-
herins (Calcium-dependent adhesion mole-
cules), which are critical for cell–cell adhesion,
play an essential role in migration and differen-
tiation of pancreatic endocrine progenitor cells.
E-cadherin and R-cadherin are initially localized
to the ducts, and then become downregulated in
endocrine progenitor cells as they move out of
the ducts to form islets [73, 74]. N-CAM is a cell
adhesion molecule that is expressed in mature a-
and PP cells [75] and is necessary for aggrega-
tion of endocrine cells within the islet [76].

Glucagon

The first detectable endocrine cells during pan-
creatic development are the glucagon-containing
cells at around E9 in the mouse, and recent
studies have shown that glucagon signaling is
necessary for early differentiation of insulin
expressing cells, which appear at E10-E13 [14,
77]. Glucagon is generated from pro-glucagon by
the action of pro-hormone convertase 2 (PC2).
When PC2 or the glucagon receptor is knocked
out, mutant mice lack glucagon and have delayed
islet cell differentiation and maturation, but still

show the large amplification of insulin-positive
cells (‘secondary wave’) later in gestation [78].
These studies strongly support the role of glu-
cagon signaling, through its receptor, in initiating
early insulin differentiation. Recently it has been
demonstrated that a-cells can be reprogrammed
to form new b-cells during regeneration after
ablating nearly 99% of the existing b-cells [79].

Transcription Factors

Transcription factors are key elements to
orchestrating the formation of all endocrine and
exocrine cell lineages, and their roles have been
extensively studied in pancreatic development.
The most heavily studied transcription factor is
pdx1, one of the earliest markers for pancreatic
progenitors that later is expressed only in b-cells.
It is expressed in the pre-pancreatic region of the
primitive foregut tube at E8.5 then expands to be
expressed in distal stomach, common bile duct,
and duodenum by E10.5-11.5 [1]. Pdx1 is ini-
tially expressed throughout the epithelium,
however, its expression becomes suppressed in
cells as they commit to the endocrine lineage or
ducts. It then reappears as cells differentiate to
the insulin-positive-b-cell lineage. Pdx1 null
mutant mice and humans that lack pdx1 gene
have pancreatic agenesis [34]. Delayed pdx1
inhibition using a tetracycline regulatable trans-
genic knock-in system demonstrated severe
blunting of pancreatic development with com-
plete absence of acini and b-cells [80], indicating
that pdx1 continues to have a role in pancreas
development beyond early regional specification
during endodermal patterning.

PTf1a

Pancreas specific transcription factor 1a (PTF1a)
is an early marker of pancreatic progenitor cells,
expressed slightly later than pdx1 at around E9.5,
and then becomes localized to the acini by E18.5
[81]. PTF1a null mutant mice develop severe
pancreatic hypoplasia and absent acini and ducts,
however endocrine cells still develop and,
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interestingly, the endocrine cells migrate out
through the pancreatic mesenchyme to form
islets in the spleen [82].

Ngn3

The transcription factor Ngn3 is required for
endocrine lineage development. It is first
expressed at E9.0, and then peaks at around
E15.5, and is thought to be antagonized by
Notch signaling through Hes1 in cells with an

acinar fate [83]. Ngn3 cells proliferate, giving
rise to post-mitotic endocrine progenitor cells
expressing transcription factors neuroD, nkx6.1,
and pax6. Ngn3 shuts off at around E17.5 [83,
84]. When Ngn3 is deleted from cells, it leads
to the absence of the four endocrine cell types
(a, b, d, and PP) that produce glucagon, insulin,
somatostatin, and pancreatic polypeptide,
respectively [85]. Thus, Ngn3 appears to be a
critical and essential factor for pancreatic
endocrine differentiation acting as a
pro-endocrine gene.

Fig. 11.6 Overview of the
pancreatic endocrine and exo-
crine cell lineage
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Rfx6

Rfx6 is a transcription factor downstream of
Ngn3 that has been identified as a key
pro-endocrine regulator that directs islet cell
differentiation. Mice that are null-mutant for
Rfx6 fail to generate all islet cell types except
pancreatic polypeptide cells (insulin, glucagon,
somatostatin, and ghrelin). A human syndrome
of neonatal diabetes (patients lack pancreatic
endocrine cells) with bowel atresia was show to
have mutations in the Rfx6 gene [86].

Nkx2.2

Nkx2.2 is expressed as early as E9.5, is
co-expressed with pdx1 as a marker of multipo-
tent pancreatic progenitor cells, and eventually
becomes restricted to Ngn3-positive cells, per-
sisting in all endocrine lineages except for d-cells
[87]. Nkx2.2 null mutant mice develop with no
b-cells, reduced PP cells, 80% reduction in
a-cells, but no effect on d-cells. Interestingly, a
large number of ghrelin-positive ɛ-cells with no
glucagon co-expression were seen, indicating that
Nkx2.2 normally induces insulin-positive differ-
entiation and represses ɛ-cell formation [87].

MafA/B

There are two distinct waves of amplification of
the endocrine cell population, primary (pre
E13.5) and secondary (E13.5-E16.5) transition
periods. MafB is expressed in endocrine cells
during both waves. As insulin-positive cells form
into mature b-cells, MafB turns off and the cells
then express MafA [88]. MafA is first expressed
only in the secondary wave b-cells and in adult
b-cells. MafA is a critical regulator of the insulin
gene, and is viewed as the only transcription
factor specific to b-cells. However, it is not
absolutely necessary for b-cell formation since
mafA null mutant mice have a normal proportion
of insulin-positive cells at birth [89].

Sox9

Sox9 is a marker for those pancreatic progenitor
cells that can give rise to all pancreatic cell types,
and is necessary for maintaining those cells in a
progenitor state [90]. Postnatally, sox9 expres-
sion becomes restricted to the ductal and cen-
troacinar cell compartment [91]. Sox9 mutants
display pancreatic hypoplasia as a result of
depletion of the pancreatic progenitor pool [91]
(Fig. 11.6).
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12Congenital Hyperinsulinism

Khalid Hussain, Shireen A. Nah and Agostino Pierro

Congenital hyperinsulinism (CHI) is a condition
characterised by the inappropriate secretion of
insulin from the pancreatic b-cell. The unregu-
lated insulin secretion leads to severe and pro-
found hypoglycaemia which is a major cause of
mental retardation, epilepsy and cerebral palsy
[1]. CHI typically presents in the newborn period
with severe hypoglycaemia but can also present
in the infancy and childhood periods where it
tends to be milder. The incidence of CHI can
vary from 1 in 40,000–50,000 in the general
population to 1 in 2500 in some isolated com-
munities with high rates of consanguinity [2].
Mutations in genes which play a role in regu-
lating insulin secretion underlie the genetic basis
of CHI.

The biochemical diagnosis of CHI involves
the documentation of inappropriate insulin
secretion in the presence of hypoglycaemia [2].

The key step in the management of patients with
CHI is the avoidance of hypoglycaemia by pro-
viding concentrated intravenous dextrose infu-
sions and or high calorie oral feeds. Specific
pharmacological intervention is attempted with
drugs, such as diazoxide, octreotide and gluca-
gon but some patients do not respond to these
medications. In those patients who show no
response to medical therapy the surgical option is
the only route. Histological examination of pan-
creatic tissue from patients who have undergone
a pancreatectomy shows that there are two major
histological forms of CHI, namely diffuse and
focal [3]. Pre-operative differentiation of these
two histological subgroups is crucial before any
surgical intervention is planned, as the surgical
approach will be different for diffuse and focal
forms [4]. Traditionally, those patients with dif-
fuse CHI will require a near total pancreatectomy
(95–98%), whereas those patients with the focal
type will only require a limited pancreatectomy
which provides a cure for the patient from the
hypoglycaemia point [5].

The field of CHI has exploded in the last a few
years with advances in molecular genetics, novel
imaging modalities and advances in laparoscopic
surgery for medically unresponsive focal and
diffuse forms of CHI. This chapter will provide
an overview of CHI focussing on the clinical
presentation, diagnosis, pathophysiology, the
histological subtypes of CHI, imaging techniques
used in CHI patients and discuss the role of
surgery in patients with medically unresponsive
forms of CHI.
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Clinical Presentation and Diagnosis

CHI most commonly presents in the newborn
with severe and persistent hypoglycaemia but it
can also present during infancy and childhood
where it tends to be milder. The hypoglycaemia
is usually refractory to oral feeds and normo-
glycaemia can only be maintained by giving
large volumes of concentrated dextrose infusions
[2]. Patients can present either with mild
non-specific symptoms of hypoglycaemic (such
as poor feeding, lethargy and irritability) or more
severe symptoms (such as apnoea, seizures or
even coma). As a result of the in utero hyperin-
sulinaemia newborns with CHI are typically
macrosomic, however the absence of macroso-
mia does not exclude CHI. Fetal hyperinsuli-
naemia also accounts for the hypertrophic
cardiomyopathy and hepatomegaly (increased
storage of glucose as glycogen) that is commonly
observed in patients with CHI. In most forms of
CHI the hypoglycaemia typically presents during
fasting but in some cases the hypoglycaemia is
provoked by protein/leucine loading or even
exercise [2].

CHI may also be associated with certain syn-
dromes, with Beckwith–Wiedemann (BWS) syn-
drome being the most common. Patients with this
syndrome have prenatal and/or postnatal over-
growth, macroglossia, anterior abdominal wall
defects, organomegaly, hemihypertrophy, ear
lobe creases, helical pits, and renal tract abnor-
malities. A small number of patients with BWS
have severe CHI which requires surgical inter-
vention in the form of a near total pancreatec-
tomy. An insulinoma is a rare cause of
hyperinsulinaemic hypoglycaemia and must be
considered in older children or adolescents pre-
senting with recurrent hypoglycaemia. Insulino-
mas may be a part of multiple endocrine neoplasia
syndrome type 1 (MEN1) and hence a family
history may provide a diagnostic clue in the
familial cases.

The early diagnosis of CHI is fundamentally
important for preventing hypoglycaemic brain
injury. In the history, it is important to establish
the duration of fasting and whether the hypo-
glycaemia is precipitated by meals (protein

sensitivity) or by exercise. Typically, newborns
with CHI have markedly reduced fasting toler-
ance (less than 1 h). A powerful clue to the
dysregulated insulin secretion is the increased
intravenous glucose infusion rate required to
maintain normoglycaemia (>8 mg/kg/min with
normal being 4–6 mg/kg/min). Biochemically,
there is inappropriate concentration of serum
insulin (and/or c-peptide) for the level of blood
glucose (spontaneous or provoked). The meta-
bolic effect of this inappropriate insulin secretion
is reflected by the inappropriately low levels of
serum ketone bodies and fatty acids during the
hypoglycaemic episode [2]. It is this metabolic
profile (hypoglycaemia associated with inappro-
priately low fatty acids and ketone bodies) which
increases the risk of brain damage in CHI
patients.

Pathophysiology of CHI

The genetic basis of CHI involves mutations in
genes that play a role in regulating insulin
secretion from the pancreatic ß-cell. Mutations in
these genes perturb the normal physiological
mechanisms that regulate glucose metabolism
and insulin secretion. The pancreatic ß-cell ade-
nosine triphosphate-sensitive potassium channels
(KATP channels) play a critical role in glucose
stimulated insulin secretion. These channels are
heterooctameric complexes comprising of four
inwardly rectifying potassium channel (Kir6.2)
subunits and four of the sulphonylurea receptor 1
(SUR1) subunits. The channels link glucose
metabolism to membrane electrical activity and
insulin release in pancreatic ß-cells. Glucose
metabolism leads to an increase in the intracel-
lular ratio of nucleotides such as ATP/ADP
within the ß-cell causing closure of the channels;
this results in cell membrane depolarization, Ca2+

influx via voltage gated calcium channels and
insulin exocytosis.

The SUR1 and Kir6.2 proteins are encoded by
the ABCC8 and KCNJ11 genes, respectively.
Loss of function mutations in these two genes are
the most common cause of severe medically
unresponsive CHI [6–8]. The majority of KATP

162 K. Hussain et al.



channel mutations have been thought to act
recessively. However, recent reports of autoso-
mal dominantly inherited mutations in patients
with CHI suggest that they may be more com-
mon than recognized [9]. Mutations in ABCC8
and KCNJ11 result either in a trafficking defect
with the SUR1 and Kir6.2 proteins not getting to
the membrane surface or cause dysregulation in
the way that SUR1 and Kir6.2 respond to chan-
ges in the nucleotide ratio [10].

Other rare forms of HI involve metabolic
disturbances in enzymes regulating insulin
secretion from the pancreatic ß-cells. These
include dominant forms of CHI due to mutations
in the GLUD1 (encoding the enzyme glutamate
dehydrogenase associated with a high serum
ammonia level), GK (encoding the enzyme glu-
cokinase) and SLC16A1 (encoding the mono-
carboxylate transporter MCT-1) genes [11–13].
Another rare recessive form of CHI
involves defects in the enzyme short-chain
L-3-hydroxyacyl-CoA dehydrogenase (SCHAD)
which is encoded by the HADH gene [14]. More
recently, heterozygous loss-of-function muta-
tions in the Hepatocyte Nuclear Factor 4A
(HNF4A) gene resulting in transient or persistent
CHI have been described [15]. Mutations in
HNF4A not only lead to CHI but also to
maturity-onset diabetes of the young (MODY).
Virtually all of these types of CHI are medically
responsive and will not require surgery.

Medical Management

The early diagnosis and immediate meticulous
management will be important in preventing
brain injury in patients with CHI. Once the
diagnosis is established the priority is to maintain
the normal blood glucose levels (3.5–6 mmol/L).
In some patients normoglycaemia can only be
maintained by giving concentrated solutions of
glucose intravenously and this often require the
insertion of a central venous catheter (such as a
Hickman line). A combination of oral feeds with
a glucose polymer (such as Maxijul or Polycal)
and intravenous fluids are used to keep the

patient stable until further procedures are
planned.

In an emergency situation where venous
access is difficult to obtain, intramuscular glu-
cagon (0.5–1 mg) can be administered in order to
temporarily stabilize blood glucose concentra-
tions. Glucagon acts by immediately releasing
hepatic stores of glycogen and also has actions
on gluconeogenesis, ketogenesis and lipolysis. In
the acute management of infants with CHI it can
be administered alone or in combination with
octreotide as an intravenous or subcutaneous
infusion to stabilize blood glucose concen-
trations. Prolonged periods of intravenous/
nasogastric or gastrostomy feeding can lead to
problems with ‘orality’ in infants with CHI and
ultimately delay in establishing full oral feeds.
Gastro-oesophageal reflux and foregut dysmotil-
ity are commonly observed in CHI infants which
complicates the feeding problems [2]. Early
treatment of gastro-oesophageal reflux and the
introduction of oral feeds with avoidance of
force-feeding are thus recommended. In some
cases the expertise of a skilled speech and lan-
guage therapist may be required to help establish
a normal feeding pattern.

The most commonly used medication for CHI
infants is diazoxide- a drug that binds to the
intact SUR1 component of the KATP channels
[2]. It acts by keeping the KATP channels open,
thereby preventing depolarisation of the ß-cell
membrane and insulin secretion. In newborns it
is used in conjunction with chlorothiazide, a
diuretic with hyperglycaemic properties. Dia-
zoxide is effective in virtually all forms of CHI
except in diffuse CHI due to inactivating muta-
tions in ABCC8 and KCNJ11 and in patients with
focal CHI. Diazoxide can cause fluid retention
(especially in newborns) and hence it must be
used with caution especially in patients who are
receiving large volumes of intravenous
fluids/oral feeds. Octreotide (a somatostatin
analogue) is the second line of therapy for
patients with diffuse disease who show no
response to oral diazoxide. Table 12.1 outlines
the different drugs used for the treatment of
patients with CHI.
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Histological Subtypes of Phhi

Histologically, there are two major subtypes of
CHI, diffuse and focal [4] (Fig. 12.1). However,
patients have been described with atypical his-
tological forms of CHI which do not fit into the
classification of diffuse or focal [16, 17]. The
diffuse form of CHI affects all the ß-cells within
the islets of Langerhans (Fig. 12.2). The histo-
logical subtype of CHI can be a guide as to the
mode of inheritance. Diffuse disease can be
familial or sporadic and can result from reces-
sively inherited or dominantly acting mutations
in the genes previously described whilst focal
disease is always sporadic [18]. The diffuse and
focal forms of CHI are histologically unrelated to
nesidioblastosis [19] (which describes the pro-
liferation of islets cells budding off from pan-
creatic ducts).

Focal pancreatic lesions appear as small
regions of islet adenomatosis (nodular hyper-
plasia of islet-like cell clusters, including duc-
tuloinsular complexes) measuring 2–10 mm
which are characterised by ß-cells with enlarged
nuclei surrounded by normal tissue [18, 20]
(Fig. 12.2). Focal disease results from paternal
uniparental disomy (UPD) encompassing chro-
mosome11p15.5-11p15.1 within a single pan-
creatic ß-cell which unmasks a paternally

inherited KATP channel mutation at 11p15.1 [21,
22]. Paternal UPD at 11p15.5 causes altered
expression of a number of imprinted genes,
including the maternally expressed tumour
suppressor genes H19 and CDKN1C, and the
paternally expressed growth factor IGF2, likely
leading to clonal expansion of the single cell
and dysregulated insulin secretion from the
resulting focal lesion [21, 22].

Differential of Focal and Diffuse

In patients that are unresponsive to medical
therapy with diazoxide it is essential to differ-
entiate focal from diffuse disease as the surgical
approaches are radically different [23]. Infants
with diffuse and focal disease are clinically and
biochemically undistinguishable, thus there is no
biochemical marker which will help in the dif-
ferentiation. The precise preoperative localisation
and limited surgical removal of the focal domain
“cures” the patient from the hypoglycaemia and
minimizes the risk of pancreatic exocrine insuf-
ficiency. Focal lesions are typically invisible to
the naked eye at the time of the operation (size
can vary from 2 to 10 mm in diameter) and in
most cases buried deep within the pancreas [4].
In contrast, patients with diffuse disease will
require a near total pancreatectomy which will

Table 12.1 Summary of the medications used in the treatment of CHI

Drug Dose Route of
administration

Side effects

Diazoxide 5–20 mg/kg/day divided
into three doses

Oral Fluid retention, hypertrichosis

Chlorothiazide
(in conjunction
with diazoxide)

7–10 mg/kg/day divided
into two doses

Oral Hyponatraemia, hypokalaemia

Glucagon 1–10 lg/kg/h 0.5–1 mg
for emergency treatment
of hypoglycaemia

SC/IV infusion
IM/IV

Nausea, vomiting, skin rashes.
Paradoxical hypoglycaemia in high doses

Octreotide 5–35 lg/kg/day SC as a continuous
infusion or 6–8
hourly injections

Common—tachyphylaxis
Others—Suppression of GH, TSH,
ACTH, glucagon; diarrhoea, steatorrhoea,
cholelithiasis, abdominal distension,
growth suppression

Diazoxide is the mainstay of therapy for patients with CHI. However, the vast majority of patients with defects in the
KATP channels will not respond to diazoxide
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have life-long implications (with a high risk of
developing diabetes mellitus and pancreatic
exocrine insufficiency). Patients with diffuse CHI
that are medically managed also have a high risk
of developing diabetes mellitus [16].

In the past methods for identifying children
with a focal CHI included intrahepatic pancreatic
portal venous sampling (PVS), arterial calcium
stimulation/venous sampling, acute insulin
response testing to intravenous glucose, calcium
and tolbutamide and biopsy of the tail of the
pancreas. However, these investigations are not
only technically difficult and challenging but also
have poor sensitivity and specificity. Focal
lesions cannot be visualized with magnetic res-
onance imaging (MRI) or computerized tomog-
raphy (CT) scans.

Focal CHI Diffuse CHI

(a) (b)

(d)(c)

Fig. 12.1 Histological subtypes of CHI. a and b The
focal form is localised to a single region of the pancreas
whereas the diffuse form affects the whole pancreas. c and

d On H&E staining there is marked hyperplasia of the
islets in focal disease

Fig. 12.2 18F-DOPA-PET/CT scan offocal lesion located
in the head of the pancreas. The standard uptake value
(SUV) of Fluorine-18-L-3,4-dihydroxyphenylalanine is
highest in the head of the pancreas (5.0) compared to the
body and tail of the pancreas. At surgery a focal lesion was
found located between the superior mesenteric vein and the
portal vein
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However, recent advances in 18F-DOPA-PET
(Fluorine-18-L-3,4-dihydroxyphenylalanine
positron emission tomography) imaging have
completely changed the diagnostic approach to
these patients [24–30]. The principle of this
radiological technique is based on the fact that
pancreatic islets take up L–DOPA and convert it
into dopamine by the aromatic amino acid
decarboxylase [28]. The uptake of the positron
emitting tracer 18F-DOPA is increased in ß-cells
with a high rate of insulin synthesis and secretion
(increased metabolism) compared to unaffected
areas. Dopamine receptors are expressed in
pancreatic ß-cells suggesting a possible role in
regulating insulin secretion. However, the precise
role of dopamine in the pancreatic ß-cells is still
unclear.

The detection limit of PET imaging using
18F-DOPA-PET is equivalent to 105–106 cells
and a diameter of approximately 1 mm [6]. The
recent introduction of the integrated 18F-DOPA-
PET/CT technique allows more precise preoper-
ative localization of the focal lesion [31]. The
new 18F-DOPA-PET/CT technique allows visu-
alization of the splenic artery, portal vein, supe-
rior mesenteric and inferior mesenteric arteries as
well as the duodenum and enables exact
anatomical and functional description of the
pancreatic focus [31]. Ectopic focal lesions (in
the wall of the jejunum and the ileum) can also
be detected by 18F-DOPA-PET [32, 33].
18F-DOPA-PET/CT scan is indicated in those
patients who have the genotype of a focal lesion
(namely a paternally inherited mutation in
ABCC8 or KCNJ11) or have no mutations in the
ABCC8/KCNJ11 genes. If the patient has a
homozygous or compound heterozygote muta-
tion in ABCC8 or KCNJ11 then this is likely to
be associated with diffuse disease and an
18F-DOPA-PET/CT is not required these cases.
The aim of the 18F-DOPA-PET/CT is to allow
pre-operative localisation of the focal domain
[25, 26]. We recently reviewed our experience in
the PET-CT localization of focal CHI and this
suggests that in focal lesions, 18F-DOPA-PET
scan is useful in defining the site and dimension
of the focal lesion in 2/3 of patients [34].

Surgery for CHI

Surgery is indicated for cases of diffuse CHI
which are medically unresponsive (diazoxide and
octreotide) and in all cases of focal disease pro-
vided that the focal lesion is accurately localised
pre-operatively. A multidisciplinary team (in-
volving the endocrinologist, histopathologist and
surgeon) approach to patients with CHI can help
in distinguishing focal from diffuse disease,
locate focal lesions, and permit partial pancrea-
tectomy with cure in most patients [5, 35]. It is
recommended that surgery for CHI patients
should be done in centers of expertise where all
the facilities and resources are available. The
surgeon has to work very closely with the
histopathologist as intra-operative examination
of pancreatic specimens will guide the surgeon
on the extent of resection required [36]. Surgeons
need to be aware about the limitations of
18F-DOPA-PET in identifying the exact location
and the dimension of the focal lesion and should
always rely on the intra-operative histological
confirmation of complete excision of the focal
lesion [34].

Surgery for Diffuse CHI

The extent of pancreatic resection for diffuse
disease is controversial, however most of the
current literature recommends a near total or 95%
pancreatectomy [23]. The aim of doing a near
total pancreatectomy for diffuse disease ideally is
to remove enough pancreatic tissue so that the
child can become independent of intravenous
glucose infusion and maintain normoglycaemia
on bolus enteral feeds. However, there is a very
delicate balance between removing too much or
too little pancreatic tissue. The child will still
have hyperinsulinaemic hypoglycaemia follow-
ing post pancreatectomy if too little pancreatic
tissue is removed (which may require another
pancreatectomy) and early diabetes mellitus will
develop if too much tissue is resected. There are
currently no markers which can be used during
the intra-operative period to direct the extent of
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pancreatic resection. Thus not having a precise
marker for the extent of pancreatic resection
makes surgery complicated for diffuse disease. In
near-total (95%) pancreatectomy, the tail, body,
uncinate process and part of pancreatic head are
resected, leaving pancreatic tissue surrounding
the common bile duct and along the duodenum
[37] (Fig. 12.3).

Open Near-Total Pancreatectomy
Pancreatic resection for the diffuse type of CHI
has traditionally been carried out by the open
approach. The abdomen is accessed via a gener-
ous transverse supraumbilical incision. The lesser
sac is entered through the gastrocolic omentum;
Kocherisation of the duodenum allows full
exposure of the pancreas. The tail of the pancreas
is sent for intraoperative frozen section histology
and the diagnosis of diffuse CHI is confirmed
before proceeding with pancreatectomy.

A stay suture is placed in the tail of the pan-
creas to allow traction of the pancreas facilitating
its dissection since direct handling of the pan-
creas results in fracture of this friable organ. The
tail of the pancreas is carefully dissected away
from the hilum of the spleen, and the short
pancreatic vessels are coagulated. Dissection of
the pancreas is carried out in a medial direction
towards the head of the pancreas. Pancreatic
vessels passing from the splenic vessels into the
pancreas are coagulated and divided using

bipolar diathermy. Meticulous care is taken with
the splenic artery and vein which are closely
related to the pancreas, as the spleen should be
preserved. Once dissection has arrived at the
superior mesenteric vessels, the uncinate process
is mobilised. A sling may be placed around the
superior mesenteric vessels, retracting them away
from the uncinate process.

As the head of pancreas is approached,
attention is directed to identifying the course of
the common bile duct. A sling is placed around
the bile duct superior to the first part of the
duodenum. A blunt forceps is then passed from
within the C-loop of the duodenum behind the
first part of the duodenum to grasp the sling,
bringing it out superior to the head of pancreas.
This becomes the guide to the position of the
common bile duct during subsequent dissection
of the pancreas. The head of the pancreas is
mobilised, and the superior and inferior pancre-
aticoduodenal vessels are divided. The pancreatic
duct is ligated with non-absorbable sutures and
divided. A rim of pancreatic tissue surrounding
the common bile duct and along the duodenum is
left remaining after near-total (95%) pancreatec-
tomy (Fig. 12.3). The abdomen is closed in
layers using absorbable sutures. Postoperatively,
the patient has both nasogastric tube and bladder
catheter. Enteral feeds are restarted after the
gastrointestinal function has returned.

Near-total pancreatectomy has been associ-
ated with a range of complications [23, 38, 39].

The intra-operative complications which have
been reported include bleeding, splenic injury,
bile duct injury and small bowel injury. The
postoperative complications reported include
biliary leak, delayed development of bile duct
stricture, wound infections, prolonged ileus,
adhesion obstruction, persisting hyperinsuli-
naemic hypoglycaemia (which may require
another pancreatectomy) and the development of
diabetes mellitus with pancreatic exocrine
insufficiency. Rarely patients have died follow-
ing a near total pancreatectomy [38].

There have been recent reports of laparoscopic
surgery being performed in CHI patients [40–46].
The use of laparoscopy represents a new
approach to the diagnosis and management of

Fig. 12.3 Near-total pancreatectomy. The shaded area
indicates the remaining pancreas after resection, leaving
behind pancreatic tissue around the common bile duct and
along the medial border of the duodenum
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patients with CHI. Laparoscopic pancreatectomy
is attractive since it should be associated with less
operative trauma. The laparoscopic approach
offers other theoretical advantages. This proce-
dure is relatively quick, associated with faster
recovery, decreased post-operative pain,
decreased wound related complications and faster
post-operative recovery times. Laparoscopic
exploration for focal lesions in CHI has been
used to locate and excise the focal area thus
curing the patient [45]. More recently, laparo-
scopic surgery in combination with 18F-DOPA-
PET/CT has proved a very powerful technique
for removing focal lesions around the tail region
of the pancreas [31]. Laparoscopic near-total
pancreatectomy for diffuse disease has now been
devised and introduced in our centre by one of
the authors (AP). It seems to be comparable to
open surgery but with the added benefits as
listed above. In one study [40] 12 patients
with diffuse PHHI underwent laparoscopic near
total pancreatectomy with no major pre or
post-operative complications.

Laparoscopic Near-Total
Pancreatectomy
An umbilical 10 mm Hasson port is inserted by
an open technique and a 5 mm 30° camera is
introduced. Three additional ports are placed: a
5 mm port in the left lower quadrant, a Nathan-
son retractor at the epigastrium and a further
working port (3 or 5 mm) in the right flank. The
gastro-colic omentum is divided and the lesser
sac is entered. The Nathanson retractor is used to
retract the stomach. The head of the patient is
elevated. A stay suture is inserted into the tail of
the pancreas which is used to retract the pancreas
superiorly. Dissection of the pancreas proceeds
towards the head. The short pancreatic vessels
passing from the splenic vessels into the pancreas
are divided using a 3 mm hook diathermy at very
high coagulation settings. These vessels are the
most common source of intra-operative haemor-
rhage, which may be controlled by applying
gentle pressure using an atraumatic bowel gras-
per. The pancreatic tail is transected using the
Harmonic Scalpel® (Ethicon Endosurgery). The
pancreatic tail is removed via the umbilical

10 mm port and sent for frozen section analysis
to confirm the diagnosis of diffuse CHI. No
further resection takes place until this confirma-
tion has been obtained. Subsequent dissection is
facilitated by the insertion of a stay suture at the
cut surface of the remaining pancreas which is
resected in segments of approximately 2 cm. As
dissection nears the head of the pancreas, stay
sutures are placed in the uncinate process and the
head of pancreas which are retracted superiorly.
A near-total pancreatectomy is achieved by
leaving a small rim of pancreas along the medial
border of the duodenum where the common bile
duct is expected (Fig. 12.3). Port sites are closed
using absorbable sutures. No drains are used.

Surgery for Focal CHI

In patients with focal CHI, a localised resection
of the focal lesion is curative [5]. Prior to sur-
gery, the diagnosis of focal CHI is confirmed
using a combination of genetic analysis and
findings on 18F-DOPA-PET-CT scan. The site
of the lesion seen on PET-CT Scan allows pre-
operative planning of the anticipated procedure.
However, it should be noted that the accuracy of
localization in PET-CT Scan is approximately
70% [34]. In proximal lesions in the head and
neck of the pancreas, open resection of the lesion
with a small rim of surrounding normal pancre-
atic tissue is carried out and pancreaticojejunos-
tomy is performed to allow drainage of the distal
pancreas. In distal lesions, a distal pancreatec-
tomy may be done laparoscopically (Fig. 12.3).

The abdomen is accessed laparoscopically as
described earlier. The pancreas is inspected and
palpated for a nodular area indicating the site of
the focal lesion. In focal CHI, the lesion is often
deep within the parenchyma of the pancreas and
may not be visually evident. An intraoperative
biopsy is performed for frozen section histolog-
ical examination. Histology may reveal the fol-
lowing: [1] the presence of the focal lesion
completely resected (normal pancreas at the
resection margin); [2] focal lesion not completely
resected; [3] the presence of normal pancreas
excluding the presence of diffuse CHI and
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indicating that the focal lesion has not yet been
excised.

Focal Lesion in Head or Neck of Pancreas
When the focal lesion is deep in the head or neck
of the pancreas, the procedure may be converted
to open and dissection of the head of the pan-
creas is commenced (Fig. 12.4a). Superficial
lesions may be enucleated laparoscopically.
A sling may be passed behind the neck of the
pancreas to facilitate traction of the pancreas
away from the pancreatic bed. Short pancreatic
vessels are meticulously ligated using bipolar
diathermy and divided. The head of the pancreas
is dissected in the direction of the duodenum,
carefully avoiding the common bile duct. A pan-
creaticojejunostomy is then constructed to allow
drainage of the distal pancreas.

Focal Lesion in Body or Tail of Pancreas
In more distal lesions, the entire procedure may
be completed either laparoscopically or open
(Fig. 12.4b). Once histological confirmation of
focal disease is obtained, the pancreas is dis-
sected as described previously. Dissection is
performed until the resected specimen includes
the lesion. The pancreas is transacted using
Harmonic Scalpel® (Ethicon Endosurgery). An
adequate resection margin is confirmed by fur-
ther frozen section analysis. There is no need for
drains.

Summary

The pre-operative histological differentiation of
CHI is crucial as the surgical management of the
two major subgroups is radically different.
Genetic analysis and 18F-DOPA-PET/CT scan
allows differentiation between diffuse and focal
disease. A preoperative 18F-DOPA-PET/CT also
assists in determining the size and location of
focal lesions in approximately 70% of patients
with focal disease, which can then be surgically,
resected thus curing the patient. Laparoscopic
distal pancreatectomy can be performed for focal
lesions in the body or tail of the pancreas. For
more proximal lesions, partial excision of the
head of the pancreas and pancreaticojejunostomy
is required. The management of the severe dif-
fuse form of the disease, however still remains a
challenge as the treatment options are unsatis-
factory with lifelong implications. Near-total
pancreatectomy is necessary in children who do
not respond to medical treatment, which carries a
risk of endocrine and exocrine insufficiency.
Laparoscopic near-total pancreatectomy is an
option in centers with advanced laparoscopic
expertise.
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13Pancreatic Neuroendocrine Tumours

Paul R.V. Johnson

Pancreatic tumours are rare in children overall
[1, 2]. Of those presenting in the under 20-year-old
age-group, 30% are reported to be pancreatic
neuroendocrine tumours (PaNETs), although due
to their frequently asymptomatic and indolent
nature, PaNETs are probably under-diagnosed in
children [3]. Pa NETs are the second commonest
manifestation ofMEN1, occurring in up to 80% of
patients [4]. Although encountered infrequently,
PaNETs can present significant diagnostic and
treatment challenges for the paediatric endocri-
nologist and paediatric surgeon. This chapter aims
to provide an overview of PaNETs and emphasises
the importance of a multi-disciplinary approach to
ensure optimal care for children with these rare
endocrine tumours.

Aetiology

The exact aetiology of PaNETs is unclear. The
majority is sporadic, but some are associated
with specific inherited familial syndromes

including part of an associated syndrome, e.g.
Multiple Endocrine Neoplasia 1 (MEN 1) or
Wermer Syndrome (see Chap. 30), Von Hippel–
Lindau, neurofibromatosis, and tuberous
sclerosis. [5, 6]. Indeed, PNETs are the second
commonest manifestation of MEN1, occurring in
up to 80% of patients [4]. In addition to the
genetic mutations identified with the familial
syndromes above, a number of novel genetic
mutations have been identified in association
with PaNETs [7]. One in six well-differentiated
PaNETs have mutations in the mTOR pathway
genes (including TSC2, PTEN, and PUK3CA
[8]. In addition, about 40% of PaNETs are
associated with mutations in the ATRX and
DAXX genes that are part of a recently discov-
ered cancer pathway [9]. These genetic mutations
are distinct from those previously identified in
pancreatic adenocarcinoma.

Pathology and Classification

PaNETs are slow growing tumours that arise
from cells within the neuroendocrine system.
They are an example of a ‘small blue cell
tumour’. As with all neuroendocrine tumours,
PaNETs demonstrate positive reactions to
markers of neuroendocrine tissue, including
neuron-specific enolase, synaptophysin and
chromogranin [10–12], but vary in other histo-
logical features due to their pancreatic location.
Previously, the embryological origin of all neu-
roendocrine tumours was believed to be from
cells migrating from the neural crest. However,
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this is no longer believed to be the case, and it is
now postulated that the origin of gut and pan-
creatic neuroendocrine tumours is from pluripo-
tential progenitor cells that develop a
neuroendocrine phenotype [13].

PaNETs are usually multiple and can occur
throughout the head, body and tail of the pan-
creas. They can be benign or malignant, and can
range from microadenomas, to macroadenomas,
to invasive/metastatic carcinomas.

Both the 2000 and 2010 WHO 2010 classifi-
cations of neuroendocrine tumours distinguishes
tumours based on their degree of differentiation
[14, 15]. The 2000 WHO system included the
three groups: well-differentiated neuroendocrine
tumours, well-differentiated (low grade) neu-
roendocrine carcinomas, and poorly differenti-
ated (high grade) neuroendocrine carcinomas
[14]. The WHO 2010 Classification includes a
three-tier tumour grading system that is based on
the mitotic count or Ki-67 index [16] (Ki67
antigen is a nuclear protein expressed by prolif-
erating cells). G1 is defined as a mitotic count
of <2 mitoses per High Power Field
(HPF) and/or Ki-67 index of � 2%; G2 as a
mitotic count of 2–20 mitoses/10 HPF and/or
Ki-67 index of 3–20%; and G3 as a mitotic count
of >20 mitoses/10 HPF AND/OR ki-67 index
of >20% [15]. Staging is by the European Neu-
roendocrine Tumour Society’s (ENETS’s) TNM
system [17, 18].

Most PaNETs secrete pancreatic peptide hor-
mones (functioning PaNETs). Indeed, they can
simultaneously produce several pancreatic hor-
mones including gastrin, insulin, glucagon or
vasoactive intestinal polypeptide (VIP). How-
ever, the clinical presentation, and hence primary
nomenclature, of a PaNET reflects the predomi-
nant hormone being secreted in excess (e.g.
gastrinoma or insulinoma, etc.) (see Clinical
Presentation below). A proportion of PaNETs,
possibly the majority in children, is labelled as
non-secretory (non-functioning PaNETs) and are
detected incidentally or on radiological screening
in patients with the MEN1 mutation [3]. How-
ever, Kimura et al. have demonstrated that many
of these so-called ‘non-functioning’ PaNETs still
produce sub-clinical levels of hormone [19].

Clinical Presentation

Functioning PaNETs

Gastrinomas
Over 50% of PaNETs are either gastrinomas or
insulinomas (Table 13.1). While insulinomas are
the commonest functioning PaNET in adults,
gastrinomas are the most frequently occurring
PaNET overall in children if both sporadic and
familial (MEN1) PaNETs are taken into account.
Gastrinomas classically present with the
Zollinger-Ellison syndrome comprising recurrent
peptic ulceration and diarrhoea [20]. Gastrinomas
are usually multiple and most commonly occur in
the anatomical region termed the ‘gastrinoma
triangle’. This is the area defined by the cystic
and common bile ducts, the junction of the sec-
ond and third part of the duodenum, and the
junction of the neck and body of the pancreas.
Although the majority of gastrinomas are situated
within the wall of the duodenum, those situated
within the pancreas are reported as having greater
malignant potential. Pancreatic gatsrinomas are
also seen more commonly in patients with MEN1
[21]. Up to 65% of gastrinomas are malignant at
presentation.

Gastrinomas are diagnosed by an increased
gastric acid output with pH <2.0 in association
with raised fasting serum gastrin levels [20, 21].
It is important to ensure that proton pump inhi-
bitors have been stopped for at least 1 week prior
to gastrin levels being measured, as these agents
can lead to a falsely elevated gastrin level.

Diagnostic localisation of gastrinomas can be
achieved through cross-sectional imaging (CT
and MRI), functional positron emission tomog-
raphy (PET), and octreoscan/single photon
emission tomography (SPECT). Given the mul-
tiple nature of these tumours, it is important to
visualise the whole gastrinoma triangle, as well
as carefully evaluating the liver for potential
metastatic disease.

Insulinomas
Insulinomas are insulin-secreting PaNETs arising
from the beta cells of the islets of Langerhans
and, as such, patients present with symptoms of
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hyperinsulinism. Depending on the age of the
child, symptoms include sweating, weakness,
unconsciousness, and confusion. Symptoms
improve with feeding. Biochemical diagnosis
demonstrates fasting hypoglycaemia with inap-
propriately raised plasma insulin, and C-peptide
levels [22]. The combination of symptoms of
hypoglycaemia (especially after fasting or heavy
exercise), a low plasma glucose measured during
these symptoms, and relief of the symptoms once
blood glucose has been normalised, is termed the
Whipple’s triad.

Other Functioning PNETs
Vasoactive intestinal polypeptide (VIP)-omas are
rare PanNETs secrete VIP that cause the WDHA
or Verner-Morrison syndrome. This comprises
watery diarrhoea, hypokalaemia and achlorhy-
dria, resulting in severe acidosis and dehydration.
Unlike in adults, VIPomas in children are mainly
non-pancreatic in origin.

Glucagonomas arise from the glucagon-
secreting pancreatic alpha cells. Glucagonomas
present with weight loss, anaemia, hypergly-
caemia, and a characteristic rash known as
necrolytic migratory erythema.

Somatostatinomas arise from islet delta-cells
and usually present with weight loss, diarrhoea,
steatorrhea and diabetes mellitus. Pancreatic
polypeptide (PP)-omas secrete PP. However,
elevated serum PP is also found in association
with some ‘non-functioning’ PanNETs. How-
ever, PPomas and somatostatinomas are often
asymptomatic [23, 24]. Sporadic glucagonomas
and somatostatinomas do not seem to have been
reported in children.

Other rare forms of functioning PaNETs
include PaNETs that secrete adrenocorticotropic
hormone (ACTH), corticotropin-releasing hor-
mone (CRH), parathyroid hormone-related pep-
tide (PHRP), growth hormone-releasing hormone
(GHRH), gonadotropin-releasing hormone
(CRH) or calcitonin (GRF).

Non-functioning PaNETs

Non-functioning PaNETs can be large and often
present late. Indeed, about 50% of non-
functioning PaNETs have metastasised by the
time of clinical presentation [25]. Symptoms may
be due to the local effects of the pancreatic mass
and/or the hepatic metastases.

Diagnosis

Diagnosis is based on a combination of clinical
presentation, detection of circulating NET secre-
tions, and a range of different imaging techniques
[25]. Tissue diagnosis by histopathology then
confirms the diagnosis. Children with a family
history of MEN1 or who are known to have a
genetic predisposition to developing PNETs,
should be screened for possible tumours. There is
however, an ongoing debate concerning at what
age screening should commence.

Biochemical Tests

Measuring the specific secretions produced by
functioning PaNETS helps make the diagnosis in

Table 13.1 The clinical features of the most common functioning pancreatic NETs are determined by the predominant
hormone being secreted by the tumour

Tumour Symptoms

Insulinoma Confusion, sweating, weakness, unconsciousness, relief of symptoms with eating

Gastrinoma Peptic ulceration and diarrea (Zollinger-Ellison syndrome, or diarrea alone

Glucagonoma Weight loss, diabetes mellitus, diarrea, necrolytic migratory erythema

VIPoma Profuse diarrea and marked hypokalaemia (Verner-Morrison syndrome)

Somatostatinoma Weight loss, diarrea, steatorrhea, diabetes mellitus

Data from [25]
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the first place, as well as being a useful way of
monitoring tumour progression and resolution
following treatment [26]. In addition, there are a
number of less-specific substances that are pro-
duced by many gastro-pancreatic NETs regard-
less of their anatomical location and regardless of
whether they are clinically functional tumours.
These include pancreatic polypeptide which is
produced by more than 30% of GEP-NETs, and
also chromogranin A (CgA) [25, 27]. However,
care has to be taken to recognise that CgA is also
elevated in patients with atrophic gastritis, renal
insufficiency, and who are on treatment with
proton pump inhibitors [28].

Imaging

Diagnostic imaging consists of a combination of
routine and specialist radiological and nuclear
investigations [25, 28]. Most NETs require a
multi-modality approach for accurate localisation
and staging. Cross-sectional imaging (CT and
MRI) plays an important role in initial localisa-
tion, as somatostatin receptor scintigraphy
(SSRS). MIBG Scintigraphy can be useful in
diagnosing PaNETs that do not take up somato-
statin analogues. PET/CT is the imaging of choice
for localising insulinoma in adults with either
FDOPA or GLP-1 as the isotope. However, this is
unavailable for children in most centres. Serial
venous sampling therefore, still has a place as a
localisation modality. Endoscopic ultrasound can
be useful for detecting pancreatic GEP-NETs, and
intraoperative ultrasound can help identify
tumour extent and the presence of multifocal
disease at the time of surgery.

Management

Due to the rare and complex nature of PaNETs in
children, it is paramount that these are managed
within a multi-disciplinary team. Such a team
should comprise a paediatric surgeon, a paedi-
atric endocrinologist, an adult pancreatic

surgeon, experienced diagnostic and interven-
tional radiologist, and an oncologist with expe-
rience of managing advanced and malignant
PaNETs. Combining the expertise of paediatric
and adult specialists ensures that children with
PaNETs have the very best care possible for this
rare and challenging condition.

Consensus guidelines exist for the manage-
ment of many PaNETs [25]. However, most of
these have been designed for adults rather than
children. Modified guidelines are needed for
children, although the rarity of these cases in this
age-group means that these are hard to generate
in an evidence-based manner.

Management of Functioning PaNETs

Surgical Management
Complete surgical resection offers the only
curative treatment for neuroendocrine tumours.
However, radical resection may be required, and
the tendency to multifocal disease must always
be taken into account in planning surgical treat-
ment. When non-resectable or metastatic disease
is present, surgery aimed at ablating or debulking
the tumour burden can significantly improve
length of patient survival, and it can contribute
considerably to quality of life [28]. The use of
novel intraoperative techniques, such as
radio-frequency ablation and cryotherapy, have
further aided the surgical treatment of advanced
disease. Recent advances in medical treatment
for advanced PaNETs has been encouraging with
early evidence of prolonged survival.

The optimal surgical therapy for gastrinomas
remains controversial [29]. Surgery for gastri-
nomas is rarely curative due to their small size
and multiplicity.

Curative surgery to enucleate the tumour or a
partial pancreatic resection is the aim of treat-
ment for patients with these symptomatic func-
tioning pancreatic tumours.

Pancreatic resection is beneficial for func-
tioning glucagonoma and VIPoma NETs, as
medical therapy is unsatisfactory.
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Non-operative Management
Medical therapies for gastrinomas include proton
pump inhibitors and somatostatin analogues to
suppress hyperacidity. Treatment of inoperable
or metastatic PNETs includes biotherapy (e.g.
somatostatin analogues and interferon-a), tar-
getted radionuclide therapy, locoregional treat-
ments and chemotherapy [13, 27, 30, 31].
Inhibitors of tyrosine kinase receptors (TKRs)
and of the mammalian target of rapamycin
(mTOR) signalling pathway have recently been
reported to be effective in treating PaNETs
[32, 33]. Sunitinib, which inhibits TKRs, and
Everolimus, which is an inhibitor of mTOR, in
randomised placebo-controlled trials improved
median progression-free survival when compared
to patients treated with placebo (11.4 months vs.
5.5 months and 11.0 months vs. 4.6 months,
respectively, P < 0.001) in adults with advanced
or progressive well-differentiated pancreatic
NETs [32, 33]. Somatostatin biotherapy has
antitumour and antiproliferative effects, and the
CLARINET phase III trial of depot lanreotide
treatment significantly prolonged progression-
free survival in patients with metastatic pancre-
atic NETs [34].

Periodic endoscopic surveillance of the upper
gastrointestinal tract in those with hypergas-
trinemia is beneficial for the identification of
peptic ulcer disease and gastric carcinoid
tumours [35].

Management of Non-functioning
PaNETs

The role of surgery for non-functioning pancre-
atic tumours is controversial, but should be
considered for tumours that demonstrate signifi-
cant growth over 6 months or are >1 cm in size
[3, 29].

Outcomes and Prognosis

The outcome of PaNETs is highly dependent on
the type of tumour, the degree of differentiation,
the proliferative activity and the TNM stage of

the tumour at the time of diagnosis. Of all gas-
trointestinal NETs, pancreatic tumours overall
are associated with a poorer outcome [25].
The SEER registry identified 481 cases of
malignant NETs (all sites) in children aged
between 3 and 19 of age, and reported an overall
5-year survival rate of 78% [36]. Ninety-one
percent of the children with localised tumours
were alive at 5 years, compared with only 35%
of those with metastatic disease. The WHO
classifications have helped provide some more
meaningful prognostic comparisons between
different tumour grades and stages. Overall, the
5 year survival rates for grades 1, 2 and 3
tumours are 96, 73, and 28%, respectively,
whereas the survival for stages I, II, III and IV
GEP-NETs are 100, 90, 79, and 55%, respec-
tively [37]. Early diagnosis is key. With this in
mind, proactive screening of all children with a
family history of MEN1 or who demonstrate
genetic predisposition to NET tumours is
important to ensure early diagnosis and curative
treatment. However, there is currently no con-
sensus on what age such screening should begin,
and also how regularly imaging should be con-
ducted in children who have been found to have
small, non-functioning tumours. Although these
tumours are very rare overall, paediatric-specific
guidelines need to be developed to ensure opti-
mal management for any child who develops a
PaNET.
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14Islet Cell Transplantation

Antonio Bruni, Michael McCall and A.M. James Shapiro

Diabetes mellitus currently affects more than 200
million people worldwide, with projections of it
affecting 5% of the world population by 2025
[1]. Type 1 diabetes mellitus (T1DM), the most
severe form of this disease, represents approxi-
mately 10% of all cases of diabetes and is char-
acterized by a progressive autoimmune disorder
resulting in the destruction of insulin-producing
b-cells within the pancreatic islets of Langerhans.
Due to progressive chronic micro- and
macrovascular complications, T1DM is a major
source of morbidity and mortality. Whilst T1DM
has become a manageable condition, largely
owing to the availability of exogenous insulin
following the discovery of insulin by Banting,
Best, Collip and McLeod [2, 3], many patients
still develop a multitude of chronic complications
of diabetes including nephropathy, neuropathy,
retinopathy, peripheral vascular disease and
coronary artery disease. Although the etiology of
these complications is multifactorial, the Dia-
betes Control and Complications Trial (DCCT)
clearly demonstrated that their development can

be reduced by tight glycemic control. This was
achieved in the trial by the use of intensive rather
than conventional insulin therapy [4–6]. How-
ever, one of the downsides of intensive insulin
was a substantial increase in life-threatening
hypoglycemia [5].

Safer and innovative means to tighten gly-
cemic control have been developed, including
the use of insulin pumps, dynamic continuous
glucose monitoring, and closed loop systems.
These have achieved improved glycemic control,
reduced hypoglycemic risk, and moderate
improved protection from secondary diabetic
complications. However, while these technolog-
ical advances offer patients improved benefit,
they continue to fall short as a definitive, robust
cure for diabetes. Indeed, these treatments all
involve the use of exogenous insulin and work
by better ‘controlling’ diabetes rather than by
‘reversing’ it. An alternative approach is to
attempt to actually restore the destroyed beta (b)-
cell mass by transplanting the insulin-producing
tissue, either in the form of a whole vascularized
pancreas transplant, or by a cellular islet
transplant.

First attempted in 1966, whole pancreas
transplantation initially showed poor clinical
outcomes [7]. However, following considerable
advances in surgical technique, immunosup-
pressive strategies, and postoperative manage-
ment, the results have improved drastically, with
80–85% of patients remaining insulin indepen-
dent for at least a year following this procedure.
However, it remains a major intra-abdominal
surgical procedure, with significant morbidity
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and a mortality rate of 4–7% in leading centers
around the world. In addition, as the pancreas
only comprises 2% endocrine tissue, it could be
argued that patients with T1DM receiving a
whole pancreas graft are receiving 98% of pan-
creatic tissue that they do not require! It is
therefore, very unlikely that this treatment will
become a routine treatment for children with
T1DM.

Conversely, pancreatic islet cell transplanta-
tion is a minimally invasive procedure, involving
only the implantation of the pancreatic endocrine
component. In addition, as a cellular transplant,
islet transplants have the real potential to be
immunomodified or immunoisolated at the time
of transplantation, meaning that in the future it
may be possible to undertake an islet transplant
without the need for immunosuppression. This,
combined with the simplicity of the procedure,
mean that this therapy has real potential for
future use in children.

In this chapter, we provide a historical per-
spective of islet transplantation; outline the
challenges of donor selection; provide an over-
view of human islet isolation; discuss the dif-
ferent aspects of the islet transplant procedure,
including some of the challenges; a review of the
current outcomes of clinical islet transplantation;
and finally, discuss the potential use of islet
transplantation in children.

Islet Transplantation: A Historical
Perspective

The work of von Mering and Minkowski in
1889, was essential for first identifying the piv-
otal link between the pancreas and elevated
blood glucose levels, when they showed that
total pancreatectomy in dogs resulted in fatal
diabetes [8]. Two decades later, Sharpey-
Shafer’s hypothesis provided insight into the
link between diabetes and insulin, a key chemical
found within pancreas. However, although the
recognition of diabetes and the hypothesis about
insulin were monumental, it was not until Bant-
ing, Best, Collip, and McLeod discovered and
isolated insulin in 1922, that diabetes became a

chronically manageable condition [2, 3]. The
introduction of intensive blood glucose moni-
toring and the frequent daily administration of
exogenous insulin improved things further, and
therapeutic efforts shifted more from the acute
phase of the disease to strategies to stabilize,
reverse, or ideally prevent the chronic compli-
cations of the disease [9]. As highlighted above,
however, focus has turned to strategies that
enable true reversal of diabetes, and currently
this can only be achieved by restoring b-cell
mass through transplantation.

One of the most important advances that
enabled clinical islet transplantation to be made
possible was the ability to isolate sufficient
numbers of human islets from a donor pancreas.
The isolation of rodent islets was first accom-
plished by Lacy in the 1960s when a number of
islets were isolated following the enzymatic
digestion of rodent pancreases from obese ani-
mals with hypertrophic islets [10]. Further
refinements by Lacy and Kostianovsky then
established the technical ability to isolate hun-
dreds of metabolically active and structurally
intact islets from the pancreas of normal rats [11].
While several authors reported the correction of
hyperglycemia in diabetic mice using varied islet
doses and success rates via the intraperitoneal
route, the work of Reckard and Barker in 1973
was the first to effectively cure diabetes in a
chemically induced model of diabetes [12]. Yet
despite these successes, the same methods of islet
isolation and purification could not be applied to
larger animals or humans, whose pancreases
contain several million islets, and whose pan-
creatic structure differs greatly from rodents
[11, 13].

Further refinements to the methods of islet
isolation and purification for islet transplantation
continued for decades (and still do continue),
with improved success in isolating greater
quantities with greater purity. Injection of colla-
genase into the pancreatic duct proved an effec-
tive method for successful islet isolation from
large animals and humans [13, 14]. However, it
was the development of the Ricordi digestion
chamber in 1988, enabling a semi-automated
process for human islet isolation, that was
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instrumental in enabling sufficient isolation and
purification of islets for clinical use [13, 15]. This
method of islet isolation is still considered the
universal ‘gold standard’, and has made clinical
islet transplantation a reality [13].

With regard to islet transplantation itself,
outcomes have progressed significantly since
clinical islet transplants were first performed.
This is partly due to improved islet manufactur-
ing processes, but has also been greatly facili-
tated by the availability of more effective
induction and maintenance immunosuppression
to protect against both auto- and alloreactivity
[16]. In subjects with poor glycemic control,
islet-alone transplantation has recently become
an accepted practice to stabilize frequent hypo-
glycemia or severe glycemic lability [17]. While
Lacy’s work established the liver as an ideal site
for islet transplantation [18], further work by
Najarian et al. in 1977 reported the first suc-
cessful clinical islet transplant paired with the
administration of azathioprine and corticos-
teroids [19]. In spite of these achievements, only
9% of the 267 islet transplant recipients since
1999 were insulin independent for >1 year [20].
It was not until 2000 that the ‘Edmonton Proto-
col’ reported insulin independence in seven
consecutive T1DM patients over a median
follow-up of 11.9 months with sustained
C-peptide [16]. Patients had received at least two
different islet transplants and a mean islet mass of
13,000 IEQ/kg. Perhaps most notably, patients
received a steroid-free immunosuppressive regi-
men of anti-interleukin (IL)-2 receptor antagonist
antibody therapy, daclizumab. These monumen-
tal results were pivotal in driving forward both
interest and activity in clinical islet transplanta-
tion over the subsequent decade, which resulted
in the expansion of islet transplantation programs
in North America and abroad through remarkable
inter-center collaboration.

The success of the Edmonton Group ignited
widespread enthusiasm. However, the initial
waning of complete insulin independence by 3–5
years post-transplantation raised further concerns
that islet transplantation could not permanently
ameliorate the diabetic state in patients. Strate-
gies to improve islet transplantation outcomes

have continued over subsequent years, including
but not limited to, improved donor selection,
optimized techniques for organ donation and
preservation and immunosuppression regimens.
Undoubtedly, such refinements will enable this
treatment to fulfill its potential in the coming
decades and expand its therapeutic benefit to
patients afflicted with this debilitating illness.

Donor Selection and Donor
Availability

The number of patients that can receive an islet
transplant is largely limited by the availability of
donor pancreases. In addition, optimal donor
selection is an important factor influencing suc-
cessful islet transplant outcome. Several
donor-related variables that may contribute to
islet isolation outcomes have been demonstrated
through single-center retrospective studies.
Variables include donor age, cause of death,
body mass index (BMI), cold ischemia time,
length of hospitalization, use of vasopressors,
and blood glucose levels [21–28]. In spite of the
observation that a larger pancreas contains a
larger b-cell mass, pancreas weight does not
appear to correlate directly with successful islet
yield [27, 29]. In a study analyzing data from 345
deceased donors, it was determined that although
BMI correlates with pancreas weight, body sur-
face area is a better predictor of pancreas weight
than BMI [29]. Several other groups have indi-
cated that BMI itself positively affects islet yield
[30], leading many to consider BMI as an
important donor predictor islet isolation outcome
[25–27]. This view, however, has led to the
misconception that an obese donor is a good
candidate for successful transplantation, whereas
it is important to distinguish between factors that
lead to a high islet yield, and those that correlate
with optimal islet physiology.

With regard to pancreas allocation, in most
countries to date, ‘optimal’ pancreases are still
prioritized for whole organ transplantation before
they are offered to islets. A review by Berney and
Johnson concluded that transplanted islet mass
does not unequivocally correlate with islet graft
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function (also see below), further arguing that
based on this premise, donor selection criteria for
islet transplantation and hence allocation rules
(pancreas for whole organ or islet transplant)
may need to be redefined [31]. A joint whole
pancreas and islet donor allocation system for
whole pancreas and islet transplantation has now
been introduced in the United Kingdom.

O’Gorman et al. developed a scoring system
based on donor characteristics that can predict
islet isolation outcomes and has been an instru-
mental tool in assessing whether a pancreas
should be processed for islet isolation [32].
Though this tool has been sufficient for deter-
mining which organs are optimal for islet isola-
tion in terms of islet yields and crude islet
function, it does not predict optimal islet trans-
plant outcome. Similarly, other published studies
investigating optimal donor factors for islet iso-
lation have not taken transplant outcome into
consideration [21, 22, 24, 25, 26, 27, 28]. Lakey
et al. retrospectively reviewed human islet isola-
tion preparations and studied the effects of donor
age on islet yield and function (insulin secretory
capabilities) [25]. Their study suggested that
older donors (51–65 years old) are more likely to
produce a transplantable yield of islets when
compared with their younger donor counterparts
(83% compared to 37% in 19–28 year old
donors). However, the secretory capabilities of
these islets were significantly reduced. Other
studies have confirmed these results and shown
higher rates of diabetes reversal in immunodefi-
cient diabetic mice receiving human islet grafts
from younger donors [23]. While this would point
to younger donors as ‘ideal’ for islet transplan-
tation, one must also realize that digestion of a
young pancreas is also technically more difficult
and hence islet yields lower. The more ‘fibrous’
nature of the pancreatic matrix within young
donors considerably reduces the success rate and
yield of islets. More recently, groups from Min-
nesota and San Francisco in the US have modified
islet isolation protocols for optimized success
with the younger human pancreas.

Prolonged cold ischemic time for the pancreas
during shipment from the donor center to the

isolation center can be injurious to human islet
isolation (both islet yield and function), with
times exceeding 6–8 h being less optimal than
locally procured donors [24]. While pancreatic
transport in University of Wisconsin (UW) solu-
tion was standard previously, most transplant
programs (at least in Canada and in parts of
the US) have switched to histidine-tryptophan-
ketoglutarate (HTK) solution, which may be less
optimal for pancreas storage [33]. The two-layer
oxygenated UW–perfluorodecalin method for
pancreas transportation initially looked promis-
ing, but with increased use, it appeared to add
little protection to the islets prior to isolation, and
has therefore been abandoned by most programs
at the present time [34].

Human Islet Isolation

One of the most important prerequisites of suc-
cessful clinical islet transplantation is an opti-
mized islet isolation process. Unquestionably,
human islet isolation requires considerable skill
and involves a significant financial cost, espe-
cially now that the regulation of human islet
isolation has become so stringent around the
world. Whereas in the 1990s, human islet isola-
tion was performed in modified research labora-
tories, this now has to be conducted in ultraclean
Good Manufacturing Practice (GMP) facilities
that meet strict national governmental oversight.
This has led over recent years to the development
of a number of ‘hub and spoke’ clinical islet
transplant networks, in which islet isolation is
only performed in one or two ‘clinical-grade’
isolation facilities that provide quality islets for a
network of different islet transplant centers.
Successful networks include the GRAGIL Net-
work in Switzerland and France [35], the NOR-
DIC network in Scandinavia, and the UK Islet
Transplant Consortium (UKITC) in Britain.
Clinical islets have also been successfully ship-
ped between centers in the US [36]. This
approach allows resources and expertise to be
centralized, making the clinical islet isolation
process much more cost-effective.
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The process of islet isolation starts at the time
of cadaveric organ donation with the need for
meticulous surgery and minimal handling of the
pancreas during procurement. This is combined
with rapid cooling of the lesser sac at the time of
aortic cross-clamp placement and arterial flush-
ing. Once procured, the pancreas is then placed
in a cold storage solution and transported to the
islet isolation facility.

The challenge of islet isolation is to produce
high yields of ‘in tact’ islets of optimal viability,
purity, and function. Human islet isolation
involves three steps, namely pancreas digestion,
density gradient purification, and islet culture.

Pancreas Digestion

The pancreas is digested by a combination of
physical and enzymatic dissociation. This stage is
intended to liberate islets from the surrounding
pancreatic exocrine matrix, producing a pancre-
atic digest in which both islets and exocrine sit.
This digestion stage is performed within a Ricordi
chamber (Fig. 14.1) and uses commercially
available collagenase enzyme produced from the
bacteria Clostridum histolyticum. An efficient
enzymatic digestion is critical for successful islet
isolation, and this is achieved by a careful balance
of enzyme composition and duration of

Fig. 14.1 Human islet isolation. a Human islet isolation
occurs in a specialized laboratory. b The pancreatic duct
is cannulated after the pancreas is trimmed. c The

sectioned pancreas is loaded into the Ricordi chamber
for digestion. d Isolated islets are stained with dithizone
and counted
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collagenase digestion [37]. Suboptimal collage-
nase composition, or insufficient collagenase
exposure, leads to incomplete liberation of islets
from the exocrine tissue resulting in low islet
yields of decreased purity. However, overactive
collagenase or increased duration of collagenase
exposure, can lead to islet fragmentation. Thus,
one of the greatest challenges for islet transplant
programs has for many years been the
‘batch-to-batch’ variability and non-
reproducibility of collagenase preparations [38,
39].

Density Gradient Purification

It was discovered a number of years ago that
islets infused into the portal vein with large
amounts of accompanying exocrine tissue can
lead to portal vein thrombosis which can be fatal
[40]. The pancreatic digest is therefore, purified
by density gradient centrifugation, enabling
‘pure’ islets to be retrieved. Islet purification
takes advantage of the fact that islets and exo-
crine tissue have different buoyant densities.
When placed in specially developed media of
known density and spun on a centrifuge, tissue
will migrate to a layer corresponding to their own
density, with the less dense islets settling at a
higher density than exocrine tissue. The intro-
duction of the COBE 2991 machine by the
Leicester Group, originally utilized for blood
component separation, has become one of the
key factors in achieving sufficient numbers of
purified islets for clinical use [41].

Islet Culture

While the islets used in the original Edmonton
Protocol were transplanted immediately after
isolation, culturing islets post-isolation is
believed to be important for their recovery from
isolation-induced damage and enables islets to be
carefully assessed before infusion. It also enables
immunomodulatory therapy to be started in the
recipient and potentially reduces the immuno-
genicity of the graft. A culture period also greatly

enhances the practicality of an islet transplant in
terms of planning for the patient’s admission and
the availability of the radiology suite. However,
this may be at the cost of impaired revascular-
ization subsequent to transplant, due to the loss
of intra-islet endothelial cells during this culture
period. Therefore, essential components of the
culture conditions for human islet preparations
are sufficient oxygen and nutrient supply. During
the culture stage, the maintenance of the tridi-
mensional islet cluster and preventing islet mass
loss should be accomplished during the culturing
phase. To date, sufficient investigation of optimal
culture conditions has occurred, yet in spite of
this, protocols have yet to be standardized and
culture conditions may vary between islet isola-
tion centers [42]. Other considerations like media
composition, seeding density, and incubation
temperature play a significant role in maintaining
viability and recovery [42].

During the 24–48 h of islet culture, 10–20%
of the islet mass is ‘lost’ due to islet disaggre-
gation and islet death. However, these ‘lost’
islets would probably not have survived in
the recipient, and a period of islet culture
enables more extensive evaluation of the graft
pre-transplantation.

The Islet Transplant Procedure

Pre-transplant Preparation

Once a patient has been placed on the waiting list
for islet transplantation, they await a suitable
donor pancreas for islet isolation and subsequent
transplantation. Once the islet yield of the mat-
ched pancreas has been confirmed to be sufficient
for transplanting into that recipient (usu-
ally � 5000 islet equivalents (IEQ) per kg, where
an IEQ is an islet count that has been adjusted to
standardize the islet diameter to 150 lm), the
patient is admitted to the transplant centre to
begin immunosuppressive induction therapy.
Prior to the introduction of the Edmonton Proto-
col in the late 1990s, corticosteroids were a
mainstay component of the immunosuppressive
protocol. It is widely known, however, that these
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medications are themselves diabetogenic and are
particularly damaging to newly transplanted
islets. The Edmonton Protocol provided a
steroid-free approach, employing sirolimus and
low-dose tacrolimus maintenance therapy after
the potent induction agent daclizumab, an
anti-CD25 (IL-2R) monoclonal antibody [16].
Since the removal of daclizumab from the market
after patent expiry, other T-cell depletional agents
have been used including thymoglobulin (an-
tithymocyte globulin), basiliximab (Il-2R anti-
body) and, more recently, some of the best results
have been used with the anti-CD52 alemtuzumab.
At some centers, sirolimus is being replaced from
post-transplant immunosuppressive protocols by
the better tolerated mycophenolate mofetil.

Many centers are employing adjuvant regi-
mens to enhance outcomes. The blockade of
tumor necrosis factor a (TNFa) as a means to
prevent its inflammatory attack on islets
post-transplantation has been used in the form of
Etanercept [43, 44] and Infliximab [45]. Exe-
natide (a GLP-1 agonist) has found use in
patients with graft dysfunction, promoting insu-
lin secretion and improving islet function [46,
47]. In fact, the combination of Etanercept and
Exenatide may enhance islet engraftment when
given in combination [48]. All patients are given
broad-spectrum prophylactic antibiotics shortly
before the procedure.

The Transplant Procedure

Today, most clinical islet transplants are per-
formed using percutaneous intrahepatic islet
infusion via the portal vein under radiological
control. However, a few centers still prefer the
surgical mesenteric cannulation approach for
additional safety.

Portal infusion offers a minimally invasive
procedure, accomplished without need for sur-
gery or general anaesthesia, with the ability to
regulate glycemic levels through portal insulin
delivery [49]. Once at the confluence of the
portal vein, islets are infused aseptically under
gravity while the portal venous pressure is
monitored. Heparin (70 units/kg) is included in

the islet preparation to minimize the chance of
portal vein thrombosis. While catheter tract
bleeding is a known complication, multiple
approaches can be used to prevent this including
D-STAT [50], coils and gelfoam or microfibril-
lary collagen (Avitene®) paste. However,
although rare, this percutaneous approach still
has some potential procedural risks, including
portal thrombosis and bleeding [51].

The surgical approach to portal venous access
is less commonly used, though it may be nec-
essary if the percutaneous approach cannot be
utilized (e.g., large right-sided liver heman-
gioma). In this instance, a mesenteric vein is
cannulated, utilizing complete surgical control to
prevent bleeding. However, this approach has the
inherent risks of laparotomy/laparoscopy
including bleeding, infection, adhesion forma-
tion, and wound breakdown/incisional hernia
(especially if on sirolimus).

The liver is the currently the preferred trans-
plant site for a number of reasons. It is easily
accessible percutaneously, it has high a vascu-
larity supplying sufficient oxygen and nutrients
during the revascularization period, and it con-
tains a sinusoidal structure that enables islets to
become trapped and engrafted. Having islets
placed within the liver also ensures a physio-
logical release of insulin into the portal vein,
although compared with the native pancreas, it
suffers from a low oxygen content. Moreover, a
significant amount of intraportal islet mass is lost
immediately post-transplant due to innate
immune pathways involving platelet and com-
plement activation.

To date, numerous alternative islet transplan-
tation sites have been proposed and tested, both
experimentally and in some cases clinically.
These include the kidney subcapsule, the spleen,
pancreas, omentum, gastrointestinal wall,
immune privileged sites such as the eye and
testis/ovary, and the subcutaneous spaces.
Though some alternative sites offer advantageous
results in experimental models, their feasibility
and translation into clinical settings have been
limited. Undoubtedly, ongoing experimental and
clinical investigation is required to elucidate an
optimal islet transplant site with efforts aimed to
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improve islet engraftment, long-term insulin
independence, and transplant outcomes from
single donors.

Post-transplant Care

To minimize stress on the newly transplanted
islets, tight glycemic control is maintained using
an insulin/glucose sliding scale. It is known that
islets engraft more readily if they are able to do
so in a euglycemic environment [52]. However,
apoptotic islets will release insulin, making the
patient susceptible to hypoglycemia. To prevent
portal vein thrombosis and combat IBMIR (in-
stant blood mediated inflammatory reaction),
unfractionated heparin is infused in the postop-
erative period. Ultrasonography is routinely
performed at day one and one week post-
transplant to rule out intraperitoneal hemor-
rhage and ensure patency of the portal vein. In
addition to immunosuppressive drugs, patients
are discharged home 1–2 days later on a range of
post-transplant medications.

Complications

Procedure-Related Complications

Portal vein thrombosis and major hepatic bleed-
ing account for two of the most serious compli-
cations associated with the percutaneous
approach to islet transplantation [53]. Portal vein
is extremely uncommon now, especially as we
now transplant purer islet preparations and use
heparin in the preparation and also systemically
in the patient. The incidence of bleeding from the
catheter tract was not uncommon in the early
incidences of clinical islet transplantation [53].
Many of these events have all but been elimi-
nated through methods to reduce the catheter
tract. The clinical islet transplantation site in
Edmonton currently utilizes Avitene® paste to
seal and abate the catheter tract. Although seg-
mental vein thrombosis can occur (5% in the
above-mentioned series), main portal vein

thrombosis is extremely rare. This risk is largely
reduced through the administration of unfrac-
tionated heparin (70 units/kg) in the islet prepa-
ration, as well as through instituting systemic
anticoagulation, post-procedure.

Immunosuppression-Related
Complications

Corticosteroids used to form the backbone of
immunosuppression regimes in early clinical islet
transplantation settings and were found to be
quite toxic to islets. The success of the
‘Edmonton Protocol’ is attributed to the
immunosuppression scheme that utilized the
combination of sirolimus, low-dose tacrolimus
and daclizumab in an effort to prevent the dele-
terious effects of calcineurin inhibitors and ster-
oids [54]. In spite of these refinements, most
patients returned to modest amounts of insulin
despite the elimination of recurrent hypo-
glycemia by 5 years post-transplant, clearly
indicating room for improvement [55]. More-
over, b-cell survival and function are also com-
promised due to the proximity of the transplanted
islets to high concentrations of these drugs in the
hepatoportal circulation [56, 57].

Due to the multiple pathways known to con-
tribute to b-cell attrition and the alloresponse to
foreign antigens, it is unlikely that a monother-
apy will optimize clinical islet transplantation
outcomes and lead to single donor recipients
[55]. The implementation of highly potent and
selective biological agents for the initiation and
maintenance of immunosuppression has made
significant progress in reducing the frequency of
acute rejection, prolonging graft survival and
minimizing the complications of these therapeu-
tic schemes [58, 59]. The University of Min-
nesota reported improvements to single donor
success rates as a result of combining anti-
inflammatory biologics to maintenance
immunosuppression [43, 60]. In addition,
peri-transplant insulin and heparin administration
greatly increased the success rate of single donor
islet transplants from 10 to 40% [61].
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Furthermore, the blockade of tumor necrosis
factor alpha with etanercept has also enhanced
single donor islet transplant outcomes [43, 61,
62, 63, 64].

The successful establishment of an immuno-
suppressive regimen that promotes self-tolerance
is critical for the long-term success of clinical
islet transplantation. A tolerizing regimen that
utilizes biologics and techniques that selectively
target donor-reactive T cells while expanding
populations of regulatory T cells, in an ‘islet
friendly’ manner will undoubtedly lead to the
definitive cure of T1DM.

Islet transplant recipients often have some
degree of renal impairment at the time of trans-
plantation, which can be exacerbated by cal-
cineurin inhibitors. This is true even with the low
doses used currently, which can be compounded
with the use of sirolimus [65, 66]. Consequently,
renal function of islet transplant recipients must
be monitored diligently. In addition, islet recipi-
ents are prone to the more generalized immuno-
suppressive complications including leucopenia,
mouth ulcers, infections, and malignancy.

Clinical Islet Transplantation
Outcomes

Since the inception of the Edmonton Protocol,
over 750 islet transplants have been performed in
over 30 International transplant centers around
the world. Unquestionably, the concept of islet
transplantation has evolved in a number of
countries from an experimental procedure to one
that recognized standard clinical therapy.

To date, 677 allogeneic islet transplants have
been reported to the Collaborative Islet Transplant
Registry (CITR). Of these, 44% were insulin
independent at three years post-transplant in the
‘new era’ of islet transplants (2007–2010), as
compared to 27% of clinical islet transplant
recipients in 1999–2002 [67, 68] (Fig. 14.2a).
Moreover, marked improvements in clinical islet
transplantation have been observed from 2007 to
2010, as evidenced by retained C-peptide levels,
reduction in HbA1c levels and reduced islet

reinfusion rates [68]. Shifts in immunosuppression
strategies can account for these success rates,
though improvements to islet engraftment and
subsequent survival are paramount to achieving
durable insulin independence.

In spite of marked improvements in clinical
islet transplantation outcomes and substantial
transplant activity in international islet transplant
centers, few centers are currently active in North
America. In the United States, islet transplanta-
tion is still classified as an experimental therapy,
and as a result immensely lacks the available
funds necessary to conduct and support
large-scale clinical trials. In an effort to support
the FDA biological license application mandate,
two pivotal Phase III clinical trials are currently
being conducted in specialized islet transplanta-
tion centers through the Clinical Islet Transplant
(CIT) Consortium (CIT-06 and CIT-07, Clinical
Trials.gov NCT00468117 and NCT00434811,
respectively). Successful licensure will inevitably
recognize islet transplantation as a clinical ther-
apy, thus expanding its therapeutic applicability
to patients with T1DM in the United States.

The University of Alberta’s Clinical Islet
Transplant Program remains an active site, and in
2013 alone, 66 islet transplants were conducted
at the Edmonton site (Fig. 14.2b). The Edmonton
Group reports that of over 200 patients trans-
planted with more than 400 intraportal islet
preparations, 79% of recipients continue to show
full or partial islet graft function [69]. Notably,
the median duration of insulin independence is
34.6 and 11 months for subjects with full or
partial graft function. Moreover, the duration of
C-peptide is 53.3 and 70.4 months, respectively,
for those same patients [70–72].

To date, the application of islet allotransplan-
tation is only suitable for patients with unstable
glycemic control that is life-threatening (e.g.,
hypoglycemia unawareness) and that cannot be
corrected by standard conventional and intensive
insulin therapies [17]. Patients who exhibit good
glycemic control, as well as children, are not cur-
rently considered for islet allotransplantation, lar-
gely owing to the need for lifelong, chronic
immunosuppression. In a recent trial by Ly et al.,
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sensor-augmented pump therapy with automated
insulin suspension reduced the rate of moderate
and severe hypoglycemia, as well as impaired
hypoglycemia awareness over a 6-month period in
trial participants. Yet, when compared to the
standard insulin pump control group, no change in
glycosylated hemoglobin (HbA1C) was observed
[72]. Conversely, in islet transplant recipients,
HbA1C levels were corrected to levels that could

predictably reverse the secondary consequences of
diabetes [73]. Moreover, a one-way crossover
study conducted by Thompson and colleagues
demonstrated that clinical islet transplantationwas
more effective in reducing progression of diabetic
retinopathy and nephropathy than intensive med-
ical therapy [74]. In this therapeutic setting, the
lifelong need for immunosuppressive therapymay
be readily justified.

Fig. 14.2 Clinical islet
transplant recipients per year.
a Number of islet transplant
recipients per year completed
in North America and
Internationally, registered by
the CITR. b Number of islet
transplant recipients
completed by the Edmonton
Clinical Islet Transplant
Program
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Indications and Patient Selection
for Islet Transplantation

As noted, the current indications for islet allo-
transplantation do not include the pediatric pop-
ulation, though the potential applicability to
children will be explored below (Table 14.1).
Indeed, islet transplantation has been carried out
in children, although most have been in the set-
ting of total pancreatectomy and islet autotrans-
plantation for hereditary pancreatitis. In this
clinical setting the necessity for immunosup-
pression is not required.

Secondary to the procedure and consequences
of the immunosuppressive therapies, there are a
number of risks associated with islet transplan-
tation. As such, adult patients selected for islet
transplantation must have T1DM with
life-threatening complications to justify these
risks. Suitable patient populations include those
with severe and recurrent hypoglycemic
unawareness and/or those with unstable glucose
control despite an optimized insulin regime
(glycemic lability). The latter includes those
requiring hospitalization for hypoglycemia or
ketoacidosis. Those with advanced secondary
complications of T1DM may also be considered.

In addition to thorough characterization of
secondary complications, patient selection also
involves the determination of metabolic status.
Typically, patients are selected provided there is
no endogenous insulin reserve, indicated by the
absence of C-peptide. Patients with elevated BMI
(>30 kg/m2) or weight > 90 kg may be excluded
since the transplanted islet tissue may not
meet metabolic demand. The evaluation of

hypoglycemia and glycemic lability is assessed
through the HYPO score and Lability Index (LI),
respectively, developed by Ryan et al. [75].
While the former is based on the frequency,
severity and degree of unawareness of the
hypoglycemia, the latter is calculated based on
the change in glucose levels over time. Patients
ranking in the 90th percentile for either score are
given consideration for islet transplantation.

Patients selected for islet transplantation
undergo a full cardiac assessment and should
have no evidence of uncontrolled hypertension,
absence of myocardial infarction in the preceding
six months and left ventricular ejection frac-
tion >30%. Since immunosuppressive therapy
(specifically tacrolimus and sirolimus) may
exacerbate renal failure, a glomerular filtration
rate of >80 ml/min/1.73 m2 and no evidence of
macroscopic proteinuria is preferred. All recipi-
ents are also screened for any evidence of early
neoplasias.

Pediatric Islet Allotransplantation—
A Real Possibility?

In the history of solid organ transplantation, it did
not take long for life-saving transplants and the
need for chronic immunosuppression in adults to
be translated to the pediatric population. Some of
the earliest successful liver transplants were
carried out in children, and today end-stage renal
failure in children is optimally managed with
renal transplantation and chronic immunosup-
pression. The risks associated with immunosup-
pression (increased rates of infection and

Table 14.1 Indications and exclusions for islet allotransplantation

Indications for islet transplantation Exclusions for islet transplantation

∙ Type 1 diabetes for >5 years
∙ Above 18 years old
∙ Negative stimulated C-peptide (<0.3 ng/ml)
∙ Despite adequate insulin therapy:
– Hypoglycemic unawarenessa

– Glycemic labilityb

– Composite score >75th percentile

∙ Uncontrolled hypertension
∙ Severe cardiac disease
∙ Macroalbuminuria
∙ Glomerular filtration rate <80 ml/min/1.73 m2

∙ Potential inability to comply with imunosuppression

aClark Score >4, HYPO score > 90th percentile
bLability index >90th
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malignancy, renal impairment and specific
drug-related side effects) are well defined in the
pediatric and adult populations. Whole pancreas
transplantation has rarely been applied to chil-
dren, largely owing to the risk associated with
surgical intervention of such magnitude, as well
as the life-threatening complications. Conse-
quently, such a procedure would be difficult to
justify in a child with T1DM without other
life-threatening complications. It is often ques-
tioned when islet transplantation would be a
suitable therapy for children. If the need for
lifelong immunosuppression could be negated
through the induction of tolerance, then islet
transplantation in children could adequately be
justified. Conversely, with today’s standard of
care treatment, the lifelong commitment to
immunosuppression represents a challenging
balance against the known, unmitigated compli-
cations associated with T1DM.

Alarmingly, the incidence of both T1DM and
type 2 diabetes mellitus (obesity-related diabetes)
is progressively rising in children globally. To
mitigate the long-term complications associated
with diabetes, tight glycemic control must be
maintained, though this is not without inherent
risks. Notably, in children, there are increased
risks of fatal hypoglycemia, behavioral and
cognitive impairment and the masking of future
episodes of hypoglycemia [4, 76, 77].

There are numerous obstacles that are asso-
ciated with the optimal care of this age group,
including accuracy of blood glucose monitors,
family commitment and the compliance of the
patient as they reach adolescence [78]. Children
occasionally face life-threatening, asymptomatic
nocturnal hypoglycemia despite adequate
exogenous insulin therapy [78]. Challenges arise
in adequately identifying these risks at an
appropriate time and improving insulin manage-
ment while ensuring the prevention of a fatal
hypoglycemic episode. Unquestionably, islet
transplantation will likely become a therapeutic
strategy in children with unstable and recalcitrant
forms of T1DM. As inroads continue to be made
in the safety of the procedure itself, as well as
improvements to the side effects associated with
acute and chronic immunosuppression therapies.

Moreover, effective control of the autoimmune
process in type 1 diabetes will be essential if
these approaches are to move forward
successfully.

In the adult population, islet transplantation
has proven effective in preventing hypoglycemic
events and enabling insulin independence. The
requirement for chronic, long-term immunosup-
pression, paired with their potential side effects,
limits its use in this population. As newer, less
toxic immunosuppressive regimens and the
potential for both steroid and calcinerin
inhibitor-free protocols are developed, islet
transplantation may be a possible therapy in very
select groups of children. These include:

• Children suffering from recurrent, severe
hypoglycemic events despite diet and insulin
alterations.

• Children who develop secondary complica-
tions of diabetes, especially retinopathy and
nephropathy, likely leading to severe deficits
in adulthood.

• Those children already on immunosuppres-
sion for a previous solid organ allograft.

From a practical perspective, the first and third
groups would derive the most benefit in light of
the risks associated with islet transplantation and
immunosuppression. However, the optimization
of diet and insulin therapy would need to be
considered in order for islet transplantation to be
implemented. For islet transplantation to be
widely implemented in children, a number of key
questions will need to be answered, including
[78]:

• Will the recipient outgrow the islet mass or
will the islet mass expand over time as the
patient develops?

• Will islets from one donor be sufficient to
promote insulin independence?

• Will adolescent patients be able to comply
with maintenance immunotherapy after suc-
cessful islet transplantation?

• How should immunosuppressive regimens be
tailored in female patients who wish to con-
ceive in early adulthood?
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Elucidating answers to these questions are
critical for the application of clinical islet trans-
plantation in children afflicted with T1DM.

Concluding Remarks

Undoubtedly, improvements in human islet iso-
lation, the introduction of the ‘Edmonton Proto-
col’, and more recent developments in anti-
inflammatory and immunosuppressive strategies
have played a major role in improving the results
and activity of clinical islet transplantation. Islet
transplantation cannot currently be defined as a
cure for T1DM, though this therapeutic treatment
can offer an improved quality of life in recipients,
evidenced by remarkable stability of glycemic
control and correction of HbA1C. Such clinical
outcomes provide an increasing number of
patients with sustained periods of complete inde-
pendence from insulin. Prevention of
life-threatening hypoglycemia is a major advance
that can often not be sustained by optimized
exogenous insulin therapy. Continued, concerted
efforts are still required to further establish islet
transplantation as a suitable treatment modality
for all patients afflicted with T1DM. The appli-
cability of whole organ allotransplantation in
children emphasizes the ongoing need to establish
less toxic immunosuppression regimes aimed to
improve all lives of those afflicted with T1DM.
This need calls for a continued rapid drive to
transition islet transplantation as a treatment for
some, to a therapy for all.
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15Diabetes in the Pediatric
Surgical Patient

Ari J. Wassner and Michael S.D. Agus

Diabetes mellitus is a syndrome of persistent
hyperglycemia due to impaired insulin produc-
tion or action. Children with diabetes generally
require the same types of surgical care as non-
diabetic children, but the acute and chronic
consequences of diabetes and its treatment
require special considerations in their periopera-
tive care. The annual incidence of diabetes in the
United States is about 1/4000 children, but the
worldwide incidence varies markedly by geo-
graphic location and ethnicity [1]. Compared to
other comorbid conditions that pose particular
surgical risks, diabetes is similar in incidence to
cystic fibrosis (1/3500) and muscular dystrophy
(1/3300), and much more common than acute
leukemia (1/33,000). Moreover, the incidence of
pediatric diabetes is rising. Thus, diabetes will be
encountered frequently in pediatric surgical
practice, and familiarity with the principles of its
pathophysiology, treatment, and potential com-
plications is critical for providing optimal surgi-
cal care to these patients.

Diagnosis

The normal range of random blood glucose val-
ues is approximately 60–140 mg/dL (4.0–
7.8 mmol/L). Normal blood glucose is <100
mg/dL (5.6 mmol/L) in the fasting state,
and <140 mg/dL (7.8 mmol/L) two hours after a
glucose load. Persistent hyperglycemia above
this range indicates abnormal glucose metabo-
lism. The diagnosis of diabetes mellitus is
defined by one or more of the following:

1. Classic symptoms of diabetes with blood
glucose � 200 mg/dL (11.1 mmol/L) (with-
out respect to timing of last caloric intake);

2. Fasting blood glucose � 126 mg/dL
(7 mmol/L) (no caloric intake within 8 h);

3. Blood glucose � 200 mg/dL (11.1 mmol/L)
obtained 2 h after ingestion of a standard
glucose load (1.75 g/kg, maximum 75 g);

4. Hemoglobin A1c (HbA1c) � 6.5%
(although this criterion may be less applicable
in children than in adults).

All diagnostic criteria are based on plasma
values performed in a laboratory; the diagnosis
of diabetes cannot be made using “finger-prick”
testing. Unless the diagnosis is clinically
unequivocal (e.g., a patient presenting in diabetic
ketoacidosis), abnormal values should be con-
firmed by repeat testing on a different day [2].

Typical symptoms of diabetes include poly-
dipsia, polyuria, weight loss, fatigue, and
malaise. Appetite may be increased due to the
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insulin-deficient starvation state, but may also be
decreased due to malaise and ketonemia.
Hyperglycemia and glycosuria may lead to can-
didal infections of the genital area in toddlers and
young children. A preceding viral illness is
commonly reported prior to the onset of symp-
toms; such infections do not cause diabetes, but
may trigger the appearance of symptoms due to
increased hyperglycemia under the stress of ill-
ness or, in type 1 diabetes, increased
immune-mediated beta cell destruction.

Pathophysiology and Classification

Normal Glucose Homeostasis

Glucose is the primary metabolic substrate used
by most tissues to generate energy for cellular
processes. Tissue uptake of glucose from the
blood requires insulin, which is secreted from
beta cells located within the pancreatic islets of
Langerhans. Insulin secretion is regulated by
blood glucose concentration, which is continu-
ously sensed by beta cells. In response to a rise in
blood glucose, beta cells release insulin to pro-
mote the uptake of circulating glucose into
tissues.

Insulin is the primary hormone of the fed
state, in which carbohydrate, protein, and fat that
have just been consumed are available for dis-
position. The overall effect of insulin is to lower
blood glucose. In the liver, insulin stimulates the
conversion of glucose into glycogen, a storage
form that serves as a short-term reserve of glu-
cose. Insulin also decreases hepatic production of
glucose by inhibiting both breakdown of glyco-
gen (glycogenolysis) and synthesis of new glu-
cose (gluconeogenesis). Finally, insulin promotes
the storage of excess metabolic energy in the
form of fat, and inhibits breakdown of triglyc-
erides and release and oxidation of fatty acids.

In the normal fasting state, blood glucose is
maintained by a number of mechanisms. Insulin
secretion is suppressed when the blood glucose
drops below about 70 mg/dL (3.9 mmol/L) [3].

At the same time, there is increased production of
glucagon, epinephrine (adrenaline), growth hor-
mone, and cortisol, which are often termed
counterregulatory hormones because their effects
on glucose metabolism oppose those of insulin.
Under the influence of these hormones, hepatic
glucose production and release are increased via
gluconeogenesis; increased breakdown of
glycogen occurs until stores are exhausted. Fat is
broken down into free fatty acids, which are
oxidized to provide energy for gluconeogenesis.

Ketones are small organic acids produced as a
side product of fatty acid oxidation. Ketones
serve an important role in normal fasting as an
alternative metabolic substrate when glucose is
scarce. Unlike many other tissues that can use
other substrates as well (such as lactate or free
fatty acids), the brain can effectively metabolize
only glucose and ketones. Therefore, ketones are
a critical alternative fuel for the brain during
normal fasting or hypoglycemia. However,
because ketones are acids, their accumulation can
lead to metabolic acidosis. The most clinically
important ketones are beta-hydroxybutyric acid
and acetoacetic acid. Beta-hydroxybutyric acid
can be measured in the serum, whereas ace-
toacetic acid is detected by the ketone assay on
routine urinalysis.

Uncontrolled diabetes is, by definition, a state
of inadequate insulin action. Although blood
glucose is elevated, there is insufficient insulin
action for glucose to be taken up by tissues, in
effect mimicking a persistent state of starvation.
Hyperglycemia above the threshold for renal
glucose reabsorption causes glucosuria, osmotic
diuresis, and polyuria. Urinary water loss leads to
dehydration, which along with hyperosmolality
due to hyperglycemia causes polydipsia. Weight
loss occurs as ingested calories cannot be utilized
and are excreted in the urine. At the same time,
the metabolic consequences of starvation ensue.
In the absence of insulin action, counterregula-
tory hormones increase, stimulating unregulated
hepatic glucose production (which exacerbates
hyperglycemia), fatty acid oxidation, and ketone
production.
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Type 1 Diabetes

Type 1 diabetes is the most common form of
diabetes in children. It accounts for the vast
majority (*90%) of pediatric diabetes overall,
and almost all diabetes in children under
10 years of age, although type 2 diabetes has
become increasingly common in older children
and adolescents over recent years [1, 4]. Type 1
diabetes is characterized by profound insulin
deficiency that, if untreated, inevitably results in
severe hyperglycemia, ketoacidosis, and death.
Although a number of alternative theories have
been proposed, type 1 diabetes is widely believed
to be caused by cell-mediated autoimmune
destruction of pancreatic beta cells, leading to
complete insulin deficiency. Autoantibodies to
pancreatic antigens are markers of autoimmune
beta cell damage and are present at diagnosis in
nearly all patients with type 1 diabetes [5]. The
pancreas has a large reserve of beta cells, and
autoimmune beta cell destruction proceeds sub-
clinically for months to years, becoming clini-
cally evident only when residual beta cell
function falls below the threshold needed to
maintain euglycemia.

Type 2 Diabetes

Type 2 diabetes is caused by inadequate insulin
action due to a combination of peripheral insulin
resistance and decreased insulin secretion. Insu-
lin resistance most often develops in the context
of obesity and is a component of the metabolic
syndrome. As insulin resistance emerges, insulin
action becomes inadequate and intermittent
hyperglycemia develops. Initially, beta cells
compensate for peripheral insulin resistance by
increasing insulin production. However, over
time worsening insulin resistance and/or the
strain of compensation causes beta cells function
to decline. When insufficient insulin is produced
to overcome insulin resistance, type 2 diabetes
results. Thus, type 2 diabetes is caused by rela-
tive insulin deficiency, in contrast to the absolute
deficiency that characterizes type 1 diabetes. For
this reason, diabetic ketoacidosis is much less

common in type 2 diabetes, although it can occur
under physiologic stress such as surgery, injury,
or infection.

Other Forms of Diabetes

Several other forms of diabetes fall outside the
classification of type 1 and type 2 diabetes
(Table 15.1). Although their pathogenesis is
diverse, their common feature is inadequate
insulin action, whether due to insufficient insulin
production, insulin resistance, or a combination.
The incidence of these conditions is rising in the
pediatric population, and they are likely to be
encountered increasingly in pediatric surgical
practice. Indeed, diabetes may occur in any
condition in which there is generalized loss of
pancreatic function. Severe or recurrent pancre-
atitis may lead to loss of beta cell mass and
diabetes. Similarly, patients may develop dia-
betes after complete or partial pancreatectomy,

Table 15.1 Common causes of diabetes mellitus in
children

Type 1 (absolute insulin deficiency)
A. Autoimmune
B. Idiopathic

Type 2 (insulin resistance and relative insulin deficiency)

Genetic disorders of insulin secretion
A. Monogenic diabetes
B. Mitochondrial diabetes

Disorders of pancreatic function
A. Cystic fibrosis
B. Pancreatitis
C. Trauma
D. Post-pancreatectomy

Drug-induced diabetes
A. Glucocorticoids
B. Tacrolimus
C. Cyclosporine
D. Atypical antipsychotics

Endocrinopathies
A. Cushing syndrome
B. Pheochromocytoma
C. Acromegaly
D. Hyperthyroidism

Adapted from [2], with permission
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depending on the amount of residual pancreatic
function. Because of the redundancy of beta cell
function, pancreatic damage or resection must be
extensive to result in diabetes.

Cystic fibrosis-related diabetes (CFRD) is a
common complication of cystic fibrosis, occur-
ring in up to 50% of patients by age 30 [6].
Inspissation of pancreatic secretions causes pro-
gressive pancreatic injury that leads over time to
beta cell loss and insulin deficiency. In addition,
patients with cystic fibrosis may have frequent
infections and may be treated with glucocorti-
coids, both of which contribute to insulin resis-
tance. Since these patients generally maintain
some insulin production, ketoacidosis is rare in
CFRD. The presence of CFRD has been associ-
ated with decreased pulmonary function and
increased mortality, risks that appear to improve
with control of CFRD.

Numerous medications are associated with the
development of diabetes. Glucocorticoids
increase hepatic glucose production and insulin
resistance, and chronic treatment (e.g., for severe
asthma, inflammatory conditions, renal disease,
or post-transplant immunosuppression) can result
in diabetes. Tacrolimus and cyclosporine, fre-
quently used in the post-transplant setting, can
cause diabetes, possibly by causing direct injury
to beta cells. Atypical antipsychotics such as
olanzapine, quetiapine, and risperidone are
associated with diabetes and are being prescribed
to pediatric patients with increasing frequency.

Genetic forms of diabetes are increasingly
being recognized. Monogenic diabetes (previ-
ously termed maturity onset diabetes of youth, or
MODY) is a family of syndromes caused by
single-gene defects in the molecular pathways of
beta cell glucose sensing and insulin secretion.
Mitochondrial diabetes is caused by mutations in
mitochondrial proteins that are an integral part of
these pathways. In general, all of these defects
lead to inadequate insulin release in response to
hyperglycemia. Monogenic and mitochondrial
diabetes are generally less severe and slower in
onset than type 1 diabetes. Some patients with
monogenic or mitochondrial diabetes can be
managed with oral hypoglycemic agents, but
many require insulin therapy.

Treatment of Type 1 Diabetes

The overall goal of treatment in type 1 diabetes
is to maintain a glycemic profile as close to
normal as possible. Overall glycemic control is
most often assessed by measuring the blood
level of HbA1c, which has a direct relationship
with average blood glucose over the preceding
4–12 weeks. HbA1c ranges from 4 to 5.6% in
normal individuals, and a value � 6.5% is
consistent with diabetes. Improving glycemic
control decreases the risk of long-term
microvascular and macrovascular complica-
tions, but also increases the risk of hypo-
glycemia [7, 8]. Thus, ideal management of
diabetes will achieve the tightest glycemic
control possible while avoiding significant
hypoglycemia. Consensus recommendations
vary regarding optimal hemoglobin A1c at dif-
ferent ages [9, 10]. In general, a goal of HbA1c
<7.5% is appropriate for children of all ages,
but this goal may be adjusted upward in
younger patients or in those with a history of
significant hypoglycemia. The goal for older
adolescents should approach the recommended
target for adults (HbA1c <7%).

Patients with type 1 diabetes require contin-
uous treatment with exogenous insulin because
they have no endogenous insulin production.
Complete omission of insulin can lead to diabetic
ketoacidosis in a matter of hours. In the outpa-
tient setting, insulin is administered subcuta-
neously according to a patient-specific regimen.
Insulin regimens are variable, and for a given
patient will depend on many characteristics
including age, severity of disease, desired num-
ber of daily injections, daily schedule, pre-
dictability of eating, and the ability of the patient
and/or caregivers to comply with the regimen.
Therefore, only general principles and basic
strategies of insulin management will be pre-
sented here.

Insulin Preparations and Regimens

Insulin is a 51-amino acid peptide hormone
composed of an alpha- and a beta-chain linked by
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disulfide bonds. Insulin is synthesized in the
pancreatic beta cell as a single polypeptide called
pre-proinsulin, which contains both chains. As
pre-proinsulin assumes its secondary and tertiary
structures, the small peptide linking the alpha-
and beta-chains (termed C-peptide) is cleaved.
C-peptide is released from the beta cell along
with insulin, and can be measured in the serum as
a marker of endogenous insulin production.

In recent years, a number of new insulin
preparations have significantly improved the
flexibility of insulin regimens. Insulin prepara-
tions are generally classified according to their
rapidity of onset and duration of action
(Table 15.2). In general, the shorter acting an
insulin preparation, the earlier its onset of action,
the earlier and more pronounced its peak effect,
and the shorter its duration of action [11–13].
Rapid-acting insulin analogues are convenient
for meal coverage and correction of hyper-
glycemia and are increasingly used in this role in
place of regular insulin, which has the same
structure as the native insulin molecule and is
considered short-acting. The sole intermediate-
acting insulin is neutral protamine Hagedorn

(NPH), which remains in wide use because its
duration of action allows for convenient
twice-daily dosing. Long-acting insulin ana-
logues provide a nearly constant serum level of
insulin; for this reason, they are a common
choice to provide a basal level of insulin
throughout the day, and have largely replaced
older long-acting insulin preparations such as
Lente and Ultralente.

If more than one insulin are given at the same
time, they are often mixed and given as a single
injection (with the exception of glargine and
detemir, which cannot be mixed with other
insulins). Premixed insulin preparations in fixed
proportions are also available that may provide a
simpler option for patients who have difficulty
with several injections per day.

In a normal individual, the pancreas produces
insulin at a low basal rate equivalent to about
0.01–0.02 units/kg/h [14]. Basal insulin is
required even in the fasting state to supply the
metabolic needs of tissues and to prevent
unregulated hepatic production of glucose and
ketones. When food is consumed, the ensuing
rise in blood glucose triggers a sharp increase in

Table 15.2 Summary of insulin preparations

Insulin Onset Peak Duration Typical use

Rapid-acting

Insulin aspart (Novolog®), 10–15 min 30–90 min 3–5 h Prandial, correction

Insulin glulisine (Apidra®) 10–15 min 30–90 min 3–5 h Prandial, correction

Insulin lispro (Humalog®) 10–15 min 30–90 min 3–5 h Prandial, correction

Short-acting

Regular insulin 30–60 min 2–4 h 5–8 h Prandial, correction

Intermediate-acting

NPH (isophane) 2–4 h 4–8 h 12–16 h Basal, prandial

Long-acting

Insulin detemir (Levemir®) 2–4 h Peakless 16–20 h Basal

Insulin glargine (Lantus®) 2–4 h Peakless 20–24 h Basal

Premixed preparations

70% NPA/30% aspart 10–15 min Biphasic 12–16 h Basal/prandial

75% NPL/25% lispro 10–15 min Biphasic 12–16 h Basal/prandial

70% NPH/30% regular 30–60 min Biphasic 12–16 h Basal/prandial

NPA and NPL are intermediate-acting insulin analogues with similar profiles of action to NPH. NPH neutral protamine
hagedorn; NPA neutral protamine aspart; NPL neutral protamine lispro
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insulin production that allows for disposition of
ingested glucose. In type 1 diabetes, the goal of
insulin therapy is to maintain the blood glucose
as close to normal as possible by approximating
the native pattern of basal and prandial insulin
secretion. Thus, all insulin regimens consist of
three components:

• Basal insulin regulates baseline hepatic glu-
cose and ketone production;

• Prandial insulin is given at meals to dispose
of ingested carbohydrate;

• Correction doses of insulin are given at pre-
determined intervals, if necessary, to correct
hyperglycemia.

In the outpatient setting, insulin is adminis-
tered subcutaneously, either as multiple daily
injections, or by continuous infusion using an
insulin pump.

A multiple daily injection regimen is one in
which the patient administers a series of injec-
tions over the course of the day, using insulin
syringes or an insulin pen. Such regimens follow
two general patterns:

(i) Split-Mixed Regimen

This consists of fixed doses of insulin given at
specified times of day. Basal insulin coverage is
provided by NPH given twice daily (generally at
breakfast and at dinner or bedtime). The morning
dose of NPH also provides prandial coverage of
lunch, since NPH has its peak effect 2–4 h after
administration. Rapid- or short-acting insulin is
given at breakfast and dinner for coverage of
these meals. Correction doses for hyperglycemia
are often incorporated by replacing fixed meal-
time doses with a sliding scale of rapid-acting
insulin, in which the insulin dose varies based on
the blood glucose. A split-mixed regimen offers
predictable dosage and timing of injections,
fewer daily injections than other regimens, and
usually does not require an injection at lunch,
making it useful for young children with a con-
sistent daily schedule or who would prefer not to
receive an injection at school. Disadvantages
include lack of flexibility; the fact that snacks are

generally not covered with insulin; and that a
peaking insulin (NPH) is given at bedtime, put-
ting the patient at risk of nocturnal hypo-
glycemia. A simplification of this regimen uses a
premixed insulin (which includes both NPH and
a rapid- or short-acting insulin) given twice daily,
at breakfast and dinner.

(ii) Basal-Bolus Regimen

This is more flexible and more closely mirrors
physiologic insulin secretion. Basal insulin is
provided by one or two daily doses of a
long-acting insulin analogue, which provide a
relatively constant insulin level. Prandial doses
of a rapid-acting insulin analogue are given for
any meal or snack based on its content: the
patient determines the amount of carbohydrate to
be consumed and calculates the appropriate dose
of insulin using an insulin:carbohydrate ratio
(e.g., 1 unit of insulin per 25 g of carbohydrate).
To correct hyperglycemia, rapid-acting insulin
analogue is given based on a correction factor
(or sensitivity factor) and a target blood glucose.
For example, a patient might receive a correction
factor of 1 unit of insulin per 75 mg/dL that the
blood glucose exceeds the target of 120 mg/dL.
Since insulin sensitivity varies over the course of
the day, a patient may have different insulin:-
carbohydrate ratios or correction factors at dif-
ferent times of day. Advantages of a basal-bolus
regimen include closer approximation of physi-
ologic insulin production and increased flexibil-
ity in meal timing and content, but at the expense
of increased complexity and a greater number of
injections per day.

Insulin Pumps

Continuous subcutaneous insulin infusion via an
insulin pump is an increasingly common treat-
ment modality for type 1 diabetes. An insulin
pump is an automated infusion device that con-
tains a reservoir of a rapid-acting insulin ana-
logue. The device is connected directly or via
flexible tubing to a small catheter inserted sub-
cutaneously, and a computer program controls
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the administration of insulin. This setup allows
continuous infusion of rapid-acting insulin ana-
logue as well as bolus doses. The principles of
insulin administration with a pump are identical
to those of a basal-bolus regimen, but an insulin
pump uses only rapid-acting insulin analogue
rather than a combination of long- and
rapid-acting preparations. Basal insulin is pro-
vided as a continuous infusion of rapid-acting
insulin analogue, and this basal rate of infusion
may vary over the course of the day. Prandial
doses are given before meals and snacks using an
insulin:carbohydrate ratio, and a correction factor
is given for hyperglycemia.

Because of its precision and programmability,
an insulin pump allows the most accurate
approximation of physiologic insulin production
of any currently available insulin regimen. It
allows precise dosing and adjustment of the basal
rate, insulin:carbohydrate ratio, and correction
factor, all of which may vary by time of day, with
exercise, or during illness. A pump provides
great flexibility in meal and activity patterns,
avoids the discomfort of multiple injections, and
reduces the risk of hypoglycemia. In addition,
“closed-loop” systems are being developed that
will link an insulin pump to a continuous blood
glucose monitor, with computer algorithms that
mimic normal pancreatic function by adjusting
insulin administration based on blood glucose.
However, like any device, insulin pumps can
experience mechanical, electrical, or software
malfunctions that may cause failure of insulin
delivery. Because rapid-acting insulin analogue
has a short duration of action, interruption of
insulin delivery by the pump can result in dia-
betic ketoacidosis within hours. Therefore, a
patient on an insulin pump and her caregivers
must check blood glucose frequently and remain
constantly alert for the possibility of pump
malfunction.

Blood Glucose Monitoring

Patients with type 1 diabetes must monitor their
blood glucose frequently to achieve optimal

diabetes control. At a minimum, blood glucose
should be measured upon awakening in the
morning, before each meal, and at bedtime. More
frequent monitoring is necessary during periods
of stress, illness, or under other circumstances
that may precipitate either hyper- or hypo-
glycemia. Blood glucose monitoring is most
commonly performed with a glucometer using
capillary whole blood obtained by fingerstick.
However, glucometers have limited precision,
need frequent calibration to ensure accuracy, and
depend on good user technique. Therefore, any
blood glucose value measured by glucometer that
is inconsistent with the clinical scenario should
be repeated after addressing potential sources of
error. In the inpatient setting, a laboratory mea-
surement is useful if uncertainty remains.

Treatment of Type 2 Diabetes

Patients with type 2 diabetes differ from those
with type 1 in that they continue to produce some
endogenous insulin that is nevertheless insuffi-
cient to overcome their peripheral insulin resis-
tance. Therefore, the primary treatment strategies
for type 2 diabetes are directed at improving
insulin sensitivity, with insulin therapy being
reserved for patients who are unable to achieve
adequate diabetes control with such measures.
Improved control of type 2 diabetes decreases the
risk of both microvascular and macrovascular
complications, and treatment goals are equivalent
to those for type 1 diabetes, including goals for
HbA1c [15–17].

Lifestyle Modification

The first line of therapy in type 2 diabetes is
lifestyle modification. Insulin resistance is clo-
sely related to obesity and can be markedly
improved with sufficient weight loss. In addition
to contributing to weight loss, increasing exercise
has an independent effect on improving blood
glucose and insulin sensitivity. Improving diet
and exercise alone can be quite effective in
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improving HbA1c [18]. However, lifestyle
modifications can be difficult to sustain and
compliance is often poor, and many patients are
unable to achieve adequate control of their dia-
betes by these means alone.

Metformin

In pediatric patients with type 2 diabetes who do
not respond adequately to lifestyle modification,
metformin is frequently the first medication that
is initiated. Metformin’s mechanism is action is
not fully understood, but it appears to improve
insulin sensitivity. It increases peripheral glucose
uptake to some degree, but its effect is most
pronounced in the liver, where increased insulin
action leads to decreased gluconeogenesis. Met-
formin is given orally once or twice daily, and
extended release formulations are available. The
most common adverse effects of metformin are
gastrointestinal symptoms, including nausea and
diarrhea, which can often be avoiding by starting
at a low dose and titrating up slowly.

The most worrisome potential adverse effect
of metformin is lactic acidosis, which can be
life-threatening. Because metformin is exclu-
sively excreted by the kidney, the risk of lactic
acidosis is increased in situations of reduced
kidney function such as dehydration, shock, or
renal insufficiency. Although lactic acidosis was
described with an earlier related drug, phen-
formin, it is not clear whether metformin carries
the same risk. A large meta-analysis failed to
show any increased risk of lactic acidosis of
metformin over other treatments for hyper-
glycemia in the ambulatory setting [19]. How-
ever, given the potential severity of this side
effect, most experts continue to recommend
caution around anesthesia and surgery, which
may decrease renal perfusion and increase the
risk of lactic acidosis. Therefore, metformin
should be stopped 24 h prior to an elective pro-
cedure, and can be restarted postoperatively once
adequate renal function has been ensured. Met-
formin should also be held prior to the admin-
istration of radiographic contrast that may impair
kidney function.

Sulfonylureas and Meglitinides

These two classes of oral medications enhance
endogenous insulin production by directly stim-
ulating insulin release from the pancreatic beta
cell. Meglitinides (rapeglinide, nateglinide) are
short-acting and a given immediately before each
meal. Sulfonylureas (glipizide, glyburide, gli-
clazide, glimepiride) have various durations of
action, and may be taken one or more times
daily. In part because of the adverse effect of
hypoglycemia, sulfonylureas are used infre-
quently in children. Hypoglycemia is more
common with longer acting formulations and in
the setting of other risk factors such as decreased
caloric intake, stress, or illness. Therefore, these
medications should be stopped on the day of an
elective surgical procedure.

Thiazolidinediones

Only two agents in this class, pioglitazone and
rosiglitazone, are currently available routinely.
Neither is approved for use in children, but they are
used occasionally in older adolescents who do not
tolerate metformin. Thiazolidinediones improve
insulin sensitivity by interacting with peroxisome
proliferator-activated receptor gamma (PPAR-c)
to increase glucose utilization and decrease glu-
cose production. In adults, these agents are about
as effective asmetformin asmonotherapy, but they
are more expensive and have more associated
adverse effects: in particular, rosiglitazone has
been associated with an increased risk of cardio-
vascular events. Both agents rarely cause hepatitis,
particularly in the setting of other risk factors.
More commonly, thiazolidinediones cause weight
gain, as well as fluid retention that can lead to
peripheral edema and heart failure. These medi-
cations should be stopped on the day of an elective
surgical procedure.

Insulin in Type 2 Diabetes

Patients with type 2 diabetes who are unable to
achieve adequate control with lifestyle
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modifications and oral medication require insulin.
However, practices vary as to the precise criteria
for starting insulin therapy in pediatric patients
with type 2 diabetes: persistent elevation of
HbA1c, fasting or postprandial hyperglycemia,
ketosis, or symptoms of diabetes despite oral
therapy are all potential reasons to initiate insulin.
The principles of insulin therapy are similar to
those in type 1 diabetes, though there are impor-
tant differences. First, due to their insulin resis-
tance, individuals with type 2 diabetes generally
require substantially higher doses of insulin than
those with type 1 diabetes. Second, because
patients with type 2 diabetes are not absolutely
insulin deficient, they generally do not require
continuous treatment with insulin to prevent
ketoacidosis. The same types of insulin regimens
are employed in type 2 diabetes as in type 1, with
the exception that insulin pumps are infrequently
used. Many patients achieve adequate control
with only a basal dose of long-acting insulin
analogue. Others use a correction factor (or slid-
ing scale) of rapid-acting insulin analogue to
correct hyperglycemia. Split-mixed insulin regi-
mens for type 2 diabetes often consist of two daily
injections of a premixed insulin preparation given
before breakfast and dinner.

Complications of Diabetes

Diabetic Ketoacidosis (DKA)

DKA is a severe complication of diabetes that
can be life-threatening if not detected and treated
urgently. DKA is defined by the presence of the
following:

1. Blood glucose � 200 mg/dL
2. Ketones in the urine and serum
3. Metabolic acidosis, with arterial pH < 7.35,

venous pH < 7.30, or bicarbonate <15 mg/dL.

Insulin suppresses glucose production by the
liver (glycogenolysis and gluconeogenesis) and
oxidation of fatty acids to ketones. When insulin
action is insufficient in uncontrolled diabetes,
these processes proceed unchecked. The liver

produces excess glucose, and tissue uptake of
glucose is reduced, leading to hyperglycemia. At
the same time, the accumulation of ketones—
which are organic acids—leads to metabolic
acidosis. Dehydration is an invariable finding in
DKA and an important factor in its pathogenesis.
Factors contributing to dehydration include
osmotic diuresis due to glycosuria, nausea and
vomiting due to ketonemia, and respiratory los-
ses due to compensation for metabolic acidosis.
Dehydration decreases the glomerular filtration
rate, which further worsens both hyperglycemia
and ketonemia due to decreased excretion. As
dehydration worsens, decreased tissue perfusion
may lead to lactic acidosis that can further
exacerbate metabolic acidosis.

The primary treatments for DKA are rehy-
dration and insulin administration. During the
therapeutic course these are titrated, along with
appropriate electrolyte infusions, to steadily close
the anion gap, resolve ketosis, and normalize
blood glucose and electrolytes. Surgical inter-
vention during DKA should be avoided if at all
possible.

Hyperosmolar Hyperglycemic
Syndrome (HHS)

It has long been recognized that patients with
diabetes may develop a syndrome of severe
hyperglycemia, hyperosmolality, and dehydra-
tion, but without the severe ketosis and metabolic
acidosis that characterize diabetic ketoacidosis.
This hyperosmolar hyperglycemia syndrome
(HHS) is defined by:

1. Blood glucose >600 mg/dL
2. Serum osmolality >320 mOsm/kg
3. Absent or minimal ketones in urine or serum.

HHS is more common in obese patients, most
of whom have type 2 diabetes, but it can occur in
type 1 diabetes and has been reported in cystic
fibrosis-related diabetes. HHS and DKA are
thought to lie on a spectrum of deficient insulin
action. While DKA occurs in the setting of sev-
ere insulin deficiency, HHS is thought to occur
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when insulin action is reduced to the point that it
can suppress ketogenesis but not control hyper-
glycemia, which leads to osmotic diuresis and
dehydration. As dehydration worsens, renal per-
fusion declines and less glucose is excreted,
causing progressive hyperglycemia and hyper-
osmolality. Polydipsia may exacerbate hyper-
glycemia if the patient drinks glucose-containing
beverages such as juice or soda.

Patients with HHS are profoundly dehydrated,
but because hyperosmolality helps preserve
intravascular volume, the true degree of dehy-
dration may be difficult to assess clinically.
Confusion, lethargy, and coma are frequent pre-
sent when hyperosmolality is severe. Acidosis is
uncommon (10–30%), and if present is due to
lactic acidosis from decreased perfusion rather to
ketoacidosis. Death occurs in up to 40% of cases
and is usually caused by multiorgan failure due
to hypovolemic shock, emphasizing the impor-
tance of early and aggressive volume resuscita-
tion. Other complications include renal failure,
rhabdomyolysis, hyperthermia, pancreatitis,
hypokalemia, and hypophosphatemia. Treatment
should take place in an intensive care setting and
consists of fluid resuscitation with isotonic saline
(at least 40 mL/kg initially), with administration
of insulin only after the blood glucose has ceased
to fall with further hydration [20].

Hypoglycemia

Hypoglycemia (blood glucose < 70 mg/dL
or 3.9 mmol/L) is the most common acute
complication of diabetes, and is generally caused
by diabetes therapy rather than by the disease
itself. Although hypoglycemia is occasionally
caused by frank overdose of insulin or an oral
insulin secretagogue, in the vast majority of cases
hypoglycemia is due to a mismatch between
insulin dose and carbohydrate intake. The most
common precipitant is a decrease in carbohydrate
intake without a corresponding adjustment of
insulin doing, such as during a prolonged fast or
a gastrointestinal illness. In the hospital setting,
patients who are unable to eat in the periopera-
tive period and do not receive sufficient

carbohydrate by another route (e.g., intravenous
dextrose) are at risk for hypoglycemia if their
insulin dosing is not reduced accordingly.

Symptoms of hypoglycemia can be loosely
classified as adrenergic or neuroglycopenic.
Classic adrenergic symptoms of agitation, shak-
iness, weakness, pallor, diaphoresis, and nausea
are caused by the release of epinephrine in
response to hypoglycemia. Neuroglycopenic
symptoms are due to the lack of sufficient glu-
cose to sustain normal brain activity and include
confusion, altered speech, lethargy, obtundation,
or seizure. If hypoglycemia occurs repeatedly,
habituation may occur with loss of the adrenergic
response. Hypoglycemia unawareness due to
lack of adrenergic symptoms puts patients at risk
for severe life-threatening hypoglycemia, since
they may not recognize hypoglycemia until the
point of neuroglycopenia, at which point they
may be unable to respond appropriately. Know-
ing that a patient has a history of hypoglycemia
unawareness may influence monitoring for
hypoglycemia in the inpatient setting.

Risk of Infection

Uncontrolled diabetes predisposes to infection in
a number of ways. First, hyperglycemia impairs
neutrophil chemotaxis and function. In patients
with microvascular disease, decreased perfusion
to injured areas may further impair the immune
response as well as delay wound healing. With
respect to surgical site infections, hyperglycemia
may also interfere with collagen structure to
impair wound healing and tensile strength. His-
torically, adults with diabetes have had a 10-fold
higher rate of postoperative wound infections
than those without diabetes [21]. Adults with a
preoperative HbA1c above 7% have an overall
twofold increased risk of postoperative infection,
including wound infection, pneumonia, sepsis,
and urinary tract infection [22]. Therefore, the
degree of preexisting glycemic control has
important implications for surgical planning in
patients with diabetes. Postoperative glycemic
control also affects the risk of infection (see
Sect. 8).
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Microvascular and Macrovascular
Complications

Sustained hyperglycemia causes abnormal gly-
cation of cellular proteins and metabolic alter-
ations that damage endothelial cells. In patients
with uncontrolled diabetes, progressive
endothelial injury leads to a variety of vascular
complications. Microvascular disease in the
retina, glomerulus, and vasa nervorum manifests
as diabetic retinopathy, nephropathy, and neu-
ropathy, respectively. Changes in larger vessels
lead to macrovascular complications such as
atherosclerosis, myocardial ischemia, and stroke.
These risks are further magnified by dyslipidemia
and hypertension, which are more common in
diabetic patients. Once established, the combi-
nation of peripheral neuropathy and vasculopa-
thy increases the risk of lower extremity
infections. Autonomic neuropathy can cause
delayed gastic emptying and gastroparesis.

The risk of both microvascular and
macrovascular complications depends on the
magnitude and duration of hyperglycemia. These
complications generally develop over the course
of years, and are fortunately uncommon in chil-
dren. Retinopathy, nephropathy, and mild neu-
ropathy may be present if diabetes is severe and
uncontrolled for a prolonged period. Dyslipi-
demia and hypertension are relatively common,
but macrovascular complications and significant
neuropathy (including gastroparesis) are very
rare in children. Improved glycemic control (as
assessed by lower HbA1c) has been demon-
strated to decrease the risk of microvascular and
macrovascular complications in both type 1 and
type 2 diabetes [7, 8, 15–17].

Preoperative Evaluation

Planning for elective surgery in a patient with
diabetes must take into account the type of dia-
betes, the degree of glycemic control, preexisting
complications, and the complexity and duration
of the surgical procedure. A patient with type 1
diabetes has absolute insulin deficiency and a
higher risk of ketoacidosis than patients with

other types of diabetes. Poor glycemic control
increases the risk of postoperative infection, the
likelihood of perioperative hyperglycemia (and
accompanying risks of ketoacidosis or hyperos-
molar hyperglycemia syndrome), and is associ-
ated with increased perioperative mortality [23].
Although there is no clear HbA1c threshold for
these risks, it appears that risk of complications
increases progressively with worsening diabetes
control. Major surgery will affect glycemic con-
trol more than minor surgery, and requires a
more intensive approach to perioperative gly-
cemic management.

Elective surgery should occur when the
patient’s diabetes is under the best possible
control, ideally with HbA1c in the goal range.
However, many patients are not able to achieve
such control, or to do so in a reasonable time
frame, and a preoperative HbA1c near the goal
range may be sufficient. Indeed, there is no clear
consensus on acceptable ranges of preoperative
HbA1c prior to elective surgery, but the follow-
ing have been proposed: 7–9% for children under
5 years; 6–8.5% for those 5–13 years; and 6–8%
for those over 13 years [24]. The more extensive
the surgery, the more significant the periopera-
tive risks and the need to ensure good glycemic
control preoperatively. If control is not adequate,
surgery should be deferred until the HbA1c has
improved. When surgery must be performed as
an emergency, glycemic control obviously can-
not be assured, but a rapid preoperative evalua-
tion can still assess perioperative needs and the
risk of complications.

The preoperative history should include the
patient’s type of diabetes and its duration; treat-
ment regimen, including insulin and/or oral
medications; and last HbA1c measurement.
A history of acute and chronic complications
should be elicited, including ketoacidosis or
hyperosmolar hyperglycemic syndrome,
diabetes-related hospitalizations, nephropathy,
neuropathy, and diabetes-related complications
of any previous surgeries. A history of frequent
hypoglycemia, as well as the patient’s ability to
recognize symptoms of hypoglycemia, should be
elicited. The presence of associated conditions
such as dyslipidemia, hypertension, and (in type
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1 diabetes) hypothyroidism should also be
assessed. The patient’s primary diabetologist/
endocrinologist should be identified, and com-
munication between physicians regarding peri-
operative diabetes management is vital to ensure
optimal perioperative diabetes care.

The physical examination should include
routine vital signs, including blood pressure.
Acanthosis nigricans indicates insulin resistance
and may be present in overweight or obese
individuals with any type of diabetes. In a patient
with type 1 diabetes, an abnormal thyroid exam
may indicate autoimmune thyroiditis. Areas of
the skin where insulin is routinely injected
should be examined for erythema that may sug-
gest infection. Cutaneous lipohypertrophy or
lipoatrophy due to repeated insulin administra-
tion may impair absorption of future insulin
doses given at that site.

Preoperative laboratory studies specific to
diabetes include HbA1c, blood glucose, and
electrolytes. For patients taking metformin, renal
function and liver transaminase should be mea-
sured. In patients in whom autoimmune thy-
roiditis is present or suspected, a thyroid
stimulating hormone (TSH) may be measured;
abnormal results should prompt consultation
with the patient’s diabetologist/endocrinologist
prior to surgery.

General Principles of Perioperative
Management

Diabetes Management in the Fasting
Patient

Nearly all patients will be required to fast for
some period prior to, during, and after surgery.
Therefore, the principles of perioperative dia-
betes management are fundamentally those of
managing diabetes in a fasting patient. These
general principles can be applied to all phases of
perioperative care, as well as to patients fasting
for other reasons (e.g., illness, preparation for a
diagnostic study, etc.). In this setting, a fasting
patient is considered to be one who is not

receiving enteral nutrition sufficient to meet
minimum caloric and fluid needs. All patients
treated with insulin are managed similarly while
fasting regardless of their type of diabetes. Dif-
ferences for diabetic patients who are not on
insulin therapy are noted where appropriate.

Care of any fasting patient treated with insulin
includes four basic elements:

1. Continuous infusion of intravenous glucose,
2. Frequent monitoring of blood glucose,
3. Continuous provision of basal insulin, and
4. Intermittent doses of rapid- or short-acting

insulin to correct hyperglycemia.

Any patient who fasts for a prolonged period,
whether or not he has diabetes, requires infusion
of glucose to serve as metabolic substrate.
Intravenous glucose should not be withheld
simply due to the presence of diabetes, since this
may lead to hypoglycemia. Infusion of fluid
containing 5% dextrose (D5) at the standard
maintenance rate for body mass is an appropriate
starting point for most patients. The rate of
infusion or concentration of dextrose may be
increased if necessary to manage hypoglycemia.
If hyperglycemia is present, in general it should
be corrected with additional insulin rather than
withholding glucose.

A fasting patient with diabetes should have
his or her blood glucose monitored at minimum
every 3–4 h. More frequent monitoring is nec-
essary if significant hyper- or hypoglycemia is
present. Monitoring every 30–60 min is appro-
priate if rapid fluctuations are possible, including
intraoperatively or during an intravenous insulin
infusion. Any patient with type 1 diabetes
requires a continuous supply of basal insulin at
all times, even while fasting, to avoid hyper-
glycemia, ketosis, and eventually ketoacidosis.
Basal insulin is by definition that required for
metabolic needs when the patient is not eating;
therefore, if the patient’s home dose of basal
insulin has been properly determined, the same
dose should be appropriate in the fasting state.
Basal insulin preparations that provide continu-
ous, peakless coverage (i.e., glargine, detemir, or
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insulin pump basal rates) generally require no
dose adjustment for fasting. If the patient has
persistent blood glucose values below 80 mg/dL
(4.4 mmol/L) or above 250 mg/dL (13.9
mmol/L), the dose should be decreased or
increased by 10–20%, respectively. Since NPH
has a pronounced peak effect that may cause
hypoglycemia if the patient does not eat, NPH
doses should be decreased by one third to one
half during fasting.

In addition to basal insulin, patients with
diabetes require intermittent doses of rapid- or
short-acting insulin to correct hyperglycemia.
Rapid-acting insulin analogues are often pre-
ferred due to their fast onset and short duration of
action. Rapid-acting insulin analogue should be
given every 3–4 h as needed for hyperglycemia,
using a correction factor based on the measured
blood glucose at that time. The exact correction
factor to be used is different for each patient and
should be calculated and recommended by the
treating endocrinologist. Rapid-acting insulin
analogue should not be given more frequently
than every 3 h, because hypoglycemia may result
if a second dose is given while a prior dose is still
acting (known as “dose stacking”). Occasionally,
conventional basal insulin may be omitted and
continuous insulin coverage provided using only
frequent correction doses of a rapid-acting insu-
lin analogue every 3–4 h. This approach is
effective when greater dosing flexibility is
desired, or when a long-acting preparation is not
desirable (e.g., in an intensive care setting).
However, this regimen requires close supervi-
sion, as a missed insulin dose will leave the
patient without insulin coverage and vulnerable
to rapid onset of ketoacidosis.

Using the above principles, the following
general approach is a reasonable starting point in
the majority of fasting patients with diabetes
treated with subcutaneous insulin in any phase
perioperative management:

• Infuse intravenous fluids containing 5% dex-
trose at the standard maintenance rate for
body mass;

• Check blood glucose every 3 h (check hourly
intraoperatively, or if using an insulin
infusion);

• Ensure basal insulin coverage using a
long-acting insulin analogue, NPH, or insulin
pump basal rate (with any necessary dose
adjustments);

• Correct hyperglycemia with rapid-acting
insulin analogue every 3 h using a correc-
tion factor or sliding scale.

Patients with type 2 diabetes who are treated
with insulin are managed similarly to those
with type 1 diabetes. Intravenous dextrose and
frequent blood glucose monitoring are required.
Those on basal insulin should continue to
receive it perioperatively, with dose adjust-
ments if necessary as discussed above. Patients
who receive only intermittent insulin at base-
line can be managed effectively with repeated
correction doses of rapid-acting insulin ana-
logue every 3–4 h. Since hyperglycemia is
exaggerated by the stress of surgery, patients
who are controlled only on oral medication at
baseline may require insulin perioperatively.
For such patients, rapid-acting insulin analogue
(0.1 unit/kg) may be used as an initial cor-
rection dose, with dose adjustments if needed
based on the response.

Intravenous Insulin Infusions

Minor surgery often causes little disturbance in
glycemic control, and most patients can be
managed throughout their perioperative course
with subcutaneous insulin. For major surgery, the
metabolic changes are more significant and
intravenous insulin infusion is preferred. Intra-
venous insulin should also be used whenever
strict glycemic control is desired, or when poor
perfusion may compromise absorption of insulin
via the skin. Regular insulin is the recommended
formulation for intravenous use; rapid-acting
insulin analogues are equally effective, but are
more expensive and have no advantage over
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regular insulin when given intravenously. Intra-
venous regular insulin has a short serum half-life
(4–7 min) and therefore is best delivered as a
continuous infusion, the rate of which can be
finely titrated and rapidly adjusted with changes
in the patient’s condition. Drawbacks to an
insulin infusion include the need for continuous
intravenous access and very close monitoring of
blood glucose to prevent hyper- or hypo-
glycemia. Because of the need for intensive
monitoring, many institutions restrict the use of
intravenous insulin infusions to operating rooms
and critical care units.

An intravenous insulin infusion should be
used intraoperatively for major surgery, includ-
ing long (>2 h), complex, or extensive proce-
dures that may cause rapid or significant
fluctuations in blood glucose. The intravenous
route should also be used if hemodynamic or
temperature alterations are likely to compromise
cutaneous perfusion. While on intravenous
insulin, patients should receive an infusion of
glucose-containing fluids (5–10% dextrose) to
prevent hypoglycemia. When beginning an
insulin infusion, regular insulin (1 unit/mL in
normal saline) should be used at an initial rate of
1 unit per 5 g of dextrose in patients 12 years old
or less, or 1 unit per 3 g of dextrose in patients
older than 12 years [24]. It is important to take
into account any prior subcutaneous insulin
doses that may still be acting at the time the
infusion is initiated. Blood glucose should be
checked 30 min after initiation of the infusion or
any adjustment in infusion rate, and then hourly.
The rates of dextrose and insulin infusions
should be adjusted to bring blood glucose into
the target range (see below).

When transitioning a patient from intravenous
to subcutaneous insulin, it is important to recall
that the effect of intravenous insulin will dissi-
pate rapidly, possibly before the onset of action
of a subcutaneous preparation given at the time
the infusion is stopped. Therefore, to ensure
continuous insulin coverage, a subcutaneous
dose of rapid- or short-acting insulin should be
given 30 min prior to stopping the intravenous
infusion.

Preparation for Surgery

In the case of elective surgery, preoperative
management of diabetes is more dependent on
the patient’s degree of glycemic control than on
whether the planned procedure is major or minor.
Once a patient with diabetes has been deemed an
appropriate candidate based on preoperative
evaluation, preparation for the procedure does
not vary significantly based on how extensive
surgery will be. In all cases, however, coordi-
nation with the patient’s diabetologist/
endocrinologist is strongly encouraged to facili-
tate perioperative planning of diabetes care.

The majority of patients with diabetes can be
admitted to the hospital on the day of their
elective procedure. Preoperative overnight
admission is necessary only in cases that require
complex management of fluid and insulin, or if
there is uncertainty about the degree of glycemic
control or compliance with the diabetes regimen.
However, since the risk of perioperative com-
plications due to diabetes is related to long-term
glycemic control and postoperative management,
there is little rationale for admitting an otherwise
stable patient for brief “optimization” of diabetes
control prior to elective surgery. If glycemic
control is poor, elective surgery should be
delayed until adequate control is achieved. In the
case of semi-elective surgery that cannot be
delayed for the time required to improve gly-
cemic control, it may be appropriate to proceed
with surgery, with increased vigilance for pos-
sible complications.

An extended fast is generally required begin-
ning the night before surgery. In patients treated
with insulin, including all patients with type 1
diabetes, surgery should be scheduled as early in
the day as possible—ideally as the first case—to
avoid unnecessarily extending the fast and
increasing the risk hypoglycemia. Since older
children and adolescents customarily sleep
through the night without eating or drinking,
fasting overnight preoperatively does not gener-
ally require modification of overnight insulin
coverage. The usual dose(s) of glargine, detemir,
or NPH should be given the day prior to surgery,
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or the usual insulin pump basal rate(s) main-
tained. Preventing hypoglycemia on the morning
of surgery is important because the patient will be
“nil per mouth” (NPO) at that time. If the patient
has a history of frequent morning blood glucose
values below 100 mg/dL, the previous day’s dose
of basal insulin or the overnight insulin pump
basal rate may be reduced by 20–30%. For infants
who are still accustomed to feeding overnight,
other adjustments to insulin may be required
depending on the patient’s age and the duration of
fasting; the patient’s endocrinologist should be
consulted in such situations.

On the morning of surgery, the patient’s blood
glucose should be checked upon awakening.
Hypoglycemia must be treated, preferably with
glucose tablets or gel, or if necessary with a small
amount of glucose-containing liquid, recognizing
that this may interfere with the induction of
anesthesia. The usual dose of basal insulin
(glargine, detemir, or insulin pump basal rate)
should be given. If NPH is used, the morning
dose should be reduced by one third to one half
on the morning of surgery. No rapid- or
short-acting insulin should be given, unless
needed to correct severe hyperglycemia
(� 400 mg/dL), which should be treated using
the patient’s rapid-acting correction factor. For
patients treated with premixed insulin, the
morning dose should be omitted; on admission,
NPH alone should be given in the amount of
50% of the NPH component of the usual pre-
mixed dose.

On admission to the preoperative area, blood
glucose and electrolytes should be measured and
intravenous access established. The presence of
ketones should be assessed either by urinalysis or
by measuring serum beta-hydroxybutyric acid.
An infusion of dextrose-containing fluids (nor-
mal saline, half-normal saline, or lactated Ring-
er’s with 5% dextrose) should be started at the
standard maintenance rate for body mass. If the
blood glucose is greater than 250 mg/dL, a dose
of rapid-acting insulin analogue may be given
using the patient’s correction factor (as long as
no other rapid- or short-acting insulin has been
given in the preceding 3 h).

Patients with type 2 diabetes treated with
insulin should be managed equivalently to those
with type 1 diabetes. Metformin should be
stopped 24 h prior to elective surgery. Other oral
diabetes medications should be stopped on the
morning of the procedure.

When emergency surgery is required in a
patient with diabetes, ensuring glycemic control
is not possible in advance. Therefore, emergency
surgery should proceed as clinically indicated,
with additional attention to the risk of
diabetes-related complications. Conditions that
require urgent surgery often involve physiologic
stress and/or systemic inflammation that may
precipitate ketoacidosis or hypoglycemia. In the
latter case, surgery may proceed as soon as
hypoglycemia is corrected, generally with a
bolus of intravenous dextrose followed by con-
tinuous infusion of dextrose-containing fluids.
When a surgical emergency is complicated by
diabetic ketoacidosis, the determination of how
much to treat DKA before surgery can be diffi-
cult. Ideally, ketoacidosis should be completely
resolved prior to surgery, including normaliza-
tion of the anion gap, full rehydration, and cor-
rection of any electrolyte abnormalities
(especially potassium). However, a balance must
be struck between the severity of metabolic
derangements and the urgency of operative
intervention. It is important to remember that
ketoacidosis itself increases insulin resistance,
and patients in DKA or its aftermath often
require more insulin than at baseline.

Perioperative Glycemic Control:
Pathophysiology and Goals
of Treatment

Stress and Glycemic Control

Even in patients without diabetes, hyperglycemia
is a frequent complication of surgery. Any
physiologic disturbance, even minor illness or
psychosocial stress, can provoke the body’s
normal stress response, which includes the
release of epinephrine, cortisol, glucagon, and
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growth hormone. These counterregulatory hor-
mones raise blood glucose by increasing hepatic
glucose production and as peripheral insulin
resistance. Anesthesia and surgery also initiate a
systemic inflammatory response with release of
cytokines (e.g., tumor necrosis factor alpha,
interleukin-6) that contribute to insulin resis-
tance. These metabolic effects are sufficient to
cause hyperglycemia even in normal individuals,
of whom 25% will have hyperglycemia
(>140 mg/dL or 7.8 mmol/L) intraoperatively
[25]. Patients with diabetes cannot produce suf-
ficient insulin even at baseline and are at even
higher risk of perioperative hyperglycemia,
which, if severe, can lead to diabetic ketoacidosis
or hyperosmolar hyperglycemia syndrome.
Therefore, all patients with diabetes require
careful monitoring for hyperglycemia throughout
the perioperative period. Insulin doses often need
to be increased perioperatively, sometimes sub-
stantially, to compensate for increases in glucose
production and insulin resistance caused by the
stress of surgery. An initial dose increment of 5–
10% is generally appropriate, with further
increases as needed to achieve target glycemic
control. Patients with type 2 diabetes may require
insulin perioperatively even if they do not at
baseline.

Adverse Effects of Perioperative
Glucose Abnormalities

Although mild hyperglycemia is a normal phys-
iologic response to significant illness, a great deal
of evidence supports that uncontrolled hyper-
glycemia in the hospitalized patient—with or
without a preexisting diagnosis of diabetes—is
associated with a variety of adverse outcomes. In
adults, hyperglycemia is associated with
increased morbidity and mortality in critically ill
patients with myocardial infarction, stroke,
trauma, and sepsis, as well as in patients hospi-
talized with noncritical illness [26, 27]. In criti-
cally ill children, including those with trauma,

burns, and septic shock, the magnitude and
duration of hyperglycemia are similarly associ-
ated with increased morbidity, length of stay, and
mortality [28–32]. In hospitalized children with
noncritical illness, hyperglycemia has been
associated with increased need for intensive care
and longer length of stay, although not with
increased mortality [33].

With specific reference to surgery, the
majority of data linking perioperative hyper-
glycemia to adverse outcomes are derived from
the cardiac surgical literature. In adult cardiac
surgical patients, postoperative hyperglycemia is
associated with increased risks of infection (in-
cluding wound infections, pneumonia, and uri-
nary tract infections), renal and hepatic
dysfunction, and death [34, 35]. Studies of crit-
ically ill infants after repair of congenital heart
disease show increased infection rates, length of
stay, and mortality in those with postoperative
hyperglycemia [36–40]. Little direct evidence
exists about the effects of perioperative hyper-
glycemia in pediatric patients undergoing non-
cardiac surgery, or in pediatric surgical patients
who are not critically ill. The precise level of
glycemia at which perioperative risks begin to
increase is not clear, but evidence supports a
direct relationship, with more severe and pro-
longed hyperglycemia correlating with higher
risk.

Since most studies of perioperative hyper-
glycemia have focused on the postoperative
period, the role of intraoperative hyperglycemia
is not as clearly understood. In adults there
appears to be an association between intraoper-
ative hyperglycemia and adverse outcomes
including wound infection and mortality [41, 42].
An observational study of pediatric cardiac sur-
gical patients found an increased risk of bac-
teremia in patients with intraoperative
hyperglycemia, though mortality was not affec-
ted [43]. Thus, a relationship appears to exist
between intraoperative hyperglycemia and mor-
bidity, but causality has not been established and
its importance is still unclear.
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Goals for Perioperative Glycemic
Control

Recognition of the risks of uncontrolled hyper-
glycemia has led to a great deal of investigation into
whether glycemic control can reduce these risks,
and if so, what is the ideal regimen to achieve this
goal. In the last decade, a number of large studies
and meta-analyses have evaluated varying regi-
mens and target ranges of intensive glycemic
control in critically ill adult populations.Most trials
have compared an intervention group receiving an
intravenous insulin infusion to maintain blood
glucose in a near-normal target rangewith a control
group received a conventional glycemic control
regimen that varies among studies. Some studies
have included surgical patients only, while others
have included only medical patients or combina-
tions of surgical and medical patients.

A promising early trial in surgical intensive care
patients found a marked decrease in bacteremia,
renal failure, and mortality in patients treated to
near-normal blood glucose (80–110 mg/dL
or 4.4–6.1 mmol/L) as compared to those with
less strict control (180–200 mg/dL or 10–
11.1 mmol/L) [44]. In contrast, a large random-
ized, controlled trial in a mixed medical/surgical
cohort demonstrated increasedmortality in patients
treated to near-normoglycemia compared to those
managed less aggressively [45]. Several other trials
andmeta-analyses of intensive glycemic control in
surgical, medical, or mixed populations have pro-
duced inconsistent results regarding various mor-
bidities and have not shown a convincingmortality
benefit [46–53]. The first pediatric trial of intensive
glycemic control evaluated a general pediatric
intensive care population that included a majority
(75%) of cardiac surgical patients. In this study,
intensive glycemic control resulted in shorter
length of stay, fewer infections, and fewer deaths
[54]. Three subsequent large multicenter prospec-
tive randomized clinical trials, however, have since
been completed which have uniformly shown no
substantial benefit to glycemic control to similar
targets of 80–100 mg/dL in critically ill children
[55–57].

In contrast to any uncertainty regarding its
possible benefits, evidence is unequivocal that

intensive glycemic control carries an increased
risk of hypoglycemia. In pediatric patients
receiving such therapy, the incidence of severe
hypoglycemia is as high as 25% [54], though
much lower but nonzero in studies utilizing
continuous glucose monitoring and a computer-
driven algorithm [55, 57]. Since this hypo-
glycemia is iatrogenic due to insulin adminis-
tration, it is more dangerous than physiologic
fasting hypoglycemia because insulin suppresses
ketogenesis and thus deprives the brain of its
alternative metabolic substrate. Hypoglycemia in
the intensive care setting is associated with
complications of seizure, brain damage, and
death in both adults and children [39, 58].
Moreover, compared to adults, children are at
higher risk of hypoglycemia because of increased
glucose utilization due to the large size of their
brain relative to total body mass. Therefore,
significant concern remains about the risk of
hypoglycemia in children managed with inten-
sive glycemic control with low blood glucose
targets. Current best practice for critically ill
children, therefore, is to manage glucose to a
higher target of 150–180 mg/dL.

Though a great deal of data exists about gly-
cemic control in critically ill adults, there are a
number of limitations in applying this data to the
routine perioperative care of children with dia-
betes. First, only a single trial of intensive gly-
cemic control has been performed in children
outside the neonatal period. Second, all trials
have been conducted in critical care settings, and
these results are difficult to generalize to the care
of noncritically ill patients. Third, the majority of
surgical patients studied (both adults and chil-
dren) have undergone cardiac surgery, and
potential differences between this population and
patients undergoing other types of surgery have
not been well characterized. Finally, studies of
intensive glycemic control in surgical patients
have focused on postoperative glycemic control,
whereas data are more limited regarding the
importance of intraoperative glycemic control.
Observational studies have suggested a benefit of
tight intraoperative glycemic control, but a ran-
domized, controlled trial showed no benefit of
maintaining near-normal intraoperative blood
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glucose over simply preventing severe hyper-
glycemia (>200 mg/dL or 11.1 mmol/L) [59].

In summary, uncontrolled postoperative
hyperglycemia (>180 mg/dL) is clearly detri-
mental. Attempting to maintain normal blood
glucose values may improve certain morbidities,
but it does not clearly improve mortality and it
markedly increases the risk of hypoglycemia.
Therefore, based on the available data, consensus
guidelines recommend a postoperative blood
glucose target range of 140–180 mg/dL (7.8–
10 mmol/L) [26]. It is possible that a lower, but still
above-normal, target range (such as 126–
140 mg/dL or 7–7.8 mmol/L) may confer more
benefit while avoiding hypoglycemia, but this has
not been prospectively evaluated [39]. Further
studies are also necessary to assess the true benefits
and risks of postoperative intensive glycemic
control in the pediatric population. With regard to
intraoperative management, although substantial
observational evidence suggests that uncontrolled
hyperglycemia is undesirable, the ideal blood
glucose range is unknown. In the absence of clear
data, current consensus guidelines for children
with diabetes recommend maintaining intraoper-
ative blood glucose between 90 and 180 mg/dL
(5–10 mmol/L) [60].

Intraoperative Management

The stress of surgery can cause blood glucose to
vary significantly, requiring close monitoring and
frequent adjustments with insulin and infused
dextrose. All patients should receive intravenous
fluids with at least 5% dextrose. Monitoring of
blood glucose should occur at least hourly during
surgery. Any blood glucose value greater than
250 mg/dL (13.9 mmol/L) should prompt
immediate measurement of ketones. Ketones
greater than “trace” by urinalysis or serum
beta-hydroxybutyrate greater than 0.6 mmol/L
indicates evolving ketosis that requires adminis-
tration of additional insulin to avoid the devel-
opment of ketoacidosis. The optimal route of
insulin administration depends on whether the
surgery is major or minor, and should be dis-
cussed in advance with the anesthetist.

For major surgery, especially if expected to
last over 2 h, an intravenous insulin infusion is
recommended. The infusion should be started
shortly before the procedure, along with a sepa-
rate infusion containing 5–10% dextrose (see
Sect. 6.2). Intraoperative blood glucose should
be checked at least hourly, and the rates of
infused dextrose and insulin adjusted to maintain
blood glucose in the target range (90–180 mg/dL
or 5–10 mmol/L).

For minor surgery, particularly that not
requiring general anesthesia, patients can gener-
ally be managed intraoperatively with subcuta-
neous insulin. For patients on multiple daily
injection regimens, basal insulin should be given
prior to surgery, and a correction dose of
rapid-acting insulin analogue given preopera-
tively if the blood glucose is elevated (section
above). Intraoperative blood glucose should be
checked at least hourly. If blood glucose is ele-
vated above the target range, a subcutaneous
injection of rapid-acting insulin analogue should
be given based on the patient’s correction factor,
keeping in mind that rapid-acting insulin ana-
logue should be given no more frequently than
every 3 h due to its duration of action.

For patients using a subcutaneous insulin
pump who are having minor surgery, the pump
may be continued intraoperatively if several
conditions are met. Subcutaneous (as opposed
to intravenous) administration of insulin must
be compatible with the specific patient and
procedure. The planned surgery should be
shorter than 2 h, to minimize the risk of mal-
function of the pump or infusion set. A new
pump infusion set must have been inserted
within 24 h of the surgery. Both the pump and
the infusion site must be placed in an area that
is accessible to the anesthetist during the case,
taking into account draping and any possible
changes in patient positioning. Finally, the
anesthetist must be comfortable with the tech-
nical aspects of administering insulin via the
pump. If continued intraoperatively, the pump
will provide basal insulin coverage. Correction
doses for hyperglycemia may be given via the
pump or as separate subcutaneous injections by
syringe.
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Postoperative Management

In the immediate postoperative period, patients
may be unable to eat or drink for a variable
amount of time depending on the nature and
extent of their surgery. Until the patient has
recovered from anesthesia, immediate postoper-
ative care is identical to that provided intraop-
eratively, including infusion of fluids with
dextrose, hourly blood glucose monitoring, and
insulin management with either intravenous or
subcutaneous insulin. Ketones should be mea-
sured in urine or serum in response to any glu-
cose measurement greater than 250 mg/dL. The
target range for blood glucose in the postopera-
tive period is 140–180 mg/dL (7.8–10 mmol/L)
(see above).

After minor surgery, most patients will
resume oral intake shortly after recovering from
anesthesia. For such patients, a prophylactic dose
of a nonsteroid anti-emetic (such as ondansetron)
should be considered during recovery: if the
patient receives a dose of insulin in anticipation
of eating and then cannot eat due to nausea,
hypoglycemia may result. Steroid anti-emetics
(such as dexamethasone) should be avoided if
possible due to their side effect of hyper-
glycemia. Such patients should resume their
home subcutaneous insulin regimen, including
prandial and correction doses, as soon as they
tolerate sufficient enteral intake to no longer
require intravenous dextrose.

For a patient who has undergone major sur-
gery, resumption of enteral nutrition may be
delayed. Patients who are critically ill require an
intravenous infusion for postoperative glycemic
control. Otherwise, the patient may be able to
transition to a subcutaneous regimen even if she
remains fasting. In this case, she should continue
to receive intravenous dextrose, blood glucose
monitoring every 3–4 h, subcutaneous basal
insulin, and subcutaneous correction doses every
3–4 h as needed for hyperglycemia above the
target range. (Recall that doses of NPH should be
reduced by one third to one half in a fasting
patient.) Intravenous insulin should only be dis-
continued 30 min after a subcutaneous dose of
rapid- or short-acting insulin has been given.

Once the patient is able to tolerate oral intake, the
usual home insulin regimen may be resumed,
including prandial insulin doses. However, in a
patient whose diet advances slowly, it may be
necessary to reduce prandial doses proportionally
to the amount of oral intake.

Patients who cannot tolerate enteral intake for
an extended period may require total parenteral
nutrition (TPN). Since in this situation dextrose
is being infused continuously, ideal management
would include a continuous infusion of insulin to
match the infused glucose load. For the first 24 h
after TPN is initiated, the usual basal insulin
should be continued, and correction doses of
rapid-acting insulin analogue should be admin-
istered every 3–4 h. The total daily amount of
insulin needed for correction can then be added,
as regular insulin, directly to the TPN mixture.
The amount of insulin in the TPN can be
adjusted daily based on blood glucose values. It
is important to remember to review the amount
of added insulin daily and adjust it in concert
with any adjustment in dextrose concentration of
the TPN.

Like any other postsurgical patient, discharge
criteria for a patient with diabetes include the
ability to tolerate sufficient enteral intake to
maintain hydration and nutrition. In addition, the
patient must have appropriate blood glucose
levels on his or her home insulin regimen. In the
case of minor surgery, these criteria are often met
shortly after recovery from anesthesia, and the
patient can be discharged from the postoperative
care unit. For patients on oral diabetes medica-
tions, metformin may be restarted once adequate
postoperative renal function is assured, and other
medications may be restarted once the patient is
tolerating adequate enteral intake.
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16Assessing and Selecting Patients
for Bariatric Surgery

Thomas H. Inge

The prevalence of obesity among children and
adolescents is rapidly increasing and is associated
with substantial medical and psychosocial morbid-
ity [1, 2]. Current national estimates in the US,
indicate that approximately one-third of adults are
obese, while in the adolescent age group the
prevalence of obesity is lower but has steadily risen
over the decades from 4.6% in the late 1960s, to
14.8% in 2000, to 18.1% in 2008 [3]. Thus, it is
critical that health professionals understand the risks
of obesity and have the tools to initiate an action
plan. Data indicate that essentially all children with
a bodymass index (BMI) above the 99th percentile
become obese adults (BMI � 30 kg/m2) [1].
Since obese adultswhowere obese as children have
more health complications and a higher mortality
[4–7], it is reasonable to consider aggressive treat-
ment options for mature adolescents to reduce the
risk of morbidity and early mortality from
obesity-associated disease [8–10].

Pediatric Obesity and Consequences

Of considerable concern is the problem of
extreme obesity in youth, now estimated to affect
4% of children and adolescents [11]. Indeed, in

the years 1999–2004, an estimated 4% of all
pediatric age groups had a BMI � 99th per-
centile. Minority groups demonstrated the
greatest prevalence of extreme pediatric obesity
(Blacks, 5.7% and Mexican Americans, 5.2%),
while extreme obesity was found in 3.1% of
Caucasians [11]. Longitudinally, nearly 90% of
these extremely obese youth are expected to
remain extremely obese, attaining an adult BMI
of 35 kg/m2 or greater [1].

Many studies in pediatric populations have
demonstrated the health risks of obesity [12].
Youth with increased adiposity are at an
increased risk of developing disturbances in
glucose metabolism (including type 2 diabetes
[13]), hypertension and dyslipidemia [14],
obstructive sleep apnea [15], vascular dysfunc-
tion [16], gallbladder disease [17], menstrual
irregularities and polycystic ovary syndrome
[18], and later in life, a number of types of cancer
[5].

Perhaps even more importantly, those youth
with extreme obesity have accentuated odds for
development of cardiovascular (CV) risk factors
such as elevated blood pressure, dyslipidemia,
and hyperinsulinemia [19]. The associations
between elevated BMI and presence of CV risk
factors appear markedly nonlinear, with impres-
sive increases in the prevalence of multiple risk
factors occurring only at very high BMI per-
centiles. For example, the prevalence of � 3 risk
factors climbs from 6%, to 7%, to 33% as BMI
increases from the 90th, to the 95th, to the 99th
percentile [1].
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These health risks contribute to
obesity-related increases in all-cause mortality.
For extremely obese young adults (age 20–30),
some estimates suggest that women may lose 5
and men 20 years of life due to carrying excess
weight over a lifetime [20].

Treatment Approaches

Despite the fact that childhood obesity poses
numerous immediate health risks and long-term
consequences, there are few preventive and
therapeutic strategies of proven effectiveness
available. “Treatment” is intended to promote
weight loss, reduce the risks of health problems,
improve the quality of life, and, ultimately,
extend survival. The categories of treatment
include diet, exercise, behavioral modification,
pharmacotherapy, and bariatric surgery. Behav-
ioral weight management, which has been
advocated for less extreme levels of obesity,
results in poor rates of attendance and suboptimal
weight reduction for youth with extreme obesity
[21]. For adolescents with BMI values more than
40 kg/m2, we found a 3% BMI reduction after
one year of participation in a well-designed,
multidisciplinary pediatric weight management
program [22]. Indeed, based on the literature,
poor weight loss results are expected for youth
with extreme obesity [23, 24]. Beyond
behavior-based treatment programs, there have
been two drugs that achieved FDA approval for
pediatric obesity treatment. Orlistat and sibu-
tramine are agents which affect fat absorption
and central serotonergic pathways, respectively.
Pediatric studies have found that these drugs
decrease BMI by 4 and 8% for orlistat and
sibutrimine respectively in 12–24 months, but
longer term data are not available [25, 26].
Moveover, the FDA has recently removed the
most effective drug, sibutramine, from the US
market due to adverse side effects. Therefore,
noninvasive treatment options for obese youth,
and particularly for morbidly obese youth, are

quite limited, with generally poor treatment out-
comes overall.

Bariatric Surgery

The immediate and future health and psychosocial
effects of extreme obesity are concerning [27], and
combined with lack of efficacy of most treatments,
have prompted ever increasing consideration of
bariatric surgery [28–30]. Indeed, the volume of
pediatric (age � 21) patients undergoing bariatric
surgery tripled from the late 1990s to 2003,with an
estimated 771 procedures per year in 2003 [31],
rising to 2000 in 2004 [32, 33]. Statewide data
fromCalifornia indicates that rates of laparoscopic
adjustable gastric banding increased 6.9-fold from
2005 to 2007 (1.5 per 100,000 population in
2007), while laparoscopic Roux-en-Y gastric
bypass rates decreased slightly over the same time
period [34]. Thus, the use of bariatric procedures
in general appears to be steeply increasing in
pediatric age groups over recent years, suggesting
a need for appropriate assessment criteria prior to
surgery and for prospectively and rigorously col-
lected adolescent outcome data.

As of yet, the scientific evidence base is not
sufficiently robust to allow a precise discrimina-
tion of which procedures are optimal for ado-
lescents. Indeed, experts have broadly
characterized the quality of evidence for effec-
tiveness and safety of adolescent bariatric sur-
gery as fair to poor for all procedures that have
been reported [32]. Despite limitations in the
evidence base, clinicians are faced with a need to
manage myriad health problems in adolescents
with extreme obesity and more recently, higher
quality prospectively collected data have
emerged documenting efficacy and safety of
adolescent bariatric procedures [35–38]. Rec-
ommendations for assessment and selection of
adolescent patients that are thoughtfully derived
from our knowledge of obesity and bariatric
surgery provide useful tools for those faced with
sometimes difficult treatment decisions.
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Preoperative Assessment

Screening of adolescents prior to bariatric pro-
cedures includes evaluation for the presence and
severity of coexisting diseases, as well as
assessment of the patient’s and family’s under-
standing and readiness for a major and
life-changing procedure [39]. Recommended
screening tests and evaluations that should be
considered during the evaluation build on adult
care paradigms [40] and are shown in
Table 16.1. The preoperative assessment should
include investigation into possible endogenous
causes for obesity that may be amenable to
treatment, as well as identification of any
obesity-related health complications. Candidates
for bariatric surgery should be evaluated by a
multidisciplinary weight management team with
adolescent experience, since this age group
generally has medical and psychological needs
that differ from morbidly obese adults. The
rationale for the multidisciplinary assessment of

potential bariatric candidates has been previously
reviewed [41]. When applied to adolescent pop-
ulations however, these teams should include a
clinician with expertise in pediatric obesity,
trained to detect obesity syndromes and
obesity-related comorbid conditions that may
require further evaluation and management. The
team should also have expertise in pediatric
psychology, nutrition, physical activity, nursing,
and bariatric surgery [30, 39, 42–44]. One team
member should have responsibility for coordi-
nating each patient’s care and ensuring follow-up
and adherence to the prescribed preoperative
medical and dietary regimen. Importantly, a
social worker and medical subspecialists includ-
ing endocrinology, pulmonary medicine, hepa-
tology, cardiology, adolescent medicine,
psychiatry, and gynecology should be readily
available for consultation when questions arise.
Surgeons participating in multidisciplinary ado-
lescent bariatric teams should undergo subspe-
cialty training in bariatric medical and surgical

Table 16.1 Recommended evaluation of an adolescent considering bariatric surgery

Clinical

∙ Comprehensive medial history and physical examination

∙ Anthropometrics: waist circumference, weight, height

∙ Systolic and diastolic blood pressure

∙ Tanner stage (� 4)

∙ Evaluation by pediatric psychologist or psychiatrist to screen for cognitive and psychiatric disorders, assess
emotional maturity, decisional capacity and family support

Laboratory testing

∙ Fasting lipid profile

∙ Fasting insulin and glucose, hemoglobin A1C

∙ Oral glucose tolerance test (if elevated fasting glucose)

∙ Liver profile

∙ TSH

Other diagnostic evaluations

∙ Polysomnography (if symptoms of obstructive sleep apnea [snoring, daytime somnolence])

∙ Echocardiogram

∙ Electrocardiogram (and exercise stress test if prolonged QT interval)

∙ Urea breath test or endoscopy to exclude helicobacter pylori infection (if unexplained anemia or history of
abdominal pain/ulcers)

∙ Abdominal US (if suspicion for gallstones or chronically elevated liver enzymes)

∙ Bone age (if needed to assess skeletal maturity)
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care. The importance of proper training and
experience in bariatric surgery for ensuring safe
and effective bariatric care in the adolescent
population cannot be understated.

Medical and psychiatric comorbidities, and
family dysfunction identified during the preop-
erative screening assessment must be fully
explored by appropriately trained specialists. It is
not at all uncommon for this initial bariatric
evaluation to discover numerous previously
unidentified or poorly managed problems that
require more indepth attention by specialists and
thus close follow-up and coordination of care
during the preoperative phase. The team must
therefore have a plan for who on the team will be
responsible for the active management or coor-
dination of care for active health and psychoso-
cial problems identified, since the adequacy of
management of such problems may well bear on
the ultimate success of the weight loss interven-
tion. In the Surgical Weight Loss Program for
Teens at Cincinnati Children’s Hospital Medical
Center, this time-intensive, but critical function is
performed by an experienced nurse practitioner
with expertise in adolescent medicine; a social
worker (in conjunction with mental health
workers as needed) then coordinates further
assessment and management of psychosocial
issues.

The final decision-making regarding whe-
ther to proceed with surgery must be made by
the multidisciplinary team, taking into consid-
eration both objective and subjective assess-
ments of the severity of obesity and

obesity-related comorbid conditions, risk of
future health problems, failure to lose weight
through more conventional means, psychoso-
cial status and support, and patient and family
readiness for surgery.

Patient Selection

Adults with a BMI � 40 kg/m2 or a 35 kg/m2

with significant current comorbidities are con-
sidered candidates for weight loss surgery. In
pediatrics, anthropometric features such as
height, weight and BMI are usually described by
percentile curves, based on a reference popula-
tion. Thus in adolescents, BMI percentile curves
will vary by age and gender. This creates some
difficulty using an absolute BMI threshold during
a period of continued linear growth. However,
given that the reference data for extremely high
BMI percentiles (e.g., >97th) are not reliable,
using a percentile cutpoint for consideration of
surgery may well overestimate the number of
adolescents who need consideration of surgery
[45]. Thus, it is prudent for the present time to
use hard BMI values rather than percentiles for
consideration of surgical intervention. As more
information becomes available about the out-
comes of weight loss surgery in adolescents, as
well as the natural history and distribution of
severe obesity in adolescents, it is possible that
an age-specific threshold (percentile or z-score)
will become more appropriate than a BMI
threshold.

Table 16.2 Criteria for adolescent bariatric surgery

∙ BMI � 35 kg/m2 and a severe comorbidity that has significant short-term effects on health, such as severe
obstructive sleep apnea, diabetes mellitus type 2, pseudotumor cerebri or severe and progressive steatohepatitis

∙ BMI � 40 with other weight related medical and psychosocial comorbidities

∙ Physical maturity, defined as completing 95% of predicted adult stature based on bone age or reaching Tanner stage
IV. This criterion is based on theoretical concerns that rapid weight loss after bariatric surgery might inhibit statural
growth if an adolescent has not reached near adult height

∙ History of sustained efforts to lose weight through changes in diet and physical activity. There is no evidence that
prolonged preoperative weight management programs enhance selection of patients for weight loss surgery.
However, consistent attendance in such a treatment program may be a valuable indicator of the patient’s ability to
understand and adhere to medical and nutritional recommendations postoperatively, and provide information about
the willingness of the family to support treatment efforts
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Pratt et al. [44] (Table 16.2) have suggested
that BMI criteria for weight loss surgery in
adolescents include a BMI � 35 kg/m2 with one
or more severe obesity-related disorders (e.g.,
type 2 diabetes mellitus, obstructive sleep apnea,
pseudotumor cerebri, or severe steatohepatitis),
or a BMI of � 40 with more minor comorbidities
(hypertension, dyslipidemia, mild steatohepatitis,
significant impairment in quality of life, or
arthropathy). These criteria build upon other
work in the field [28, 43] and are reasonable,
placing appropriate emphasis on the principle
that surgery should only be considered when a
strong medical or psychological rationale for the
intervention can be documented.

It should be recognized that some findings
during the initial evaluation may represent con-
traindications for surgery (Table 16.3), and that
these criteria are only to be used as a starting
point to select patients who are most likely to
safely benefit from weight loss surgery. Crucial
in the process is that the multidisciplinary team
with pediatric expertise considers whether the
patient and family have the ability and motiva-
tion to make lifestyle changes including consis-
tent adherence to prescribed medical regimens
(including preoperative use of micronutrient
supplements). This process often takes months of
regular visits to the clinic. The team should
carefully consider during this evaluation phase
whether the candidate demonstrates the ability to
understand what dietary and physical activity
changes will be required for optimal postopera-
tive outcomes. Also, the team should consider
whether there is evidence of mature decision-
making, with appropriate understanding of
potential risks and benefits of surgery, and

whether the adolescent has support but not
coercion from family members.

Reproductive Health Concerns

Since most (e.g., 75–80%) of the candidates
presenting for bariatric surgery are female,
gynecologic issues, fertility, and risk-taking
behaviors are also important preoperative con-
siderations. One-fourth of the adolescent girls
seeking bariatric surgery are sexually active [46].
We have documented a 13% pregnancy rate
among adolescents who underwent bariatric sur-
gery, more than double the regional base rate
[47]. Since most recommend avoidance of preg-
nancy for 12–18 months postoperatively [39], it
is important that adolescent females undergoing
bariatric surgery have comprehensive contracep-
tive counseling and be offered effective contra-
ceptive options prior to surgery. In much the same
way that contraception is strongly advised when
prescribing potentially teratogenic medications
such as isotretinoin (Accutane), we have found
that with proper explanation and counseling, the
majority (92%) of girls are willing to undergo
intrauterine device placement at the time of bar-
iatric surgery [46]. Additional benefit from the
locally acting progestin within this device is the
near cessation of menstrual blood loss in girl who
may be at risk of iron deficiency after gastric
restrictive surgery or bypass. Finally, the highly
prevalent reproductive health concerns (including
sexually transmitted disease prevention) among
obese adolescent girls and boys should be
addressed prior to surgery by a qualified health-
care provider.

Table 16.3 Contraindications for surgical weight loss procedures in adolescents include

∙ Medically correctable cause of obesity

∙ An ongoing substance abuse problem (within the preceding year)

∙ A medical, psychiatric, psychosocial, or cognitive condition that prevents adherence to postoperative dietary and
medication regimens or impairs decisional capacity

∙ Current or planned pregnancy within 18 months of the procedure

∙ Inability on the part of the patient or parent to comprehend the risks and benefits of the surgical procedure
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Conclusions

The recommendations contained herein regard-
ing assessment and patient selection are intended
to be a starting point based on the best judgement
of medical and surgical specialists. Some studies
that will validate these recommendations are
underway, including the NIH funded, multicenter
prospective Teen-LABS study (Teen-LABS.org)
[48] and associated ancillary studies. As the
evidence base related to adolescent bariatric
surgery grows, so will the refinement in patient
assessment guidelines.
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17Bariatric Surgery in Children

Mansoor Ali Khan and Roger Ackroyd

Obesity refers to a condition of excess body fat.
Over the last 30 years, there has been a dramatic
increase in the incidence of obesity in children
[1] and although an exact figure is difficult to
quantify, largely due to difficulty in measuring
total body fat in children, it is estimated that 18%
of children in the USA [2] and about 1 million
children in England are obese. Childhood obesity
is also rising in other countries and it has been
suggested that up to 22 million children under the
age of five are overweight worldwide. As such,
the rising prevalence of obesity is posing a seri-
ous short- and long-term public health crisis.

Etiology of Obesity

In order to determine the correct treatment, it is
necessary to understand the etiological factors
involved in childhood obesity. Although the fun-
damental basis for weight gain is an imbalance
between caloric intake and output [2], it is unfor-

tunately a more complex condition that is usually
multi-factorial in origin (Table 17.1). In turn, it
leads to wide-ranging comorbidities with clinical,
psychosocial, and economic ramifications.

Genetic Predisposition

In some children, genetic factors in isolation may
predispose to development of obesity; such
conditions include genes that regulate appetite
and metabolism, which even when exposed to
normal calorific intake will predispose to obesity.
Rare genetic conditions should be considered in
children presenting at a very young age with
obesity, e.g., Prader–Willi syndrome. Studies
undertaken have demonstrated that children who
are born to two obese parents are at higher risk of
childhood obesity compared to children born to
one obese parent [3]. Others have found that
higher maternal weight entering pregnancy
increases risk for obesity and its cardio-metabolic
complications among offspring [4].

Recent studies have also demonstrated that
when clinicians classify children by BMI cate-
gories and counsel about the risk for future
obesity, they should recognize that greater height
may be a marker for increased risk of adult
overweight and obesity [5].

Endocrinopathies

The two main endocrine abnormalities impli-
cated in the development of childhood obesity
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are Cushing’s disease and hypothyroidism,
although the link between obesity and the latter is
weaker in children than adults.

Environmental Factors

Studies in the USA have reported an association
between living in socially deprived areas and an
increased incidence of childhood obesity. These
results provide a new insight into the relationship
between broader social and economic context
and child obesity risk [6].

Previous studies suggested that breast-feeding
may be protective against the development of
childhood obesity. However, a recent random-
ized trial demonstrated that breast feeding does
not reduce measures of adiposity at 6.5 years of
age, and previous suggestions of protective
effects against obesity may reflect confounding
factors and selection bias [7]. Some studies have
also demonstrated that early prenatal and post-
natal growth patterns are important markers of
risk of obesity later in life, with rapid neonatal
weight gain a clear risk factor for obesity and
metabolic syndrome in later childhood and adult
life [8].

Lack of physical activity has also been
implicated in causing obesity and
cardio-metabolic risk in childhood. Studies
undertaken have quantified these associations
using objective physical activity measurements
in children from different ethnic groups and
demonstrated that efforts to increase activity
levels in such groups would have equally bene-
ficial effects [9]. Studies have also not surpris-
ingly shown that limiting access to ‘fast foods’
could have beneficial effects on reducing child-
hood obesity [10].

Maternal depression and permissive parenting
style are also potentially important risk factors in
childhood obesity. It has been suggested that
future research should clearly determine the
correlation between these [11].

Psychological Factors

The impact of a child’s temperament and the
maternal perception of a child’s BMI depend on
the child’s age. For example, children with a
difficult temperament and insensitive mothers
have a significantly higher risk for being over-
weight or obese during the school age phase, but
not during early childhood. This may hold sig-
nificant implications for childhood obesity
prevention/intervention programs in which par-
ents can be appropriately targeted [12]. Conduct
problems in childhood are associated with being
overweight and obese in young adulthood.
Future studies should address the potential for
interventions to reduce obesity risk in young
adulthood for boys who manifest conduct prob-
lems early in life [13].

Management

The complex nature and multifactorial etiology
of childhood obesity make it a difficult condition
to manage. Management necessitates the use of a
multidisciplinary team approach, reinforced by
the limited systematic reviews of childhood
obesity interventions that provide some
practice-relevant information [14].

For young children who have no other health
concerns, the goal of treatment may be weight
maintenance rather than weight loss. For an

Table 17.1 Obesity
etiology

Congenital Genetic predisposition

Prader–Willi syndrome

Endocrine disorders Cushing’s disease/syndrome

Hypothyroidism

Environmental Hyperphagia

Sedentary lifestyle
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obese child, maintaining weight whilst waiting to
grow taller may be as difficult as losing weight is
for older people. However, for older children or
for younger children who have related health
concerns, weight loss strategies are
recommended.

Education

As overeating and a sedentary lifestyle are the two
commonest factors directly attributable to the
development of obesity, advice on diet and
physical activity form the basis of any treatment
offered to the patient. Physical activity not only
burns calories, but also helps nutritional devel-
opment of the child with resulting enhancement of
both physical and mental health. Indeed, it has
been shown that increased physical activity in
childhood helps children maintain desirable
weight during teenage years, regardless of the
hormonal and emotional changes that occur dur-
ing this period of life. Limiting time spent
watching television and reducing recreational
computer usage has both been deemed beneficial
in increasing activity levels. Children should be
encouraged to partake in any form of physical
activity and this does not necessarily mean orga-
nized sporting activities. Children’s activity levels
often represent the activity levels of the parents,
and as such, parents of obese children should also
be encouraged to increase their activity levels.

Diet

Dietary factors play a significant role in con-
tributing to obesity [10], with one of the largest
drivers recognized as the increased consumption
of sugar sweetened beverages over the past
decade [15]. Parents have overall responsibility
for the purchase, preparation, and location of
consumption of food, and therefore play a major
contributor role in prevention. Factors that may
aid in weight reduction include:

• adequate fruit and vegetable intake
• limiting sweets and soft drinks

• limiting intake of ‘fast food’

Delayed introduction of solids is associated
with reduced odds of child overweight/obesity.
Wider promotion of current infant feeding
guidelines could have a significant impact on the
rates of child overweight and obesity [16].

Psychological Input

Child and adolescent psychiatrists frequently
encounter children who are obese and may be
asked to work alongside primary care physicians
and other specialists who treat youngsters with
obesity. A multidisciplinary approach will allow
optimal therapeutic recommendations for this
population of patients and their families [17].

Medication

The two commonest prescriptions of weight loss
drugs available for adolescents used to be sibu-
tramine and orlistat. However, in January 2010,
the Medicines and Healthcare products Regula-
tory Agency announced the suspension of the
marketing authorisation for the obesity drug
sibutramine (Reductil). This followed a review by
the European Medicines Agency that concluded
that the cardiovascular risks of sibutramine out-
weigh its benefits. Emerging evidence confirms
an increased risk of nonfatal heart attacks and
strokes with this medicine. Orlistat, which is
approved for adolescents older than 12, prevents
the absorption of fat in the intestines. Unfortu-
nately, this can have the rather unpleasant side
effect of problematic diarrhea and nutritional
problems associated with fat malabsorption.

Surgery

Severe or morbid obesity, with a BMI exceeding
35–40, is often refractory to all therapies other than
surgery. Bariatric or weight loss surgery is not
generally recommended in childhood as it is
fraught with ethical issues and the potential
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long-term benefits and complications of enteric
diversion are not yet fully understood.On the other
hand, it has been suggested that bariatric surgery in
adolescents may have less complications and a
shorter hospital stay than in adults [18]. The
National Institute for Clinical Excellence (NICE)
has outlined the exceptional circumstances that
bariatric surgery is permitted in the UK:

1. The child/adolescent has achieved or nearly
achieved physiological maturity

2. BMI � 40 kg/m2 or 35–40 kg/m2 with other
significant disease (e.g., type 2 diabetes, high
blood pressure) that could be improved by
weight loss

3. All appropriate nonsurgical measures have
failed to achieve ormaintain adequate clinically
beneficial weight loss for at least 6 months

4. The child/adolescent is receiving or will
receive intensive specialist management

5. The child/adolescent is fit for anesthesia and
surgery

6. There is a commitment to the need for
long-term follow-up.

Preoperative Assessment
The early manifestations of the comorbidities
associated with obesity in adults are already
present in severely obese children and should be
addressed for their safe anesthetic management.
Perioperative respiratory events are more fre-
quent in overweight and obese patients [19] and
therefore respiratory function should be opti-
mized before surgery. Cardio-respiratory fitness
should be optimized prior to bariatric surgery to
potentially reduce postoperative complications
[20]. Despite the excessive reserves of fat, obese
patients are frequently nutritionally deficient
related to poor dietary intake and this also poses
major risks to postoperative recovery, especially
in terms of wound healing.

Surgical Options

In broad terms, the options for operative man-
agement of obesity can be divided into restrictive
procedures and malabsorptive procedures. These

can be performed either as open or laparoscopic
procedures [21], with the majority of weight loss
procedures worldwide being conducted by latter
approach.

The surgical intervention required depends on
the eating habits of the patient. Patients who eat
large volumes infrequently require restrictive
procedures (gastric band/sleeve gastrectomy),
whereas those who consume small amounts fre-
quently require malabsorptive procedures (gas-
tric bypass/duodenal switch).

Laparoscopic Gastric Band

A laparoscopic adjustable gastric band is an
inflatable device that is placed around the prox-
imal stomach to create a stoma which restricts the
passage of food (Fig. 17.1). The proximal pouch
rapidly fills creating a feeling of satiety and
reducing the sensation of phagia.

Gastric bands are particularly useful for vol-
ume eaters, i.e., large meals or bulky foods. The
restriction of the gastric band can be adjusted by
a small access port placed under the skin. Saline
is introduced or removed via this port to tighten
or loosen the band and alter the volume of food
allowed to pass. As the patient loses weight,
there is a loss of perigastric fat, requiring
adjustment of the band.

Unlike more open forms of weight loss sur-
gery, gastric banding does not require cutting or
removal of any part of the stomach and it is also
reversible. Removal can be achieved as a
laparoscopic procedure, after which the stomach
usually returns to its normal pre-banded state.
The postoperative stay for patients undergoing a
laparoscopic band is usually 24 h, which is
considerably less compared to other operative
interventions.

The weight loss tends to be slower for patients
who undergo a band insertion compared to
malabsorptive procedures and once the band is
removed, it is unfortunately not unusual for a
person to gain weight again. On the other hand,
unlike malabsorptive procedures, it is unusual for
gastric band patients to experience any nutri-
tional or micronutrient disturbances.
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It is important to note that, as with all forms of
bariatric surgery, patients must carefully follow
postoperative guidelines relating to diet, exercise,
and band maintenance in order to maintain their
weight reduction.

Laparoscopic Sleeve Gastrectomy

Sleeve gastrectomy is a procedure that
involves reduction of the stomach capacity by
over 80% (Fig. 17.2). A bougie is passed

along the lesser curvature of the stomach and
the stomach is then stapled along the line of
the bougie to create a gastric conduit, with the
remainder of the stomach being removed. Like
gastric banding, this is a restrictive procedure,
however, unlike a gastric banding it is not
reversible. Studies have demonstrated that at
1-year follow-up, laparoscopic sleeve gastrec-
tomy is a safe and effective option for bariatric
surgery in children, achieving moderate
weight loss and improvement of comorbidities
[22, 23].

Fig. 17.1 Gastric band
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Laparoscopic Gastric Bypass

The laparoscopic roux-en-Y gastric bypass,
(Fig. 17.3), is a combined restrictive and mal-
absorptive procedure. It was first performed in
1993 and is now the ‘gold standard’ operation.
The procedure involves the creation of a proxi-
mal gastric pouch with a volume of approxi-
mately 30 ml. This creates a similar phenomenon
to the previously mentioned gastric band pouch
and sleeve gastrectomy in creating early satiety.
The volume of the stomach remaining is less than
in a sleeve gastrectomy with over 90% loss of
volume. However, unlike the gastric band, where
the pouch can be reversed, in gastric bypass
surgery, the pouch is divided from the main body
of the stomach. This is undertaken to prevent a
fistula forming if the stomach was just
‘partitioned’.

The small bowel is then divided approxi-
mately 0.5–1 m from the duodenal–jejunal flex-
ure and a roux-en Y anastomosis is formed
between 0.5 and 1 m further down the small
bowel producing a degree of malabsorption.

The patient should have strict dietary guide-
lines, which include consumption of three small
meals per day and avoidance of snacking,
especially foods with high calorific content.
Patients who undergo malabsorptive procedures
require lifelong and extensive blood tests to
check for deficiencies in life critical vitamins
and minerals.

Gastric bypass is a safe and effective method
of controlling body weight in morbidly obese
children and adolescents [24]. A study of 25
patients undergoing childhood gastric bypass
demonstrated that growth in height was not
interrupted and no metabolic problems were
encountered postoperatively.

Fig. 17.2 Sleeve gastrectomy Fig. 17.3 Gastric bypass
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Duodenal Switch

The duodenal switch procedure is also known as
biliopancreatic diversion with duodenal switch.
Like gastric bypass surgery it is a restrictive and
malabsorptive procedure. Similar to the sleeve
gastrectomy, a gastric conduit is fashioned along
the lesser curve. The duodenum is then divided
just beyond the pylorus. A roux-en-Y limb is
then reconstituted to create common channel
which is approximately 1 m from the ileocecal
valve (Fig. 17.4).

The procedure is technically more demanding
than a gastric bypass with associated higher
complication rates. However, it has been shown
to lead to superior weight loss in the super obese
and it renders over 95% of patients with type II
diabetes euglycemic.

Another advantage of the duodenal switch is
that the pylorus between the stomach and small

intestine is preserved, thereby preventing dump-
ing syndrome, which is common after a gastric
bypass.

Postoperative Complications

These can be divided into operative or nutritional
complications (Table 17.2).

Operative Complications

The complications vary with the specific type of
surgery, but include bleeding, infection, deep
venous thromboembolism/pulmonary embolism,
and gastrointestinal problems, such as dumping,
vitamin/mineral deficiencies, vomiting (and
nausea), staple line failure, stenosis (and bowel
obstruction), ulceration, splenic injury, and

Partially removed
stomach

Duodenal switch

Gallbladder
removed

Digestive loop

Bilio-pancreatic
loop

Fig. 17.4 Duodenal
switch
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perioperative death [25]. Specific complications
of gastric banding include:

• Slipped band—manifesting with signs of
obstruction or ischemia

• Band erosion into the gastric lumen—mani-
festing with pain or weight gain

• Port leakage—widening of the stoma and
subsequent weight gain

• Port displacement
• Port site infection

Complications (and in turn mortality rates) are
influenced by many factors, which can be either
patient or surgeon related. Patient factors are
largely dictated by preexisting risk factors such
as heart disease, obstructive sleep apnea, diabetes
mellitus, and other comorbidities. Surgeon-
related complications are greater early in the
surgeon’s learning curve, and have been shown
to be reduced in more experienced hands.

Nutritional Deficiencies

Calcium is normally absorbed in the duodenum.
However, following bypass surgery the duode-
num is out of continuity and routine supple-
mentation with calcium citrate is therefore,
recommended.

Similarly, the duodenum is the site for
absorption of iron, however, unlike supplemen-
tation with calcium, ferrous supplementation has
unpleasant side effects. It can cause considerable
gastro-intestinal distress in normal doses, and
some patients may not be able to tolerate this. In
these cases where severe anemia may not be

correctable, it may be necessary to administer
parenteral iron.

Vitamin B12 requires intrinsic factor from the
gastric mucosa to be absorbed. In patients with a
small gastric pouch, there may be in sufficient
amounts of intrinsic factor to permit absorption,
even if oral supplementation is undertaken. In
these patients vitamin B12 injections may be
needed.

Protein malnutrition is a real risk with many
patients requiring protein supplementation, espe-
cially during the early phases of rapid weight loss,
to help prevent excessive loss of muscle mass.

Fat soluble vitamins (A, D, E, and K) defi-
ciencies generally occur as a result of fat mal-
absorption and supplementation is often required.

Outcomes

The mortality rate among patients undergoing
bariatric operations is generally quoted as
between 0.05 and 2.0%. However, studies
demonstrate that the mortality rate during hos-
pitalization or within 30 days of surgery, under-
estimate the actual incidence. Bariatric surgery
carries both short- and long-term risks [26].

Various publications have highlighted how
mortality rates may be reduced. Surgeon-related
factors have led to the establishment of stan-
dardized procedures. Full standardization of the
gastric bypass procedure has demonstrated very
low mortality and the low morbidity rates in
certain institutions [27]. Long-term total mortal-
ity after gastric bypass surgery is significantly
reduced, particularly deaths from diabetes, heart
disease, and cancer [28].

Table 17.2 Complications of malabsorptive bariatric surgery

Complications of abdominal surgery Complications of bypass procedure

Infection Anastomotic leakage

Hemorrhage Anastomotic stricture

Port site hernia Anastomotic ulcer

Bowel obstruction Dumping syndrome

Venous thromboembolism Gallstones
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Conclusions

Bariatric surgery has become an increasingly
important method for managing medically com-
plicated obesity. In patients who have undergone
bariatric surgery, up to 87% of patients with type
2 diabetes mellitus develop improvement or
resolution of their disease postoperatively.
Patients who have undergone bariatric surgery
require indefinite, regular follow-up care by
physicians who need to follow laboratory
parameters of macro and micronutrient malnu-
trition [29]. It has also demonstrated normaliza-
tion of hyperlipidemia, hypertension, obstructive
sleep apnea, and the risk of developing cancers is
decreased [30].

As we now progress in the field of bariatric
surgery, fewer complications, shorter hospital
stays, and more evidence of successful weight
loss consistently appears in the statistics that are
published [31]. The long-term implications of
bariatric surgery in children are not yet fully
understood, and diligent long-term follow-up of
all these patients is required to help determine
this.
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18Pathogenesis and Treatment
of Disorders of Sexual Development

Rafael V. Pieretti and Patricia K. Donahoe

This chapter reviews the pathogenesis and treat-
ment of Disorders of Sex Development (DSD).
“Disorders of Sex Development” is a more
comprehensive term than the older terms
“Ambiguous Genitalia” or “Intersex” and covers
a broad clinical spectrum of hormonal, meta-
bolic, and chromosomal abnormalities resulting
in abnormal genital development [1, 2]. Patients
with DSD are best evaluated and treated by a
multidisciplinary team of medical and surgical
specialists. In this era of shared decision-making,
the diagnosis and treatment plan must be thor-
oughly discussed with parents, with the goal of
giving the child the most satisfactory quality of
life possible. It is essential that surgeons taking
care of these complex patients feel comfortable
with all the available techniques, so they can
achieve satisfactory anatomical and functional
repairs that support either the male of female
gender.

Developmental and Molecular Events
Contributing to Normal Mammalian
Sexual Differentiation

Normal sexual differentiation requires the appro-
priate chromosomal endowment (i.e., 46, XX for
females and 46, XY for males) and a precise,
sequential cascade of genetic, molecular, and
morphologic events. Germ cells must accurately
migrate to the hindgut and subsequently take up
residence in the retroperitoneum, then condense in
the urogenital ridge where they are required to
induce the morphologic formation of either a testis
or an ovary [3]. The gonad in turn produces steroid
hormones and proteins. Receptors in local and
more distant sites respond to the secreted hor-
mones and proteins to activate signaling pathways
and somatic gene responses, which lead to mor-
phologic and biochemical changes resulting in the
appropriate male or female phenotype [4].

A key site for early sexual development is the
urogenital ridge, which is the origin of the undif-
ferentiated gonad, the mesonephros, and the
Wolffian and Müllerian ducts (Fig. 18.1) [1, 5].
The urogenital ridge arises from a thickening of the
ventromedial aspect of the intermediate mesoderm
between the early ectoderm and endoderm.
A number of genes including the Wilms tumor
(WT1) and steroidogenesis factor (SF-1) genes
must be normally expressed in the urogenital ridge
for the gonad and adjacent structures to form. For
example, in mice, mutations in WT1 result in
absence of the gonad and kidney [6] and in
humans, mutations of WT1 are associated with
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abnormalities of the urogenital system seen in
Denys–Drash syndrome, Frasier syndrome, and
Wilms tumor associated with aniridia, GU mal-
formations, and mental retardation (WAGR) syn-
drome [7]. Mutations in SF-1 in mice result in
absence of gonads and adrenal glands [8] and
produce similar phenotypes in humans [9].

Male and female primordial reproductive ducts
coexist for a short period in all mammalian
embryos. Müllerian ducts are the anlagen of the
uterus, Fallopian tubes, and upper third of the
vagina, and develop autonomously in the female in
the absence of the testis. Wolffian ducts are the
anlagen of the epididymis, vas deferens, and
seminal vesicles, and require testosterone to
develop. In the mouse, the Wolffian duct requires
the action of PAX2 and PAX8, paired genes first
discovered in Drosophila. Müllerian duct forma-
tion requires the activity of a series of secreted
factors whose expression is directed by the WNT
family of proteins [10, 11]. The Müllerian duct

first forms by invagination of the coelomic
epithelium which tubularizes under the influence
of Wnt4, then elongates, as the epithelial cells
migrate in close approximation to the Wolffian
duct [12]. TheWolffian duct provides no cells, but
its presence is essential for full elongation of the
Müllerian duct to the distal urogenital sinus [13].

Primordial germ cells, the progenitors of the
oocytes and spermatocytes, migrate to the uro-
genital ridge from outside the embryo [14]. They
travel from the embryonic ectoderm, along the
primitive streak, to the base of the allantois, the
wall of the hindgut, and finally exit into the
urogenital ridge, where they take up residence in
the as yet undifferentiated gonad. Ectopic germ
cells outside the urogenital ridge either fail to
develop or form tumors [15, 16]. The migratory
germ cell phenotype is controlled by integrins
[17] and cKit signaling [18] and it is character-
ized by extensive mitosis [19]. The germ cells
proliferate under the influence of Blimp-1 [20],

Ovary

Mullerian
agenesis

Deficiency of WNT-4
HOXA9, 10, 11, 13

Gastrulation
primitive streak

Notochord

Intermediate
mesoderm

Pax2

Mullerian-duct-derived
female reproductive tract

Gonadal and
adrenal agenesis

Deficiency
of SF-1

Emx2, GATA-4, SF-1

Lim1, Lhx9, WT1

Deficiency
of WT1

Renal and
gonadal agenesis

Wolffian-duct-derived
male reproductive tract

Kidney

Gonad

Adrenal

Urogenital ridge

Deficiency
of SRY, SOX9

Pure gonadal
agenesis

Testis

Excess
DAX1

Mixed gonadal
dysgenesis

Fig. 18.1 Mutations in a number of genes can lead to a
variety of syndromes of dysgenesis involving the Mülle-
rian or Wolffian ducts, gonads, kidneys, and adrenal
glands as a result of a deficiency or excess of the proteins
shown. DAX1 denotes the gene duplicated in congenital
adrenal hypoplasia on the X chromosome; Emx2, the
empty spiracles homeobox gene; GATA-4, the gene
encoding a protein that binds to a GATA DNA sequence;

HOXA, homeobox protein; Lim1, a homeobox gene
important for limb development; Lhx9, a lim homeobox
family member; Pax2, a paired box homeotic gene; SF-1,
the gene for steroidogenic factor 1; SRY, the
sex-determining region of the Y chromosome; SOX9,
SRY homeobox 9; WNT-4, a protein that induces
development of the Müllerian mesenchyma; and WT1,
Wilms’ tumor suppressor gene 1
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BMP 2,4, and 8b, and Fragilis. Fragilis induces
Stella that in turn induces the pluripotency genes
Oct/4, Sox2, and Nanog. Germ cell expansion
can be detected by expression of alkaline phos-
phatase and Stella [21, 22] as early as 3 weeks
gestation in the human [23]. In addition to pro-
liferation, the germ cells undergo imprint erasure
imposed by DNA methylation and complex his-
tone modification to reset epigenetic memory
[24–26]. After entering the mesonephros, female
germ cells enter meiosis in a characteristic ante-
rior to posterior wave that is under the influence
of retinoic acid mediated by the recently dis-
covered gene, stimulated by Retinoic Acid 8
(Stra8). Since the testes degrade retinoic acid,
Stra8 is not expressed, meiosis is not initiated,
and male germ cells remain arrested in the G0
phase of the cell cycle [27, 28].

The early, undifferentiated gonads exist as a
primitive blastema of mesenchymal cells covered
by coelomic epithelium. Testicular morphogene-
sis is initiated by a short burst of expression of the
small transcription factors SRY, a master switch
gene present on the short arm of the Y chromo-
some, and the SRY-related autosomal gene SOX
9 from chromosome 17q. The fact that full
gonadal differentiation beyond the streak gonad
stage requires the Y chromosome or the second X
chromosome became evident in 1959 when the
45, X Turner phenotype was first recognized [29].
Subsequent cytogenetic studies localized the male
differentiation region to the short arm of the Y
chromosome [30, 31]. Later, a single-copy gene,
the sex-determining region of the Y chromosome
(SRY), was identified that encodes a
DNA-binding protein, which is expressed in the
gonadal ridge immediately before testis differen-
tiation [32, 33]. When the SRY gene was trans-
fected into XX female mouse embryos, a
substantial proportion of these transgenic animals
developed testes and assumed anatomic and
functional male phenotypes [32, 34].

In addition to the Y chromosome, autosomal
and X chromosome factors contribute to sex dif-
ferentiation. For example, mutations on the long
arm of chromosome 17q, found in cases of cam-
pomelic dysplasia associated with sex reversal
[35–37], caused a defect in the SRY-related gene

product, SOX 9, which contributes to sex differ-
entiation. In addition, analysis of 46, XY
sex-reversed females with intact SRY led to the
discovery of the dosage-sensitive sex (DSS) re-
versal locus on the short arm of the X chromo-
some, duplication of which is required for female
differentiation [38]. This region, which contains
the gene DAX1, was then assumed to have a
negative influence on testis differentiation
because a double dose of the X chromosome is
associated with dysgenesis of the testis. However,
knockout of DAX1 resulted in normal female
gonadal development [39] which undermines the
hypothesis that DAX1 is responsible for ovarian
differentiation. The only abnormality seen as a
result of null mutation in DAX1 occurs, counter
intuitively, in the male, which displays abnor-
malities in spermatogenesis and spermatic cord
formation [40]. Defects in the distal end of the
short arm of chromosome 9p [41] and the distal
end of the long arm of chromosome 10q [42] are
also associated with sex reversal.

The genes responsible for ovarian development
remain relatively obscure. Previously, the conven-
tional wisdom was that the ovaries developed pas-
sively as a result of the absence of testicular
determining genes. It is now clear that Wnt-4 is
associated with ovarian development, as homozy-
gous inactivation of Wnt-4 in females leads to
masculinized gonads and an absence of the
Müllerian ducts [11]. Foxl2, a forkhead transcrip-
tion factor, is another gene that represses male
development, allowing an XY gonad to develop as
an ovary [43, 44]. Prenatal ovarian development
also appears to be independent of steroid hormone
action [45]. Taken together, it is now clear that
ovarian differentiation is not simply a default
pathway in the absence of testis differentiation [46].

The fetal testis develops seminiferous tubules
with Sertoli cells surrounding germ cells and
interstitial Leydig cells. The fetal testis produces
two products required for further male differenti-
ation, Müllerian Inhibiting Substance (MIS),
which inhibits differentiation of theMüllerian duct
[47], and testosterone, which stimulates Wolffian
structures [47]. The external genital primordia
develop autonomously into clitoris, labia minora,
and labia majora. Complete differentiation of the
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external genitalia to phallus and scrotum requires
reduction of testosterone to dihydrotestosterone
by 5a-reductase [48]. The interaction of dyhy-
drotestoterone and androgen receptors causes
lengthening of the phallus into a penis, fusing of
the urogenital folds to form the penile urethra, and
fusion of the labioscrotal swellings in the midline
to form the scrotum. Autonomous female devel-
opment can occur in the absence of ovaries.

The existence of a Müllerian inhibitor was
proposed by Jost [47], who showed that testicular
implants in female rabbit embryos stimulated the
Wolffian duct but also caused regression of
Müllerian ducts that could not be recapitulated
by implants of testosterone alone. This regression
is characterized morphologically by programmed
cell death. Müllerian Inhibiting Substance
(MIS) was purified [49, 50], and then used to
clone the MIS gene [51, 52]. The bioactive
C-terminal domain of MIS is homologous to a
group of evolutionary conserved proteins, refer-
red to as the transforming growth factor-ß (TGF-
ß) family [52]. The MIS ligand binds to a
heterologous receptor composed of at least two
serine–threonine kinase transmembrane units, the
type II receptor [53], which phosphorylates or
activates the type I receptor [54], which in turn
signals downstream via SMAD1/5/8 to initiate a
series of molecular events that results in regres-
sion of the Müllerian ducts. MIS has been
developed as an antiproliferative agent targeting
tumors of Müllerian duct origin such as ovarian
[23, 55], endometrial [56], cervical [57], cancers,
as well as breast [58–60], and prostate [58]
cancers. Abnormalities of the MIS gene itself or
its receptors can result in the retained Müllerian
duct syndrome, in which otherwise normal
males, usually with undescended testes, have
persistent Müllerian structures that have not
undergone normal regression [61, 62].

Pathophysiology of Disorders
of Sexual Differentiation (DSD)

There are three major categories of developmen-
tal aberrations that are responsible for the most
common forms of Disorders of Sex Development

(DSD) in newborns (Table 18.1). In the first
category of DSD, the external genitalia of genetic
females are masculinized by an excessive andro-
genic steroid production. In the second category
of DSD, genetic males have deficient androgen
production or action. The third category of DSD
is notable for gonadal differentiation that is
absent, incomplete, or asymmetrical [4]. It is
important for physicians involved in the care of
patients with DSD to understand the underlying
pathophysiology so that they can make a timely
and accurate diagnosis and be able to advise
optimal treatment strategies.

46, XX DSD, Overandrogenization
of the Genetic Female

In 46, XX DSD excessive androgens lead to
virilization (or masculinization) of genetic
females. Patients with 46, XX DSD were previ-
ously described as female pseudohermaphrodites
or labeled with the diagnosis of congenital adre-
nal hyperplasia (CAH) or adrenogenital syn-
drome [63, 64]. The most common cause of
excessive androgens is a defect in one of the P450
enzymes that in the adrenal gland convert pro-
gesterones to glucocorticoids and mineralocorti-
coids (Fig. 18.2). These enzyme abnormalities
may occur in males and females but they cause
ambiguous genitalia only in females.

In the human fetus adrenal differentiation
occurs at 11 weeks gestation, after differentiation
of the gonads and reproductive tract. Therefore,
these enzyme defects lead to an excess androgen
accumulation after 11 weeks gestation and affects
the external genitalia that develop after that time
—the genital tubercle and the urogenital folds.
The genital tubercle normally forms the clitoris,
but when exposed to excess androgens, develops
as a penile structure. The urogenital folds, rather
than developing as labia, acquire a bifid unfused
or only partially fused scrotal appearance.

Mutations in the P450c21, or 21-hydroxylase
gene, now known as CYP21 (Table 18.2), cause
90% of cases of CAH. The remainder of CAH
cases are distributed among deficiencies of
P450c11, 3ß-hydroxysteroid dehydrogenase,
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Fig. 18.2 Pathways of steroid hormone biosynthesis
from cholesterol. New enzyme nomenclature is in bold
lettering; old nomenclature is in parentheses. Enzymatic
defects of CYP21, CYP11, or 3ß-hydroxysteroid dehy-
drogenase can lead to congenital adrenal hyperplasia.

Deficiencies in testosterone production leading to a form
of male pseudohermaphroditism can result from defects in
CYP11A1, CYP17, 3ß-hydroxysteroid dehydrogenase,
and 17-ketosteroid reductase

Table 18.2 Steroid biosynthetic enzyme nomenclature

Old New-protein New-gene

Testis

20,22-desmolase P450scc (side chain cleavage) CYP11A

17-hydroxylase P450c17 CYP17

17-lyase P450c17 CYP17

3b-hydroxysteroid Same Same

dehydrogenase
(3ß-HSD)

17-ketosteroid
reductase

Same Same

Adrenal

21-hydroxylase P450c21 CYP21

11-hydroxylase P450c11 CYP11B1

18-hydroxylase P450c11 CYP11B2
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CYP17, or Steroid Acute Regulatory Protein
(StAR), depending on the ethnic origin of the
patient [4, 65, 66]. Rarely, 46, XX DSD results
from exposure to exogenous androgens.

All the enzymatic defects of CAH result in
deficient cortisol biosynthesis that stimulates the
pituitary gland to increase corticotropin produc-
tion. The increase in corticotropin stimulates the
adrenal gland and leads to adrenal hyperplasia,
elevated production of hormonal precursors
proximal to the enzymatic defect, and preferential
overproduction of androgenic steroids (Fig. 18.2).
Elevations in 17-hydroxyprogesterone can be
detected rapidly from a spot serum sample [67]
which is mandatory in some states. Polymerase
chain reaction (PCR), sequencing of known genes
can be used to make this diagnosis in utero [4].

46, XY DSD, Undervirilization
of the Genetic Male

Insufficient virilization (masculinization) of a 46,
XY genetic male can occur because of insuffi-
cient androgen production, an androgen receptor
deficiency, or an inability to convert testosterone
to dihydrotestosterone. The three distinct sub-
types of 46, XY DSD are reviewed below. 46,
XY DSD was formerly known as male pseudo-
hermaphroditism [68].

Testosterone Deficiency

Deficiency of androgen production can be caused
by genetic defects of the enzymes [CYP11A1
(20,22 desmolase), CYP17 (17-hydroxylase or
lyase), 3b-hydroxysteroid dehydrogenase (3ß-
HSD), and 17b-hydroxysteroid dehydrogenase
(17ß-HSD), or 17-ketosteroid reductase], which
together and sequentially are responsible for the
metabolism of cholesterol to testosterone
(Fig. 18.2) [65]. When stimulated by chorionic
gonadotropin patients with defects of these
enzyme produce no (or only a minimal amount
of) testosterone and because of testosterone
deficiency, the penis may be small and
hypospadiac [69]. In contrast, MIS levels are

normal or high for their age and result in an
absence of Müllerian structures. The testes may
be undescended, small, or both.

Androgen Insensitivity

Androgen insensitivity is the most common
cause of 46, XY DSD. Most abnormalities are
caused by point mutations in the androgen
receptor gene [70, 71]. However, not all patients
with androgen insensitivity have a molecular
defect in the androgen receptor gene. In these
patients it is possible that the noncoding pro-
moter, the 3′ untranslated region, or other tran-
scription factors or their cofactors might be the
cause of 46, XY DSD. There are two known
isoforms of the androgen receptor. Type 2 is the
predominant receptor in the external genitalia
while the type 1 receptor is found in a multitude
of other tissues [10].

The phenotype of androgen insensitivity can
be mild or severe. The complete androgen
insensitivity syndrome (CAIS), previously
known as testicular feminization, results in a
female phenotype even though the serum
testosterone is high. MIS may be normal or, in
some cases, considerably elevated, therefore
Müllerian structures usually regress normally.
The gonads are symmetrical and may be
intra-abdominal or descended.

5a-Reductase Deficiency

Mutations of 5a-reductase type 2 genes lead to
testosterone not being converted to the active
hormone dihydrotestosterone in peripheral, par-
ticularly genital, target tissues [48, 72]. Normal
dihydrotestosterone action in the genital area
results in elongation and ventral closing of the
penile raphe, which encloses the urethra and
displaces the urethral orifice from the perineum
to the tip of the penis [68] and in addition causes
the labioscrotal folds to fuse to create scrotal
sacs. The autosomal recessive 5a-reductase type
2 deficiency causes severe hypospadias associ-
ated with undescended testis, prepenile scrotum,
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and an enlarged prostatic utricle. The enzyme has
binding sites for both testosterone and an
NADPH cofactor. Point mutations in the
NADPH cofactor have been associated with the
defective phenotype of 46, XY DSD. The
increase in activity of the 5a-reductase type 1
isoform at puberty produces a paradoxical viril-
ization that may result in a change of sexual
identity.

Abnormalities of Gonadal
Development and Differentiation

Abnormalities of the sex chromosomes usually
manifest as failed, incomplete, or asymmetrical
gonadal differentiation. Patients with these dis-
orders have either bilateral streak gonads, as in
46, XY pure gonadal dysgenesis DSD, or
asymmetrical gonadal development, as in mixed
gonadal dysgenesis (MGD) DSD or ovotesticular
DSD (formerly termed true hermaphroditism).

46, XY Pure Gonadal Dysgenesis DSD

Patients with 46, XY pure gonadal dysgenesis
DSD may have a defective Y chromosome [73].
Other causes of 46, XY pure gonadal dysgenesis
DSD include mutations associated with camp-
tomelic dysplasia, a severe disorder occurring in
patients with a translocation in the distal arm of
chromosome 9p near the SRY-related SOX 9
gene [35, 37], and mutations in WT1 associated
with Frasier’s syndrome [41]. The streak gonads
in 46, XY pure gonadal dysgenesis DSD fail to
develop bilaterally. They produce little or no
testosterone so gonadotropin levels are compen-
satorily high. The streak gonads also produce no
MIS so Müllerian duct structures are preserved
resulting in a female phenotype.

Mixed Gonadal Dysgenesis (MGD) DSD

MGD DSD (also known as asymmetric gonadal
dysgenesis) with a 45,X/46,XY karyotype is by
far the most common of the chromosomal

abnormalities causing DSD [4, 74]. The gonads
are asymmetrical, most often with a small dys-
genic testis on one side and a streak gonad on the
other [75]. Most patients with this defect have
retained Müllerian ducts. The small testis can
produce enough testosterone to cause masculin-
ization and hypertrophy of the clitoris. The
vagina fails to migrate to the perineum and enters
the urethra as a urogenital sinus (UGS) defect
more distal to the bladder neck than seen in
severe cases of CAH.

It is important to note that 40% of patients
with MGD can have a 46, XY karyotype, and
some have bilateral testes or streak ovaries.
MGD is poorly understood at the molecular level
[76]. The absence of the second X chromosome
is in some way related to the early ovarian dys-
genesis. The mosaicism of mixed gonadal dys-
genesis results from the presence of at least two
gonadal (chimeric) germ cell lines. The degree of
testicular differentiation is determined by the
percentage of cells expressing the XY genotype,
which may also influence the degree of asym-
metry. Loss of the Y chromosome can occur
because of nondisjunction, the failure of paired
chromosomes to migrate to opposite poles during
cell division [1, 29, 77, 78].

Ovotesticular DSD

True ovotesticular DSD (previously known as
true hermaphrodism) is rare, except among the
Bantu in Southern Africa [79, 80]. More than
90% of these patients have a 46, XX karyotype.
Asymmetry characterizes many of these patients,
who have simultaneous ovarian and testicular
differentiation without the dysgenesis character-
istic of MGD. The etiology of ovotesticular DSD
and the reason for the gonadal asymmetry
remains an enigma. The testicular and ovarian
tissue can be separated (i.e., an ovary on one side
and a testis on the other), or can occur as ovo-
testis on both sides, or be combined only in one
gonad as an ovotestis with a normal ovary or a
testis on the other. When ovarian tissue and
testicular tissue coexist in the same gonad, the
testicular tissue is always central, and the ovarian
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tissue is polar [81]. Although early testicular
differentiation occurs, spermatogenesis is not
advanced [79], which may reflect the absence of
other necessary Y-directed functions. The
Müllerian structures are regressed on the side of
the testicular tissue but retained on the side of the
ovarian tissue and in the midline as well, with the
vagina entering the distal urethra creating a UGS
defect.

Diagnosis

A baby born with DSD must have a thoughtful
yet expeditious evaluation to determine whether
gender assignment can be made. An important
goal is to minimize the immediate and long-term
emotional trauma to the family and child and this
is best accomplished by early referral to an
experienced team of endocrinologists, geneti-
cists, psychologists, and pediatric surgical
specialists.

Although many syndromes can affect later
sexual development, only four DSDs present at
birth: (1) 46, XX DSD, formerly known as
female pseudohermaphroditism, congenital
adrenal hyperplasia (CAH) or adrenogenital
syndrome [63, 64], which causes overandroge-
nization of a genetic female, (2) 46, XY DSD,
previously termed male pseudohermaphroditism,
which causes undervirilization of a genetic male,
(3) MGD DSD mixed gonadal dysgenesis 45,
X/46, XY, or (4) ovotesticular DSD, formerly
known as true hermaphroditism. A child with
pure gonadal dysgenesis, although having a 46,
XY karyotype, is phenotypically female.

The diagnostic evaluation of patients with
ambiguous genitalia is outlined in Table 18.1.
Two screening criteria can be used to diagnose

the infant as having one of the four disorders,
symmetry and the presence of a Y chromosome
(Table 18.3). The first diagnostic criterion is the
physical finding of gonadal symmetry or asym-
metry, and the second is sex chromosome
determination. Gonadal symmetry is defined by
the position each gonad relative to the external
inguinal ring; i.e., gonads are symmetric when
both are either above or below the external
inguinal ring and gonads are asymmetric when
one gonad is above the external ring and the
other gonad is below the external inguinal ring.
Gonads are symmetrical in 46, XX DSD and 46,
XY DSD when a systemic biochemical defect
influences both gonads equally. Gonadal asym-
metry occurs in chromosomal abnormalities such
as MGD (mixed gonadal dysgenesis) or ovotes-
ticular DSD (true hermaphroditism), in which a
predominant testis descends below the external
ring and a predominant ovary remains above the
external ring.

A detailed history and physical examination
can be coupled and genetic testing to define the
mutations or deletions known to cause defects in
the four major categories and to define the DSD
more fully. Subsequently, ultrasonography,
magnetic resonance imaging, contrast radiogra-
phy, and later panendoscopy, coupled with
accurate laboratory analysis for disorders of
enzymes affecting testosterone synthesis, should
provide a definitive diagnosis and permit appro-
priate gender assignment with a high degree of
accuracy.

The size of the penis and its location with
respect to the scrotum should be carefully noted.
Although the size of the phallus varies consid-
erably, some guidelines are helpful [82, 69]. The
average length of the penis is 3.5 ± 0.4 cm at
term, 3.0 ± 0.4 cm at 35 weeks’ gestation, and

Table 18.3 Rapid diagnostic algorithm

Y Chromosome absent or abnormal Y Chromosome present

Gonadal symmetry Gonadal asymmetry Gonadal symmetry Gonadal asymmetry

46, XX DSD[congenital
adrenal hyperplasia]

Ovotesticular DSD 46, XY DSD 46, XX/46, XY MGD [Mixed
gonadal dysgenesis]

These two diagnostic criteria—presence or absence of Y chromosome and gonadal symmetry or asymmetry—allow the
rapid, accurate assignment of a patient into one of the four diagnostic categories with approximately 90% accuracy
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2.5 ± 0.4 cm at 30 weeks’ gestation. At term, a
diameter of 1 cm is average. A penis smaller than
1.5 ± 0.7 cm in a full-term infants raises the
possibility of female gender assignment, except
in cases of 17-ketosteroid reductase or
5a-reductase deficiencies, when large body
habitus or sex reversal at puberty, respectively,
would favor male sex assignment. An early rectal
examination permits detection of a uterus still
enlarged under the influence of placental gona-
dotropin. The presence and severity of
hypospadias should be noted. Palpation of the
gonads can differentiate the firm testis from the
softer ovotestis and differentiate a testis with an
attached epididymis from an ovary in the ingu-
inal position [4].

46, XX DSD Overandrogenization
of the Genetic Female

If the patient is the proband for the family, the
diagnosis of 46, XX DSD can be delayed but if a
previous sibling has already manifested the dis-
order then genetic testing could permit prenatal
diagnosis.

The condition presents in a wide clinical
spectrum. The ovaries, uterus, and Fallopian
tubes are normal. The vagina, however, is fore-
shortened because of failure to migrate to the
perineum. Instead the vagina usually merges with
the urethra to form a urogenital sinus
(UGS) distal to the bladder neck. However, a rare
but significant subset of patients may have a
verumontanum, with the urethrovaginal con-
fluence quite close to the bladder neck [83].
These severely masculinized patients can also
have an enlarged, placentally stimulated prostate,
palpable at the level of the verumontanum.

The external genitalia are characterized by
variable clitoral enlargement, ranging from trivial
to severe. In severe cases patients have an almost
normal male phallus. The labia can be mas-
culinized to form either enlarged labioscrotal
folds or, in the most severe cases, complete
scrotal fusion. The disorder is systemic so the
gonads are symmetric and because the ovaries
are normal, the gonads never descend into the

labioscrotal folds or fused scrotum [4, 84]. The
karyotype is always 46, XX in females. MIS is
undetectable and serum 17-hydroxyprogesterone
is elevated. Androgen levels are also elevated.
Concomitant production of melanocyte-
stimulating hormone can darken the genitalia
and breast areolae.

An infant with bilateral nonpalpable testes
should have a rapid analysis for 17 hydrox-
yprogesterone (a screening test done in some
states on all newborns) and a karyotype deter-
mination to identify the presence or absence of
the Y chromosome. These tests should identify
patients with 46, XX DSD who has CYP21
disorders that cause potential life-threatening
hormonal deficiencies.

PCR with appropriate probes demonstrates
point mutations in the P450c21 gene [85]. Elec-
trolytes are often normal at birth, but when
maternal steroids wane after 5–7 days, serum
sodium levels may fall and serum potassium
levels may become markedly elevated which if
unattended, can lead to cardiac arrest. Hence, this
disorder must be considered a medical emer-
gency until treatment is commenced.

46, XY DSD, Undervirilization
of the Genetic Male

Testosterone Deficiency
By definition, 46, XY DSD patients have defi-
cient androgenization of the external genitalia
with a 46, XY karyotype. If the disorder is caused
by an enzymatic defect in the production of
testosterone, patients have low basal serum
testosterone, and stimulation by chorionic gona-
dotropin produces little or no increase in testos-
terone. Because the genes coding for the enzymes
in the pathway have been cloned, PCR or direct
sequencing can be performed to detect specific
deficiencies. The testes may be small and are
often bilaterally and symmetrically undescended.
The penis is small, and hypospadias is usually
severe. Since MIS is normal there are no detect-
able Müllerian structures. In some cases, the
phenotype is completely female [69, 86]. Gender
assignment is controversial. The size of the
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phallus plays a role, as it may be better to raise
infants with a small, nonreconstructable phallus
as females, whereas it is invariably preferable to
raise those with a reasonably sized phallus as
males, particularly if they respond to exogenous
testosterone. Special consideration should be
given to those rare children with 17-ketosteroid
reductase deficiency, which may be better raised
as males because of later large body habitus.

Androgen Insensitivity

Patients with severely dysfunctional androgen
receptors have Complete Androgen Insensitivity
Syndrome (CAIS), previously known as testicu-
lar feminization [87]. The phenotype is female
and these children have been raised as females.
No Müllerian structures are present because the
normal testes produce high levels of biologically
active MIS that regress the Müllerian ducts. The
testes are usually in the inguinal region, and their
firmness and attached epididymis distinguish
them from ovaries. The karyotype is 46, XY. The
androgen receptor is deficient and the normal
testes to produces high levels of testosterone and
MIS. PCR or sequencing of the androgen
receptor gene can often pinpoint the molecular
defect and provide the definitive diagnosis.

Partial Androgen Insensitivity Syndrome
(PAIS) results in only partially masculinized 46,
XY patients, with a wide variation in phenotype.
As with testosterone-deficiency syndrome, the
penis is small and hypospadiac. The testes may
be small and are often undescended but sym-
metrical, and Müllerian structures are not pre-
sent. The testosterone levels are normal, and MIS
levels are elevated. Most abnormalities are
caused by point mutations in the androgen
receptor gene [70, 71]. Again, the size of the
phallus can influence gender assignment.

5a-Reductase Deficiency

46, XY DSD can also result from a deficiency of
5a-reductase, which is responsible for the con-

version of testosterone to dihydrotestosterone
which acts on the genital area resulting in elon-
gation and ventral closing of the penile raphe,
with normal displacement of the urethral orifice
from the perineum to the tip of the glans penis
[68]. This process is abnormal in these patients,
resulting in severe penoscrotal hypospadias.
Normal and symmetrical testes can be either
undescended or fully descended. The labioscrotal
folds are also closed posteriorly to create partial
or bifid scrotal sacs. The prostatic utricle is often
quite enlarged. Again, the karyotype is 46, XY.
Serum levels of testosterone are high, but levels
of dihydrotestosterone are low. The MIS levels
are normal and Müllerian structures are not pre-
sent. PCR and full DNA sequencing can be used
to genotype and to detect mutations in the
5a-reductase type 2 gene.

At puberty 5-a-reductase type I present in
skin and other organs markedly increase
resulting in a dramatic phenotypic conversion
and it is now considered more appropriate to
raise these children as males. It should be noted,
however, that in this group, gender assignment
involves the greatest dilemma in societies
committed to two sexes, but not in societies that
more readily accept assignment to a third sex
[48, 88, 89].

Abnormalities of Gonadal
Development and Differentiation

46, XY Pure Gonadal Dysgenesis
Patients with pure gonadal dysgenesis are born as
phenotypic females and there are no questions of
ambiguity. Amniocentesis with a 46, XY kary-
otype that does not produce the expected phe-
notype on fetal ultrasonography allows earlier
diagnosis than was previously possible. Dorsal
pedal edema and some Turner characteristics
may be the only obvious somatic manifestations
of the defect in otherwise normal females.
Müllerian structures are present, but gonads are
not palpable due to failure of gonadal differen-
tiation. Dysgenesis of the gonad results in an
absence of testosterone and MIS.
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Mixed Gonadal Dysgenesis (MGD)

Patients with mixed gonadal dysgenesis are
characterized by asymmetry, with a streak gonad
on one side and a dysgenetic testis on the other.
Because the testes are dysgenetic, testosterone
and MIS levels may be low. They have retained
Müllerian structures because of lack of MIS [74,
75, 90]. The clitoris is usually hypertrophied.
The most common karyotype is 45, XO/46, XY,
but 40% of patients have the 46, XY karyotype.
There is a propensity for neoplastic transforma-
tion of the abnormal gonads to gonadoblastoma
or seminoma (or both) [78, 91, 92], that may
occur even in newborns. These tumors can cause
gonadal torsion and apparent loss of a gonad that,
in rare cases, leads to a unilateral dysgenetic
testis or streak ovary. Because gonadoblastomas
may occur at any age, gonadectomy and female
reconstruction and rearing are the options usually
chosen. There is a subgroup of 45, XO/46, XY
patients that are diagnosed prenatally with nor-
mal external genitalia and raised as males indi-
cating a spectrum of the disorder.

Ovotesticular DSD (True
Hermaphroditism)

The molecular cause of this disorder remains
enigmatic [79, 80]. Patients with this disease also
have asymmetry, with a testis on one side and an
ovotestis on the other; however, various other
gonadal combinations can occur. If an ovotestis
is present, then testicular tissue is central, and the
ovarian tissue is polar [81]. Neoplastic transfor-
mation is not observed in these unique gonads.
The Müllerian structures are regressed on the
side of the testicular tissue but retained on the
side of the ovarian tissue, as is the midline uterus
with the vagina entering the urethra as a uro-
genital sinus defect. The clitoris is hypertrophied.
The karyotype is 46, XX in 90% of cases; the
levels of testosterone and MIS are low but can
sometimes be normal. Although early testicular
differentiation occurs, spermatogenesis is not
evident [79], which may reflect the absence of
other necessary Y-directed functions. The sex of

rearing is dictated by the phenotype, which is in
turn directed by the predominant gonad.

Medical Management

46, XX DSD, Overandrogenization
of the Genetic Female

Masculinized females with 46, XX DSD
(CAH) can be at profound risk for life-threatening
complications including cardiac arrest early in
life. Because maternal cortisone crosses the pla-
centa and is released slowly from fat stores, the
abnormal hormone profile of the infant and the
clinical manifestations of adrenogenital crisis
may not become apparent until 5–7 days after
birth. Heightened clinical awareness and prompt,
appropriate treatment with glucocorticoid
replacement can prevent serious complications of
acute adrenal insufficiency.

Fludrocortisone (9a-fluorocortisol) 0.05–0.2
mg/day is started in severely virilized infants and
in those less virilized with a family history of salt
wasting as part of 46, XX DSD (CAH). Recent
evidence that even patients with milder virilizing
hermaphroditism have subclinical aldosterone
deficiency has led to more liberal use of fluoro-
cortisone, although some clinicians follow elec-
trolyte levels and plasma renin activity before
starting such treatment.

An infant in adrenal crisis should be rehy-
drated with isotonic saline. After the first hour,
half-strength saline in 5–10% dextrose should be
administered. This regimen corrects plasma
sodium and chloride imbalances rapidly, but
hyperkalemia and acidosis are corrected more
slowly. Dramatic elevation of plasma
17-hydroxyprogesterone can be used to monitor
the effectiveness of treatment. Infants in adrenal
crisis are treated with 25 mg hydrocortisone
sodium succinate, whereas older children receive
50–100 mg. This preparation has both gluco-
corticoid and mineralocorticoid activity with the
mineralocorticoid activity equivalent to 0.1 mg
of fludrocortisone. A similar regimen is used for
infants exposed to the stress of surgery. Parents
are taught to recognize situations that contribute
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to adrenal insufficiency, such as high fever,
exposure to hot environments, or surgery. Breast
milk and prepared formulas are low in sodium,
so supplement salt is given. Growth must be
monitored carefully to void inadequate treatment
dosing or over suppression and chronic adrenal
insufficiency.

Prenatal diagnosis and treatment are now
available [93, 94]. Since dexamethasone crosses
the placenta it may be given to suppress the fetal
adrenal gland and decrease fetal androgen pro-
duction, thereby minimizing in utero virilization.
Dexamethasone is initiated by the fifth or sixth
week of gestation before the start of sexual dif-
ferentiation. Later the sex of the fetus is deter-
mined the CYP21 gene can be analyzed for
mutations so that treatment can be discontinued
in males and unaffected females. Affected
females can be treated to term. Currently, embryo
selection or genetic manipulation can be done at
the early blastocyst stage. Blastocysts with a
normal CYP21 gene can be preselected for sub-
sequent implantation if a previous pregnancy
produced a child with the CYP21 mutation.

46, XY DSD, Undervirilization
of the Genetic Male

46, XY DSD patients with poor penile develop-
ment who have testosterone biosynthetic defects
or androgen resistance may be considered for
female gender assignment. However, for those
with 5a-reductase or 17b-hydroxysteroid reduc-
tase deficiencies, it may not be appropriate to
assign a gender at birth. Patients assigned to the
female gender should receive early surgical cor-
rection of the external genitalia and gonadectomy
but do not receive hormone therapy until pub-
erty, at which time they will require estrogen and
progesterone treatment. Vaginal replacement
should be planned for late puberty.

If it is elected to assign these infants to the male
gender, testosterone is given to confirm that the
penis responds to androgens and to improve the
size of the penis before surgery. Repair should be
done before 1 year of age if the size of the phallus
permits. This approach takes advantage of an early

period of presumed enhanced sensitivity to
androgens. Testosterone is often withheld before
hypospadias repair to reduce postoperative
hyperactivity that can accompany testosterone
therapy. If the child requires staged procedures,
testosterone therapy, if needed, can precede the
second stage. Testosterone replacement is resumed
at adolescence. Patients with 5 alpha-reductase
deficiencies should receive dihydrotestosterone
replacement, if available. Otherwise, replacement
can be achieved by giving higher doses of testos-
terone to overcome the enzyme block.

Abnormalities of Gonadal
Development and Differentiation

In patients with mixed gonadal dysgenesis MGD
or ovotesticular disease assigned to the female
gender, no steroidal replacement is required in
childhood. However, if the child has been
assigned to the male gender, presurgical testos-
terone stimulation of the penis may be required
before hypospadias repair. Treatment does not
recommence until adolescence. If the patient is
assigned to the female gender, estrogen and
progesterone replacement are also started at
adolescence. Patients with 46, XY pure gonadal
dysgenesis require neither surgical nor medical
therapy as newborns, and estrogen and proges-
terone replacement begins at adolescence. Renal
function must be followed carefully in patients
with the various WT1 isoform defects. Adrenal
replacement therapy may be complex in patients
with SF-1 mutations characteristic of the adrenal
hypoplasia congenital syndrome. Vaginal
replacement should be planned for late puberty.

Surgical Treatment of Urogenital
Sinus Anomalies and Disorders
of Sexual Differentiation

Patients with DSD and UGS abnormalities pre-
sent many challenges for the medical team caring
for them and for their parents who must make
decisions. It is critical that the sex of rearing not
be biased by the skills of the surgeon, who must
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be equally capable at reconstructing the infant as
male or female. There have been many signifi-
cant advancements in the surgical options avail-
able to patients with DSD including those
resulting from studies on clitoral innervation and
new nerve-sparing clitoroplasty techniques
[95–97]. Since these are relatively new tech-
niques for treatment of females with CAH there
is limited information on the long-term results of
these operations on future sexual function and
patient satisfaction [98].

Preoperative Evaluation of Anatomy

The preoperative evaluation of anatomy includes
routine physical examination, a variety of imaging
modalities, examination under anesthesia, and in
some cases laparoscopy. Imaging studies that are
particularly valuable include ultrasound, which is
particularly good at visualizing the urinary tract
and in most cases the uterus, vagina and gonads
can be visualized,MRI of the pelvis. A specialized
study specifically designed to evaluate children
with DSD is a retrograde genitogram. When per-
formed by an experienced radiologist and surgeon

this study can identify the level of the junction of
the urethra and vagina of a UGS and define its
relation to the bladder neck and external sphincter
in approximately 80% of the cases. This determi-
nation greatly facilitates the planning of the sur-
gical procedure (Figs. 18.3a, b and 18.4).

Fig. 18.3 a Low confluence urogenital sinus (C clitoris,
P pubis, B bladder, V vagina, R rectum). b High
confluence urogenital sinus (C clitoris, P pubis, B bladder,
V vagina, R rectum). (From Pieretti RV, Donahoe PK.

Disorders of sex development. In Coran AG, Adzick NS,
Krummel TM, et al. (eds)., Pediatric Surgery, 7th ed.
Philadelphia, PA: Elsevier, 2012, with permission.)

Fig. 18.4 Retrograde genitography showing a low con-
fluence urogenital sinus in a patient with 46, XX DSD
(CAH). (From Pieretti RV, Donahoe PK. Disorders of sex
development. In Coran AG, Adzick NS, Krummel TM,
et al. (eds)., Pediatric Surgery, 7th ed. Philadelphia, PA:
Elsevier, 2012, with permission.)
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Laparoscopy can be valuable for evaluation of
pelvic organs and gonadal biopsy, as well as for
therapeutic gonadectomy and resection of Mülle-
rian structures [99, 100]. Laparoscopy is also a
valuable tool to assist in eventual reconstruction
procedures.

Preoperative Preparation

Preoperative mechanical and antibiotic prepara-
tion of the colon is important before pelvic
reconstructive procedures. Patients with adrenal
insufficiency taking steroids will need stress doses
of steroids at anesthesia induction and during
surgery, then for 2–3 days after surgery at double
their usual oral dose, followed by a tapering back
to baseline. Dosing after surgery often requires
pediatric endocrinology consultation, as it is
dependent on the patient’s specific baseline
requirements, the length and extent of surgery, and
the expected length of hospitalization.

Surgical Reconstruction

Panendoscopy
Reconstructive procedures are preceded by a
panendoscopy using a pediatric cystoscope with
0° and 30° optics. High flow irrigation of the
urogenital sinus and probing with a 3 Fr. ureteral
catheter can identify a very small vaginal orifice.
It is important to precisely confirm the con-
fluence of the vagina and urethra in relation with
the bladder neck and to do so we use the
verumontanum/external sphincter as a landmark.
In our experience, the most accurate measure-
ments are obtained by placing a 3 or 4 Fr. uret-
eral catheter with 1 cm markings alongside the
cystoscope and under direct visualization put its
tip at the bladder neck and then pull back and
identify the junction of the UGS and measure the
distance with the catheter markings. Anomalies
with the junction at or above the verumontanum/
external sphincter are considered high, and those
below are considered low (Fig. 18.3a, b).

Patients with 46, XX DSD, MGD, and
Ovotesticular DSD have a cervix at the most

proximal part of the vagina. Patients with 46,
XY DSD have either a small prostatic utricle or a
deeper, more generous cavity with no proximal
cervix. In patients with a high confluence a
Fogarty catheter with a stopcock valve is passed
into the vagina, and the balloon is inflated and
secured to a small Foley catheter in the bladder.

Reconstruction for Female Gender
Assignment

All 46, XX DSD newborns, should be assigned
to the female gender, regardless of the extent of
masculinization and have the appropriate recon-
struction. Similar repairs can be used for selected
patients who are not masculinized because of 46,
XY DSD, MGD, or Ovotesticular DSD. The key
components of a feminizing genitoplasty are
clitoroplasty, labioplasty, and vaginoplasty. Sur-
gical procedures should preserve clitoral sensa-
tion, and provide a female appearance and vagina
that will allow painless sexual intercourse.

The timing of surgical reconstruction is con-
troversial with some groups advocating delaying
until the patient can make their own decisions
[101]. As mentioned earlier most long-term
outcome studies analyze the outcomes of older
surgical procedures [102, 103] which may not be
as relevant to newer techniques that are thought
to result in an improved cosmetic appearance,
have a lower complication rate, and are more
likely to preserve sensation. Patients with a low
confluence urogenital sinus can have recon-
struction during infancy once they are metaboli-
cally stable and in most cases, we undertake an
elective reconstruction at 3–6 months of age.
We repair patients with higher confluences at
9–12 months of age.

Combined Clitoroplasty, Labioplasty,
and Vaginoplasty

We recommend that the different components of
surgical reconstruction should be incorporated
into a single surgical procedure. The prepuce is
used to create labia minora, the clitoris is reduced
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with preservation of sensation, and the labioscrotal
swellings are used to fashion female appearing
labiamajora and to enhance the vaginoplasty. This
approach is consistent with the recommendations
from an international consensus statement on the
management of children with DSD [64].

To optimize surgical exposure and elevate the
perineum we place our patients in a hyperex-
tended lithotomy position with the buttocks lying
over and slightly beyond several folded towels.
As previously described all procedures must
begin with a panendoscopy.

Clitoroplasty
In cases with severe masculinization the clitoris
is too large (sometimes resembling a penis) we
recommend a clitoroplasty. Clitoroplasty tech-
niques have evolved over time in an effort to

preserve sensation for future orgasms, provide an
acceptable appearance, and avoid painful erec-
tions. Clitoral resection and recession are no
longer recommended. Kogan described a cli-
toroplasty with subtunical excision of the erectile
tissue which has been used extensively and led to
newer nerve-sparing techniques [104]. Baskin
found that distribution of the sensory nerves of
the clitoris is similar to the sensory nerves of the
penis: they course under the pubic bone, come
onto the top or dorsal aspect of the clitoris, and
have circumferential branches from the dorsal
neurovascular bundle. This makes a ventral
approach to the corpora most likely to avoid
nerve injury [105] (Fig. 18.5a). In Baskin’s
technique corporal tissue proximal to the bifur-
cation is left intact. This preserved erectile tissue
may play an important role in sexual function.

Fig. 18.5 a Excision of
erectile tissue; also, an
elliptical incision is
outlined on the ventral
aspect of the glans for
glansplasty. b Completed
clitoroplasty and
glansplasty (body of the
glans sutured to the
corporal body stumps with
absorbable sutures)
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Our practice is to first perform panendoscopy
as previously noted and place catheters into the
bladder and vagina. Then a holding suture is
placed in the glans, and two vertical incisions
made, one on each side of the urethral plate
(overlying the distal UGS), as one does for
hypospadias surgery (Fig. 18.6). Prior injection
of incisions with 1% lidocaine/1:200,000 epi-
nephrine prevents excess bleeding.

The vaginoplasty is begun by outlining a
wide-based inverted “U”-shaped perineal inci-
sion based on the anus with the apex of “U” at
the level of the ischial tuberosities which will be
the location of the vaginal opening (Fig. 18.6).
The clitoris is degloved down to the peno-scrotal
junction initially keeping the ventral strip of the
urethral plate intact. Care is taken to leave a
redundant segment of dorsal inner foreskin to

allow the fashioning of a hooded prepuce for the
clitoris and preserve an important source of
sensation [105].

After degloving of the dorsal skin, the distal
portion of the urethral plate/UGS is divided
below the glans clitoris. The urethral plate/UGS
is mobilized off the ventral aspect of the clitoral
shaft downward to below the bifurcation of the
corporal bodies. Next clitoral reduction is carried
out. In most cases, a tourniquet is unnecessary
although bleeding can be considerable in the
older child. Longitudinal ventral incisions are
made and the erectile tissue is dissected within
the bodies (Fig. 18.5a). The body of the glans is
sutured to the corporal body stumps with
absorbable sutures (Fig. 18.5b). This step should,
allow for painless engorgement of the proximally
preserved corpora remnants with sexual activity.

Fig. 18.6 Bilateral Y-V
advancement of the labia
majora. The flaps are
cautiously defatted and
moved posteriorly, besides
the introitus to enhance the
vaginoplasty. The medial
aspects of the skin flaps are
sutured to the lateral edges
of the preputial skin
mobilized during
clitoroplasty, which
became labia minora (LM
labia majora, C clitoris,
F flap). (From Pieretti RV,
Donahoe PK. Disorders of
sex development. In
Coran AG, Adzick NS,
Krummel TM, et al. (eds).,
Pediatric Surgery, 7th ed.
Philadelphia, PA: Elsevier,
2012, with permission.)
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In most cases we try to avoid reduction of the
glans clitoris, aiming to preserve sensation, but,
in patients with a large clitoris a wedge of glans
tissue may be cautiously excised from its ventral
aspect with careful re-approximation of the glans
tissue (Fig. 18.5a, b).

The redundant dorsal tunica albuginea and
neurovascular bundle are placed in a subcuta-
neous pocket above the pubic bone, folded and
secured in place without impairing the neu-
rovascular supply. The reduced clitoral shaft is
covered with surrounding fatty tissue, fashioning
a normal looking mons pubis. The preserved
segment of dorsal foreskin should cover the glans
partially, giving it a hooded appearance. The
remainder of the dorsal prepuce is divided in the
midline (Byars technique) and re-attached to
the mucosal collar as with hypospadias repair.
The preputial skin wings are rotated inferiorly
and incorporated lateral to the urethral plate to
create labia minora (Fig. 18.7).

Labioplasty
Most girls with CAH have labioscrotal swellings
that are more anterior than normal labia majora
and significant skin rugation may also be present.
The labioscrotal skin is moved posteriorly,
adjacent to the vaginal introitus, by creating
defatted and bilateral Y-V advancement flaps.
The medial aspects of these flaps are sutured to
the lateral edges of the prepucial skin flaps
mobilized during clitoroplasty creating labia
minora) (Fig. 18.7).

Vaginoplasty
The type of vaginoplasty is decided according
with the anatomic location of the merging point
of the vagina into the urethra. There are six types
of vaginoplasty: cutback, flap, pull-through, total
and partial urogenital sinus mobilization (TUM
and PUM), and vaginal replacement.

Flap Vaginoplasty for Low Confluence
UGS

Flap vaginoplasty is only indicated for cases with
a low confluence UGS, because it does not bring

the merging point of the vagina with the urethra
any closer to the perineum. The technique is
based on the description by Fortunoff and asso-
ciates [106] and Hendren and Crawford [83] of a
posterior inverted “U” flap of perineal skin based
on the anus that is advanced to the posterior wall
of normal caliber vagina. In flap vaginoplasty for
low confluence UGS, there is no need to do a
complete mobilization of the UGS. The UGS is
dissected off the clitoral corpora and the dorsal
wall is opened to create a more normal looking
introitus. Later during labioplasty, the medial
edge of the prepuce (labia minora) will be
sutured to the outer edge of the opened, non-
mobilized urethral plate/UGS (Fig. 18.7).

Fig. 18.7 Split prepuce used to create labia minora; labia
majora Y-V plasty; flap vaginoplasty (P split prepuce,
S labioscrotal fold, C clitoris, F flap). (From Pieretti RV,
Donahoe PK. Disorders of sex development. In
Coran AG, Adzick NS, Krummel TM, et al. (eds).,
Pediatric Surgery, 7th ed. Philadelphia, PA: Elsevier,
2012, with permission.)
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Vaginoplasty Using Urogenital
Mobilization

Total Urogenital Sinus Mobilization
Total urogenital sinus mobilization (TUM) was
described in 1997 by Alberto Peña as a technique
to repair the UGS component of cloacal malfor-
mations [107]. Currently, total or partial uro-
genital sinus mobilization are used by most
surgeons for UGS repair [108]. Urogenital sinus
mobilization has the advantage of better visual-
ization of the merging point of the urogenital
sinus and it eliminates the need for vaginal sep-
aration, thus, markedly reducing the difficulty of
the procedure. In this technique, the confluence is
brought closer to the perineum and there is less
need for skin flap mobilization. The posterior
dissection is similar to that done for a
pull-through or flap procedures, with, midline
mobilization of the UGS off the rectum. The
anterior dissection in cases requiring a total
urogenital sinus mobilization is done past the
pubourethral ligament, under the pubis, resulting
in significant mobilization of the entire sinus, and
in most cases the confluence can be brought more
easily to the perineum (Fig. 18.3a, b).

Partial Urogenital Sinus Mobilization
Because of concerns of possible urinary
incontinence and loss of clitoral sensation that
might result from circumferential dissection of
the UGS beyond the pubourethral ligament,
Rink and colleagues proposed the use of a
partial urogenital mobilization (PUM) where
the anterior dissection stops at the pubourethral
ligament aiming to avoid compromising the
innervation to the bladder outlet and clitoris
[109]. This procedure provides sufficient
mobilization in all but cases of a very high
confluence which require additional mobiliza-
tion beyond the pubourethral ligament may be
needed.

Alternatively, if the perineum cannot be
reached without tension the vagina must be
sharply dissected from the back wall of the
bladder before the anastomosis to the inverted
perineal “U” flap can be attempted. In these
cases, the use of a prone position can facilitate
the dissection of the vagina off the bladder. In
cases requiring either total and partial urogenital
sinus mobilization the distal segment of the
vagina can be narrow and it is necessary to incise
the posterior wall up to normal caliber vagina

Fig. 18.8 a Use of the redundant sinus: split laterally to
fashion a mucosa lined vestibule and/or to enhance the
anterior vaginal wall. b–c Use of the redundant sinus: split
laterally with spiral rotation of the flap to complete the

vaginoplasty. (From Pieretti RV, Donahoe PK. Disorders
of sex development. In Coran AG, Adzick NS, Krum-
mel TM, et al. (eds)., Pediatric Surgery, 7th ed. Philadel-
phia, PA: Elsevier, 2012, with permission.)
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and reconstruct the posterior vaginal wall with
the inverted perineal “U” flap as previously
described for a low vaginoplasty to avoid a
vaginal stricture.

Splitting the Urogenital Sinus

As proposed by Rink, the urogenital sinus can be
split to enhance the feminizing genitoplasty
[109]. The common urogenital sinus can be split
in the following manners: (1) In very low con-
fluence cases, we do not mobilize the urogenital
sinus but only incise it longitudinally on its
ventral aspect up to confluence point; the lateral
aspects of the opened sinus are sutured to medial
aspects of the prepuce wings, thus, resulting in a
more normal anatomical configuration, (2) The
sinus can also be opened laterally to fashion a
mucosa lined vestibule and to enhance the ante-
rior wall (3) The sinus can be opened laterally,
then, the incised sinus can be rotated to extend
the vagina (Fig. 18.8a–c).

Pull-Through Vaginoplasty for Mid
Level Vaginal Confluence

Before the advent of the urogenital sinus mobi-
lization procedures, the majority of girls were
reconstructed using a pull-through vaginoplasty as
described by Hendren and Crawford [83]. Patients
are prepped and draped to allow for rotation and
supine or prone positioning. The operation begins
with a panendoscopy and localization of the con-
fluence and placement of catheters. An inverted
perineal “U” flap is made, the urogenital sinus is
exposed, and the vagina is mobilized circumfer-
entially and meticulously separated off the bladder
anteriorly [110]. The urethra is closed and a labial
flap or an anterior island flap is connected to the
anterior vagina (Fig. 18.9a–h).

In patients with a very high confluence we have
found that having the patient in prone position
improves visualization and exposure, allowing the
vagina to be safely mobilized off the urogenital
sinus and bladder [111]. The opening in the UGS
can then be easily closed and the vagina is then

mobilized circumferentially and brought to the
perineum where it is sutured to the perineal skin
flap as described for vaginoplasty (Fig. 18.10a–d).

Postoperative Care of the Female
Patient

Postoperatively a small Foley bladder catheter is
left indwelling for 3–4 days. The use of epidural
anesthesia has improved pain management.
Immobilization with a mermaid dressing in
which the lower extremities are wrapped with
stockinet prevents tension on the suture lines.
A soft plastic foam or cotton is placed between
the knees and ankles, and the anus is left
exposed. The legs are loosely wrapped with an
elastic bandage without covering the anus. The
mermaid dressing is kept in place for 4–5 days to
avoid thigh abduction, which puts tension on the
suture line. A broad-spectrum antibiotic is used
during the first 2 postoperative days and stress
steroids given as needed.

Reconstruction for Male Gender
Assignment

The treatment strategy for all patients assigned to
the male gender is similar even though the
underlying diagnoses may be different. Most of
these patients have a (1) a small penis with
penoscrotal, scrotal, or perineal hypospadias,
(2) a severe ventral penile curvature, and (3) a
partial or complete prepenile scrotum. Preopera-
tive treatment with testosterone is often helpful in
cases with a small penis.

Our preferred approach is to perform an
one-stage hypospadias repair in patients with an
adequate urethral plate, using the extended
applications of the tubularized incised plate
urethroplasty as described by Snodgrass [112]. In
this technique the urethral plate is preserved.
Degloving of the foreskin beyond the hypospa-
diac meatus into the scrotum is done which in
many cases significantly corrects the ventral
curvature. Additional ventral curvature correc-
tion is done as needed.
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If the urethral plate cannot be preserved, a
multistage repair is indicated. In some cases
resection of the ventral tethering tissue and
division of the urethral plate may not fully

correct the ventral curvature and in these patients
a dermal graft at the site of maximal concavity
may be needed. The second stage, composite
repair, is performed 6–9 months later; using an
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Fig. 18.9 a–h Pull-through vaginoplasty for mid-level
vaginal confluence. a Locations of incisions viewed from
the surgeon’s perspective, from the perineum with the
patient in the lithotomy position. b Sagittal view showing
the downward and inward direction of movement of the
anterior island flap (right-pointing arrows), and the
inward position of the posterior flap. The smaller arrow
shows the distance that must be traversed by the vagina,
which has been separated from the urethra. c Dissection
between the vagina and the rectum in a posterior direction
and the beginning of the anterior separation of the vagina

from the urethra. d Completely dissected flaps. e Separa-
tion of the vagina from the urethra. f Anterior plane of
dissection behind the urethra and bladder. g Advancement
of the labioscrotal flaps to cover defects, and inward
rotation of the anterior island flap and the posterior U-flap
to augment the introitus. h Completed reconstruction.
(Adapted from Pieretti RV, Donahoe PK. Disorders of sex
development. In: Coran AG, Adzick NS, Krummel TM,
et al. (eds)., Pediatric Surgery, 7th ed. Philadelphia, PA:
Elsevier, 2012, with permission.)
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anterior tubularized incised plate urethroplasty
combined with a posterior Thiersch-Duplay
procedure (tubularization of local skin to fash-
ion the new urethra). Also, the use of a buccal
mucosa graft or an onlay island flap may be
needed.

Penoscrotal Transposition
Partial or complete penoscrotal transposition is
often found in cases with penoscrotal and per-
ineal hypospadias. The least severe forms are
known as bifid scrotum, prepenile scrotum, and
shawl scrotum. The scrotoplasty should be

delayed for six months or more after the
hypospadias repair is completed, because the
base of the flaps needed for the hypospadias
repair must be divided and displaced during
correction of the prepenile scrotum.

Removal of Müllerian Duct Remnants
and Creation of a Neoseminal Vesicle
In patients with severe hypospadias, ovotesticu-
lar disease or mixed gonadal dysgenesis who
have been assigned the male gender, retained
Müllerian ducts can become quite enlarged
(Fig. 18.11) leading to recurrent urinary tract

Fig. 18.10 a–d Posterior approach (use of the prone
position to facilitate vaginal dissection). a The urogenital
sinus is opened longitudinally on its posterior or dorsal
surface up to the vaginal confluence. b A narrow
malleable retractor is placed inside the vagina. The vagina
is then lifted upward, which facilitates the separation of

the vagina from the urethra and bladder neck. Injection of
diluted epinephrine (1:200,000) helps the dissection of
this fragile, thin plane. A small Beaver blade is useful for
this difficult step. c The urethra is tubularized after the
vagina has been separated. d The vagina is opened, and
the U-flap is inserted to create an enlarged introitus
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infections, epididymo-orchitis, urinary retention,
secondary incontinence due to urine trapping,
and infertility. In such cases the Müllerian duct
remnant should be removed.

Surgical treatment of Müllerian duct remnants
is challenging, because of their close proximity
to the ejaculatory ducts, pelvic nerves, rectum,
vas deferens, and ureters. A number of surgical
approaches have been described including
transperitoneal, posterior with rectal retraction,
anterior and posterior sagittal transrectal,
transtrigonal, perineal, and transurethral fulgura-
tion, laparoscopic and robotic. We have suc-
cessfully used the transtrigonal technique;
however, the laparoscopic or robotic assisted
procedures are less invasive and minimize pos-
sible damage to adjacent anatomical structures.

We have preserved the vas deferens if it
courses within the outer wall of the dilated
vagina [113]. The remainder of the Műllerian
structures are removed, including the sometimes
markedly dilated vagina. The strip of vaginal
wall containing the vas deferens is tubularized

with its mucosa internalized from the urogenital
sinus to the point of entry of the vas deferens. If
the vas enters the uterus, it must be divided or
removed with the Müllerian structures, as its
course cannot be accurately estimated.

Penile Agenesis

Penile agenesis is a rare condition occurring in 1
in 30 million births [114, 115]. It probably results
from development failure of the genital tubercle
during the fourth week of embryogenesis.
Patients are otherwise normal 46 XY males. The
scrotum appears normal and contains normal
testicles [116]. Patients can present with an
imperforate anus and a rectourethral fistula, a
rectourethral fistula with a normal anus, or with
the urethra located in the perineum inside a skin
tag resembling a foreskin [114]. The diagnostic
evaluation of patients with penile agenesis
includes a renal ultrasound, pelvic MRI, retro-
grade urethrogram, and in cases associated with
an imperforate anus, a distal colostogram trough
the mucous fistula.

Parents of affected children face the difficult
choice between gender reassignment and future
reconstruction of penile agenesis. In the past
gender reassignment was the most common
choice, however, long-term follow-up of these
patients has revealed that they are unhappy with
the assigned female sex, and prefer to be males
[117]. The alternative of penile reconstruction
requires difficult and often multiple operations.

In adolescents and adults the most frequently
used procedure for penile reconstruction is the
microvascular transfer radial forearm flap, which
is, a complex and rare operation performed only in
highly specialized centers. The recent description
by De Castro of a phalloplasty technique and
complete urethroplasty using a quadrangle lower
abdominal flap can bridge the interval between
childhood and adolescence until a more definitive
procedure can be undertaken [118].

We favor a staged surgical reconstruction.
Cases with an associated imperforate anus and a
rectourethral fistula require and urgent colostomy
with a mucous fistula and a vesicostomy. Later a

Fig. 18.11 Retrograde urethrogram showing and
enlarged vaginal remnant in a patient with MGD reared
as a male
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posterior sagittal rectourethral pull-through is
performed and finally closure of the vesicostomy
and colostomy. Patients born with a normal anus
and a rectourethral fistula can be operated
through a transperineal approach. We have used
the quadrangle lower abdominal flap to fashion
the neopenis in three patients, but we prefer a
two-stage buccal mucosa urethroplasty to avoid
or minimize complications.

Vaginal Agenesis

Vaginal agenesis is known as the Mayer-
Rokitansky-Kuster-Hauser syndrome, it is a
rare abnormality affecting approximately 1 in
5000–10,000 females. In this condition there is
absence of the proximal portion of the vagina,
resulting from failure of the sinovaginal bulbs to
develop and form the vaginal plate.

Fig. 18.12 a Fashioning
of an 8-10 cm sigmoid
sleeve. b A short distal
sigmoid segment can be
discarded to provide greater
length on the mesenteric
vascular pedicle so the
neovagina can reach the
perineum under no tension.
(From Pieretti RV,
Donahoe PK. Disorders of
sex development. In:
Coran AG, Adzick NS,
Krummel TM, et al. (eds).,
Pediatric Surgery, 7th ed.
Philadelphia, PA: Elsevier,
2012, with permission.)

18 Pathogenesis and Treatment of Disorders of Sexual Development 265



Two different types of Mayer-Rokitansky-
Kuster-Hauser syndrome have been described; in
the typical variety (type A) patients have sym-
metrical uterine remnants and normal Fallopian
tubes. Cases with the atypical form (Type B)
present with asymmetric uterine buds or abnor-
mally developed fallopian tubes. The surgeon
must be aware of the differences between the two
types, because the majority of associated
anomalies of other organs occur in type B
patients [119, 120].

Skeletal anomalies are present in up to 12% of
females affected with this condition, most com-
monly in type B cases, including patients with
congenital fusion of the cervical vertebra known
as the Klippel–Feil syndrome [121]. Duncan
proposed the term MURCS association to
describe the combination of Müllerian duct
aplasia, renal aplasia, and cervicothoracic somite
dysplasia [122].

Renal anomalies also present most frequently in
patients with the type B variety [120]; these
anomalies consist of either unilateral renal agenesis,
horseshoe kidney, or ectopia of one or both kidneys
which occurs in 74% of affected patients [123].

Vaginal atresia can be discovered at birth
when the physical examination does not reveal a
vaginal opening but most cases present later in
life with primary amenorrhea. A few patients
present with dyspareunia or failed intercourse.
Physical examination reveals an absent vagina,
but the hymen and a distal vaginal dimple or
even an introitus are present since these struc-
tures are derived from the urogenital sinus. The
diagnosis can be confirmed by pelvic ultrasound
and magnetic resonance imaging.

Surgical Treatment of Vaginal
Agenesis

Treatment of vaginal agenesis may be surgical or
nonsurgical. Nonsurgical vaginal dilatation is
possible in patients with a vaginal dimple or
introitus. It consists of a program of daily,
graduated, dilatations over several months and
can result in a vagina that will permit intercourse.
Once a satisfactory vaginal size is obtained,

regular sexual intercourse can maintain an ade-
quate vaginal cavity.

There have been many different techniques for
vaginal construction that have been done for
patients with vaginal agenesis including the
fashioning of a skin neovagina, and the creation
of an intestinal neovagina using sigmoid, cecum,
or small intestine. Our preferred technique for
vaginal replacement is to use a segment of distal
sigmoid colon based on the left colic or superior
hemorrhoidal vessels (Fig. 18.12a, b). A sigmoid
neovagina has several advantages such as natural
lubrication, less risk of excessive mucous pro-
duction, less need for long-term dilations or
stents, a lower risk of anastomotic stenosis. Most
patients have normal sexual intercourse.
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Testicular descent to the scrotum is one of the
main hallmarks of male sexual differentiation. It
is a complex, multi-staged process with the dif-
ferent stages controlled by separate hormones
[1–3]. The testis was not originally descended in
vertebrates, but during the evolution of mammals
the position of the male gonad has been relocated
to the outside of the abdominal cavity. In most
modern mammals the testis is now located in a
perineal scrotum. By contrast, the scrotum in
modern marsupials, such as the Kangaroo and
Wallaby, is located in a pre-penile position
directly over the external inguinal ring [4].
Scrotal location of the testis is required to pro-
vide a specialised, low-temperature environment
for optimal physiological function [5].

Testicular Embryology

Early Sexual Development

Before 7–8 weeks of development, gonadal
position in males and females is identical. At
around this time, activation of the gene on the Y
chromosome, known as SRY, triggers the
development of the gonad leading to the testis [6,
7]. The genes controlling this process are still
mostly unknown, but recent research has identi-
fied a number of these genes [6]. Early differ-
entiation of the Sertoli Cells produces the
glycoprotein hormone known as Müllerian
inhibiting substance (MIS), also known as
anti-Müllerian hormone (AMH). MIS/AMH
causes regression of the Müllerian ducts that
would otherwise form the fallopian tubes, uterus
and upper vagina [8]. Testosterone produced by
the Leydig cells not only enters the circulation,
but also is secreted down the Wolffian duct to
cause preservation of the duct itself so that it can
continue to differentiate into the epididymis, vas
deferens, and seminal vesicle.

The mesonephros regresses just before gona-
dal development so that the developing testis is
left on a mesorchium, which is a peritoneal fold
originally covering the urogenital ridge. Cra-
nially, there is a thickening of the peritoneal fold
that forms the cranial suspensory ligament.
Caudally, the genito-inguinal ligament, also
known as the gubernaculum, anchors the uro-
genital ridge to the inguinal abdominal wall.
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Transabdominal Testicular Migration

Between 8 and 15 weeks of development the
Leydig cells also produce androgens and another
hormone, known as insulin-like hormone 3
(INSL3), which causes the enlargement of the
caudal end of the gubernaculum [9, 10]. This
“swelling reaction” in the gubernaculum of the
male holds the testis close to the future inguinal
canal during enlargement of the abdominal cav-
ity. By contrast, in the female, the ovary ascends
relatively in the abdominal cavity because the
female gubernaculum elongates in proportion to
the body, as there is no swelling reaction. INSL3
is a newly described hormone, which is an ana-
logue of insulin and relaxin, and is also known as
relaxin-like factor [11]. INSL3 was discovered in
1999 when a transgenic mouse with a mutant
INSL3 gene was found to have intrabdominal
testes [9, 10]. Synthetic INSL3 stimulates the
rodent gubernaculum in organ culture, and this is
augmented by both testosterone and Müllerian
inhibiting substance [12]. The receptor for
INSL3 (LGR8 or RFX7) is localised to the
gubernaculum during this critical time [13].
Although it is now accepted that INSL3 is the
primary hormone controlling the transabdominal
phase of testicular descent, it is a relatively
uncommon cause of cryptorchidism, as only a
small number of children have been identified
with mutations of INSL3 or its receptor [14].

Inguinal-Scrotal Testicular Migration

During the second phase of testicular descent,
also known as the inguinoscrotal stage, the
gubernaculum must migrate from the inguinal
region to the scrotum [15]. This occurs between
about 25 and 35 weeks of gestation. As the testis
is an intra-peritoneal organ on a mesentery, the
mesorchium, it must reach the scrotum in a
diverticulum of the peritoneum, known as the
processus vaginalis. The latter develops inside
the gubernaculum as it is elongating towards the
scrotum, thus allowing the intrabdominal foetal
testis to reach a subcutaneous position within the
scrotum. The processus vaginalis divides the

gubernaculum into three separate parts. There is
an inner central column or cord which attaches to
the epididymis and testis, an outer rim containing
the developing cremaster muscle, and a distal
solid tip, known as the bulb of the gubernaculum
[16] (Fig. 19.1).

The inguinoscrotal phase of testicular descent
is controlled by androgen [17, 18]. Intriguingly,
there is a critical window for androgen effects on
this phase, which in a rodent animal model is
actually during the transabdominal phase of tes-
ticular descent. In foetal rats, the critical time for
androgen effects on the second phase of descent
is day 16–19 of development [19]. We have
hypothesised that this is the time when the cen-
tral nervous system is masculinised, so that the
genitofemoral nerve can direct migration of the
gubernaculum by release of calcitonin
gene-related peptide (CGRP) [2] (Fig. 19.2).
CGRP is known to have several effects on the
gubernaculum in rodent models [20]. It was ini-
tially shown to cause rhythmic contractility of the
cremaster muscle within the gubernaculum,
which is suspected to be important for orientation
of the direction of migration [21]. It also stimu-
lates mitosis in the tip of the gubernaculum and
inhibits apoptosis [22, 23]. However, it was
unknown what caused the otherwise inert
genito-inguinal ligament to undergo metamor-
phosis into an actively migrating structure.

We have shown recently that the gubernacu-
lum acquires properties similar to an embryonic
limb bud, with development of an active prolif-
erating zone in its tip [24]. In an embryonic limb
bud, the trigger for outgrowth comes from the
overlying skin known as the apical epidermal
ridge [25]. This specialised skin triggers the
underlying mesenchyme to begin growing. We
wondered, therefore, whether the inguinal skin
provided similar signals to the gubernaculum
[26]. With this in mind, it is interesting to note
that the inguinal skin in marsupials has very
special properties similar to a limb bud, as this is
the site of the breast development in females and
the scrotum in males [4, 27]. Importantly, the
gubernaculum in marsupials is attached to the
mammary gland in females and the scrotum in
males [28]. The ilio-marsupialis muscle in
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Fig. 19.1 The two stages of
testicular descent. Between 8
and 15 weeks the
gubernaculum or
genito-inguinal ligament
enlarges in male embryos
under the action of Insl3
[augmented by MIS/AMH
(?)]. This “swelling reaction”
holds the testis near the
groyne as the foetal abdomen
enlarges, leading to
transabdominal descent
relative to the ovarian
position. In the inguinoscrotal
phase, the gubernaculum
migrates out of the external
inguinal ring, across the pubic
bone and into the scrotum.
The testis descends inside the
processus vaginalis, which is
a peritoneal diverticulum
developing inside the
gubernaculum. The
inguinoscrotal phase is
controlled by androgen
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marsupials is the female homologue of the cre-
master muscle, and functions as a suspensory
muscle of the nipples.

Relationship Between Gubernaculum
and Mammary Bud

This intriguing relationship between the guber-
naculum and the mammary gland in the marsu-
pials stimulated us to look more closely at the
embryonic rodent to see if there was a link
between the gubernaculum and the mammary
gland. When we examined the foetal rat and
mouse, we found that there was an embryonic
mammary bud immediately superficial to the
gubernaculum in the inguinal region [29]
(Fig. 19.3). In addition, the genitofemoral nerve

supplied not only the gubernaculum but also
mammary bud [30]. This raised the possibility
that the mammary bud may supply signals to the
underlying gubernaculum in a way similar to that
seen in an embryonic limb bud. We have recently
shown that there is expression of hoxa10 and
fgf10 in the gubernaculum and the subcutaneous
tissue forming the mammary fat pad [31].

At the time that we were investigating the role
of the mammary gland and we were also trying to
determine the site of androgen receptors that lead
to masculinisation of the genitofemoral nerve.
Initially, we had assumed that the receptors
would be in the nerve itself [32]. As it is the
sensory branches of the genitofemoral nerve that
are most important for triggering gubernacular
development, we looked for androgen receptors
in the dorsal root ganglion. To our surprise, there
are no androgen receptors in the dorsal root
ganglion of the rat until after the critical window
of androgen sensitivity on day 19 of foetal
development [29]. In addition, there were no
androgen receptors in the motor branches of the
nerve at this time as well. When we looked at the
gubernaculum, we were also surprised to find no
androgen receptors until day 19 of development.
However, the mammary buds and the adjacent
mammary fat pad immediately outside the
gubernaculum contained abundant androgen
receptors during the critical window of androgen
sensitivity [29]. Taking all these findings toge-
ther, it is quite likely that androgens masculinise
the genitofemoral nerve via the target organ,
which in this case is the mammary fat pad. This
would require the target organ to release a trophic
factor that stimulates development of the nerves,
which then produce calcitonin gene-related pep-
tide, which is released from the sensory branches
of the nerve to control migration of the guber-
naculum (Fig. 19.4). There is some precedent for
the possibility that target organs may stimulate
androgen-sensitive development of the nerves, as
the spinal nucleus of the bulbocavernosus is
masculinised by a trophic effect from the muscle
itself. In this case the trophic factor is
brain-derived neurotrophic factor (BDNF) [33].
Whether a similar trophic factor is present in the
mammary bud remains to be seen.

Fig. 19.2 The genitofemoral nerve hypothesis proposed
that testosterone acted only indirectly on the gubernacu-
lum by masculinising the genitofemoral nerve, which then
produces a specific neurotransmitter (later identified as
calcitonen gene-related peptide, CGRP) that is released
from the nerve terminals to control gubernacular migration
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Migration of the gubernaculum through the
mammary fat pad requires remodelling of the tis-
sues. We have recently identified that there
are some matrix enzymes which are present in the
mammary fat pad of the male that are likely to be
involved in remodelling to allow gubernacular
migration [Churchill et al. 2011]. Once the
gubernaculum has reached the scrotum further
remodelling is required so that the gubernaculum
will become attached to the inside of it. In addi-
tion, the proximal processus vaginalis normally
obliterates so that the testis can reside in a sepa-
rate peritoneal cavity within the scrotum.

Patho-Embryology of Abnormal
Testicular Descent

Failure of the swelling reaction during the first
phase of testicular descent is a relatively rare

cause of cryptorchidism. As mentioned previ-
ously, only a small number of children with
cryptorchidism have been identified with muta-
tions of the gene for INSL3 [14]. In addition, the
mechanical process during the first phase of
descent is relatively simple, merely requiring
stimulation of the gubernaculum to enlarge,
thereby anchoring the testis to the future inguinal
canal. Given the relative simplicity of these
mechanical events, it is not surprising that
abnormalities of this process are a relatively rare
cause of undescended testis.

By contrast, abnormalities of the inguino-
scrotal phase of testicular descent would be
expected to be common, given the complexity of
the migration process and the large number of
regulatory factors that must be involved. The
precise location of the defects which lead to
undescended testis in most children remain
unknown, but we would anticipate that they will

Fig. 19.3 Schema showing normal gubernacular migra-
tion from the external inguinal ring to the scrotum in
rodents. Note the gubernaculum bypasses the regressing
mammary bud and the phallus to reach the scrotum. After
androgen blockade (with prenatal flutamide exposure),
not only is gubernacular migration impaired, but also the

mammary bud persists, and mammary ducts surround the
gubernaculum [31]. (From Balic A, Nation T, Buraundi S,
et al. Hidden in plain sight: the mammary line in males
may be the missing link regulating inguinoscrotal testic-
ular descent. J Pediatr Surg 45(2):414–8; discussion 418,
with permission.)
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reside in the complex migratory process. Further
research is required in this area to identify the
abnormalities. Finally, failure of remodelling of
the connective tissue after migration of the
gubernaculum, to allow it to become attached to
the inside of the scrotum, may predispose to
perinatal torsion.

Anatomy of the Testis

The inguinal canal is formed by the abdominal
muscles differentiating around the gubernaculum,
which is embedded in the abdominalwall at the site
of the future canal [34, 35]. Initially, the inguinal
canal is straight, but becomes progressively

oblique as the abdominal wall enlarges. During
childhood, the inguinal canal remains only 1 cm in
length until about 10 years of age,when it begins to
elongate further with pubertal development caus-
ing changes in the shape of the pelvis [36]. After
migration of the gubernaculum is complete, the
remaining mesenchyme differentiates into the
fibrous layers of the spermatic cord. The processus
vaginalis should have obliterated fully by 6months
of age [37], which allows the spermatic cord to
elongate in proportional to growth of the boy. The
failure of the processus vaginalis to obliterate
completely prevents elongation of the spermatic
cord, leading to an acquired undescended testis
[37, 38]. Acquired cryptorchidism has remained a
controversial issue [39–42] (Fig. 19.5) but there is
increasing general agreement that it is common
[43].

The scrotal testis remains within its satellite
peritoneal cavity, the tunica vaginalis, on a short
mesentery, the mesorchium. This provides the
testis with considerable mobility, but the
mesentery is short enough to prevent testicular
torsion. In boys where the mesentery of the testis
is abnormally long there is a higher risk of tor-
sion, which is most likely after the onset of
puberty when the testis has enlarged.

When the testis fails to descend, it is impor-
tant to remember that the primary abnormality is
failure of gubernacular migration. This leaves the
testis in the groin, but still within its tunica
vaginalis, so that it is quite mobile within its
peritoneal cavity. The external inguinal ring is
usually quite a narrow opening after the testis has
passed through it, however, when the testis is
inside the inguinal canal the external ring is
usually widely open. This can be determined on
physical examination as a palpable triangular
defect in the external oblique aponeurosis.

In most instances the cryptorchid testis is
relatively normal, but becomes progressively
dysplastic with the passage of time, secondary to
the detrimental effects of the abnormal high
temperature. In only a small percentage of cases
is the testis itself abnormal, such as in children
with disorders of sex development with primary
testicular dysplasia.

Fig. 19.4 Schema showing our current proposal for how
androgens regulate inguinoscrotal descent. In the first
step, testosterone (T) acts on androgen receptors (AR) in
the inguinal region just outside the inguinal canal and
along the mammary line. These androgen-sensitive cells
of the mammary line produce a trophic factor that alters
the genitofemoral nerve development to produce CGRP,
which stimulates and regulates gubernacular migration
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Physiology of the Testis

During foetal development the testis produces
several hormones to control its own develop-
ment. These include MIS/AMH to trigger
regression of the Müllerian ducts, INSL3 to
stimulate the swelling reaction of the gubernac-
ulum, and testosterone to stimulate regression of
the cranial suspensory ligament and migration of
the gubernaculum (see Fig. 19.1). Initially hor-
mone production is independent of the
hypothalamic-pituitary axis, and was thought to
be autonomous. However, there is now evidence
that the placenta may stimulate testicular hor-
mones between 8 and 15 weeks of development
[44].

After birth the testis is initially quiescent, but
after about 2 months of age it begins responding
to hypothalamic and pituitary hormones [45, 46].
This leads to postnatal surges in testosterone and
MIS/AMH, and possibly other hormones, which
collectively control postnatal germ cell develop-
ment (Fig. 19.6). At birth the germ cell in the
testis is a neonatal gonocyte, which resides in the
centre of the tubule. Somewhere between 3 and 6

months of age, the gonocyte transforms into a
type-A spermatogonium, which resides under the
Sertoli cells on the basement membrane of the
testicular tubule. Over the next 3 to 4 years, the
spermatogonia mature further and eventually
migrate back into the centre of the tubule where
they become primary spermatocytes. The pri-
mary spermatocytes thereafter remain quiescent
until puberty, when they mature further into
spermatids with the onset of sexual maturation.

When the testis is cryptorchid, the gonocyte
fails to transform into a spermatogonium, proba-
bly secondary to cellular dysfunction caused by
the abnormal temperature [47–49]. Where there
are insufficient spermatogonia, which are now
thought to be the stem cells for subsequent sper-
matogenesis, there is a risk of subsequent infer-
tility if there is no treatment [50]. The gonocytes
which fail to transform would normally undergo
apoptosis, which is probably a normal evolu-
tionary process to eliminate abnormal gonocytes
that contain some potential mutation [51]. In
cryptorchidism the gonocytes did not undergo
apoptosis in the normal manner, presumably also
caused by abnormal temperature, and they are
therefore left stranded in the postnatal testis. It is

Fig. 19.5 In acquired cryptorchidism the persistence of
the obliterated processus vaginalis (or an abnormal
cremaster muscle in cerebral palsy) prevents normal
elongation of the spermatic cord between birth and

puberty. The net effect is the appearance of a descended
testis gradually retracting out of the scrotum, when the
testis is probably just stationary as the scrotum grows
further away from the groin with age
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these persisting gonocytes which are thought to
undergo progressive mutation which might
eventually lead to carcinoma-in-situ and eventu-
ally malignant degeneration [52].
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20Surgical Considerations of Testicular
Maldescent

John Hutson

Normal Postnatal Development
of the Testis

Immediately after birth, the testis is physiologi-
cally quiescent, while the cells readjust to the
sudden change in temperature from the 37 °C
environment of the uterus to the 33 °C of the
neonatal scrotum. The germ cells, known as
neonatal gonocytes, are large cells occupying the
centre of the seminiferous cords, and surrounded
by Sertoli cells, which are aligned along the
basement membrane. Outside the cords, the
Leydig cells, which were actively producing
testosterone prenatally, become inactive [1].

In the first few weeks postnatally, many testes
not already in the scrotum will continue their
descent to reach a scrotal position. In boys born
prematurely before testicular descent is normally
complete this process is common, but it also
occurs frequently in term babies. This “delayed
descent” postnatally accounts for the difference

in incidence of undescended testes being repor-
ted as 4–5% at birth, but only 1–2% at 6–
12 months [2, 3].

Testes that arrive late in the scrotum may not
reach the most dependent part, and remain “high
scrotal”, which is thought to be a risk factor for
later need for orchidopexy [2, 3]. In addition
late-descending testes are known to carry a
higher risk than fully descended testes at term of
being undescended later in childhood, the
so-called acquired undescended testis [3] (see
below).

After the testis has descended, the proximal
processus vaginalis is programmed to close,
leaving the testis inside a small satellite peri-
toneal cavity within the hemiscrotum. By study
of the frequency of hydrocele in babies with
hydrocephalus and ventriculoperitoneal shunts,
we were able to show a steep decline in fre-
quency of hydrocele after 6 months of age,
consistent with this being the upper limit of
normal time of closure [4].

At 2–3 months of age the neonatal hypotha-
lamus begins producing gonadotrophin-releasing
hormone which triggers the pituitary gland to
secrete luteinising hormone (LH) and
follicle-stimulating hormone (FSH), which pro-
duces a sudden surge in the gonadotrophin blood
levels between 3 and 6 months of age [5, 6]. The
postnatal testis, which presumably has now
adapted to its new low-temperature environment,
secretes high levels of testosterone [7]. The
serum androgen levels between 3 and 6 months
of age are transiently similar to early puberty,
and hence this brief postnatal hormone surge is
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known as “mini-puberty” [7]. By 6 months the
androgen levels are falling, and then remain
extremely low throughout the rest of childhood
until the onset of adolescent sexual maturation.

Another hormone that increases during
“mini-puberty” is Müllerian inhibiting substance
(MIS), or anti-Müllerian hormone (AMH).
MIS/AMH levels increase in the blood at about
4 months of age, and remain high until about
1 year; they then decline gradually until 10–
11 years of age when they fall suddenly to low
levels at the onset of puberty [8, 9]. The function
of MIS/AMH throughout childhood is unknown,
but it is quite possible that it has a role in
maintaining testicular physiology in its prepu-
bertal state. Beyond puberty and with the onset
of the blood–testis barrier, the Sertoli cells con-
tinue to secrete MIS/AMH, but most of it is now
exocrine rather than endocrine, and is found in
the seminal fluid. It is likely to have functions in
maintaining the sperm, although this remains to
be investigated.

It has been proposed that the primary function
of “mini-puberty” is to initiate postnatal germ
cell development, and it has been assumed that
this is regulated by testosterone [10]. However,
this is likely to be a more complex situation, as
germ cell development is initially normal in
neonatal TFM mice with complete androgen
insensitivity and is responsive to AMH/MIS [11].
Which hormone (or hormones) controls postnatal
germ cell development remains to be determined,
and could have important therapeutic implica-
tions for improving fertility outcomes in
cryptorchidism.

Germ cell development after birth is now
recognised as a key event in both normal testic-
ular maturation and in cryptorchidism. It was
initially assumed that no germ cell development
occurred until puberty, as the postnatal testis
appeared completely inactive compared with
postpubertal spermatogenesis. Certainly with
regard to the speed of spermatogenesis in ado-
lescence, the postnatal testis seemed completely
inert, yet it has been gradually appreciated that
key developmental changes were occurring, but
at a much slower rate than after puberty. The
neonatal gonocytes slowly migrate to the

periphery of the spermatic cords at 3–6 months of
age to make contact with the basement mem-
brane. They then take on the morphology of
type-A spermatogonia, which are now thought to
be the so-called adult-dark spermatogonia (AD-S)
of the postpubertal testis. These latter cells are
considered to be the stem cells for spermatogen-
esis [12–14]. The AD-spermatogonia gradually
develop into B-spermatogonia and then primary
spermatocytes, which appear at 3–4 years of age
and occupy the centre of the tubercle, as did the
neonatal gonocyte just after birth.

Studies of the total germ cell numbers in the
postnatal testis show that the lowest numbers are
at 1–2 years of age, as it appears that not all
postnatal gonocytes transform into AD-
spermatogonia [6]. Given the importance of the
stem cell population for subsequent fertility, it is
quite likely that there is a screening process
occurring, such that any germ cell that does not
have optimal genetics or physiology is directed
to undergo apoptosis rather than transformation.
This could be the first step in “survival of the
fittest”, by only selecting the “best” gonocytes
for reproduction (Fig. 20.1).

Postnatal Development
in Cryptorchidism

In babies with cryptorchidism the postnatal hor-
mone production by the testis is suppressed
[15, 16], and the development of germ cells is
interrupted at the first step postnatally, transfor-
mation of the gonocytes into AD-spermatogonia

Screening
for

mutations
Gonocytes

?
AD Spermatogonia

Apoptosis

Fig. 20.1 Gonocyte transformation in the first year of
life is an incomplete process, with many germ cells failing
to transform and then undergoing apoptosis. It is quite
possible that this is a sorting mechanism to select the
“best” germ cells to become spermatogenic stem cells
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[17, 18]. Whether this failure is related to innate
genetic errors in the cryptorchid testis, or sec-
ondary to the abnormally high postnatal tem-
perature of the misplaced organ, is unknown, but
a secondary anomaly seems more likely [19].
Moreover, the entire management of unde-
scended testes is based precisely on this premise,
that the postnatal dysfunction is secondary to the
position, and hence reversible with orchidopexy.

Many germ cells that fail to transform into
AD-spermatogonia, probably secondary to the
abnormal temperature interfering with cellular
function, also fail to undergo apoptosis. This is
likely to leave a cohort of gonocytes in the tes-
ticular tubules well beyond their normal time,
and we suspect that they are the origin of the
subsequent carcinoma-in-situ (CIS) cells after
puberty, as they carry the same enzymatic
markers [20]. The CIS cells are thought to be the
origin of seminomas in previously cryptorchid
men [21–23].

Timing of Orchidopexy

Surgical correction of testicular malposition is
based on the assumption that postnatal dysfunc-
tion is secondary to abnormal temperature, and
hence reversible with orchidopexy. Given that
gonocyte transformation to AD-spermatogonia is
deranged, orchidopexy should aim to correct this
and hence should be performed within the first
year of life. The exact optimal time remains
unknown.

In the first 3 months after birth in term babies
about half the testes not in the scrotum initially
will descend. Beyond 12 weeks after term
delayed descent becomes rare, therefore timing
of orchidopexy should take this into account
[24–26]. Also, there is widespread agreement
amongst anaesthetists that elective surgery
should be delayed until about 6 months, when
day surgery is known to be safe, and it is well
beyond the neonatal period where there remain
some doubts about the long-term effects of gen-
eral anaesthesia. Taken together, these factors
lead to 6 months being our current recom-
mended age for orchidopexy for congenital

cryptorchidism, which allows for delayed testic-
ular descent and hopefully is early enough to
permit postnatal germ cell maturation before it is
too late.

Unfortunately, there are no randomised, con-
trolled trials showing the value of orchidopexy at
6 months of age, given the long lag-time before
fertility can be measured. There are, however,
promising recent studies using testicular growth
(measured by ultrasonography) as a very early
surrogate for later fertility. By measuring testic-
ular volume, Kollin et al. [27] have shown that
surgery at 9 months is significantly better than at
3 years of age.

The gradual reduction in recommended age
for orchidopexy over the past few decades has
revealed a second group of cryptorchid testes that
present later in childhood. We now understand
that these are probably acquired rather than
congenital, and that they have some differences
in aetiology and outcome.

Acquired Cryptorchidism

The first reports of possible acquired cryp-
torchidism appeared in the 1970s [28] but more
widespread recognition of this phenomenon did
not occur until the 1990s [29–32], when a group
of children undergoing surgery at 5–10 years of
age appeared despite an earlier recommended age
for orchidopexy. Initially it was assumed that this
was caused by delayed diagnosis of congenital
cryptorchidism, however, it gradually became
more obvious that in fact it was more likely the
first presentation of acquired cryptorchidism.

There is now general acceptance that acquired
cryptorchidism is not only a real entity, but also
that it is quite common [33]. In some hospital
audits, it makes up about half of all the orchi-
dopexies being performed [34]. Prior to recog-
nition of this variant, such children were
probably diagnosed as having “retractile testes”
[35–37]. The aetiology of acquired cryp-
torchidism remains uncertain, but may be related
to minor androgen deficiency and failure of the
processus vaginalis to obliterate completely after
birth [30]. Persistence of a fibrous remnant of the
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processus vaginalis is likely to prevent elonga-
tion of the spermatic cord, so that as the boy
grew and the scrotum become further away from
the external inguinal ring, the testis would be left
behind and appear to gradually ascend out of the
scrotum [29] (see Fig. 19.5 in Chap. 19).

As the testis is intra-scrotal during the first
year, we might anticipate that as a result of
normal postnatal germ cell maturation, the
gonocytes should have disappeared, and that the
AD-spermatogonia should be present in adequate
numbers. This would be predicted to lead to a
low risk of malignancy, if abnormal gonocytes
really are the origin of seminomas in previously
cryptorchid testes.This is consistent with recent
long-term follow-up of men with previous
acquired cryptorchidism, showing no increased
incidence of malignancy, but some suppression
of fertility [38]. Given the potential prognosis of
acquired cryptorchidism, many authors recom-
mend orchidopexy once the testis no longer
reaches the scrotum.

Indications for Treatment

The scrotum is a specialised, low-temperature
environment which allows optimal postnatal
development of the gonocytes and postpubertal
spermatogenesis [39]. The temperature of the
scrotum is 33 °C, which means that intraab-
dominal testes are 4 °C away from optimal
physiology and intracellular functioning, which
is the likely reason for secondary dysplasia.
Temperature-dependent dysgenesis is proposed
to cause progressive loss of the spermatogonia,
leading to subsequent poor sperm counts, while
any residual gonocytes might eventually mutate
into a seminoma.

Successful surgical placement of the testis
into the scrotum is dependent not only on the
assumption that the damage is secondary rather
than a primary disorder of the testis, but also that
early intervention can prevent and/or reverse this.
Additionally orchidopexy aims to overcome the
cosmetic deformity.

Hormonal treatment has been controversial,
since it was first introduced in the 1940s. In the

1970s and 1980s, gonadotrophins or analogues
of gonadotrophin-releasing hormone were rec-
ommended for making the testis descend, but
randomised, controlled trials have failed to sub-
stantiate the initial claims of success [40]. In
recent years, hormone therapy has made a
comeback as a way of improving germ cell
development after orchidopexy [41].

However, this new use for hormones has been
very controversial [42, 43], with non-randomised
studies in support, but no randomised trial
available [44] that really provides an evidence
base. As a result, hormone therapy should be
avoided until there is definitive evidence of its
efficacy.

Surgical Management

The choice of surgical approach depends on the
type or location of the cryptorchid testis. Con-
genital undescended testes can be categorised
into palpable and impalpable, with standard
inguinal orchidopexy for the former and laparo-
scopy for the latter. For acquired cryptorchidism
the scrotal approach described by Bianchi is
useful [45], and some surgeons would recom-
mend this approach for many palpable congenital
undescended testes.

Inguinal Orchidopexy

After an inguinal incision the testis within the
tunica vaginalis is mobilised and the inguinal
canal opened (Fig. 20.2). The distal attachment
of the gubernaculum is divided and the cremaster
muscle stripped off the spermatic cord
(Fig. 20.3). The vas deferens and the testicular
vessels are carefully separated from the proces-
sus vaginalis, (Fig. 20.4) which is transfixed and
ligated at the internal inguinal ring (Fig. 20.5).
The retroperitoneal space cranial to the internal
ring is opened up so that the vas and particularly
the vessels can be freed up from fibrous adhe-
sions preventing stretching out their length. This
is usually enough to achieve adequate length, but
occasionally the cord structures need to be
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Fig. 20.2 Inguinal skin
crease incision

Fig. 20.3 The cremaster
muscle fibres are stripped
off the cord, allowing the
gubernacular attachment to
be divided
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brought down medial to the inferior epigastric
vessels, either by buttonholing the transversalis
fascia or by ligating and dividing the vessels to
pull the cord medially (Fig. 20.6).

The subcutaneous path to the scrotum is made
by blunt dissection, usually with a finger
(Fig. 20.7), and the scrotum is opened to develop
a dartos pouch large enough for the testis. An

Fig. 20.4 The sac is
stretched over the index
finger while dissecting
forceps gently brush off the
other cord structures

Processus
vaginalis

Avascular lateral
fascial bands Inferior epigastric

vessels

Vas deferens

Testicular
vessels

Fig. 20.5 Once separated
from the vas deferens and
vessels, the sac is transfixed
and ligated at the internal
inguinal ring
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artery forceps is passed through the scrotal inci-
sion and pushed up to the inguinal incision,
guided by the finger. Taking care not to twist the
spermatic cord, the testis is pulled down to the
scrotal incision (Fig. 20.8). The tunica vaginalis
is opened and any appendages removed (this
prevents exploration for acute scrotum later in
childhood) and the testis sutured to the scrotal

septum. After closure of the inguinal canal and
Scarpa’s fascia, both skin incisions are closed.

Laparoscopic Orchidopexy

The laparoscope is inserted through an umbilical
trocar and the presence and location of the testis

Fig. 20.6 a Transposition of the cord structures medial
to the inferior epigastric vessels (known as the Prentiss
manoeuvre) allows the spermatic cord to take a more

direct path to the external ring. b The Prentiss manoeuvre
increases the relative length of the spermatic cord by at
least 1cm, even in infants.

Fig. 20.7 A finger is used to create a passage to the
scrotum by blunt dissection and the scrotum is opened

Fig. 20.8 After ensuring no twist in the spermatic
vessels, the testis is pulled to the scrotum
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identified. In a significant percentage of impal-
pable testes, this documents blind-ending vessels
in the retroperitoneum, consistent with the van-
ishing testis, likely caused by perinatal torsion.
This may be associated with an atrophic remnant,
which is usually a tiny nodule in the scrotum.
Whether or not this needs excision via a small
scrotal incision remains controversial.

When the testis is found at laparoscopy, the
key determinant for treatment is the proximity of
the gonad to the internal inguinal ring. ‘Peeping’
or ‘Peep-a-Boo’ testes sitting just inside the
internal ring are usually amenable to straight-
forward orchidopexy, with or without some
laparoscopic mobilisation (Fig. 20.9).

Two extra small trocars are placed, one on
each side, to allow working instruments. The
peritoneum is divided with a wide margin around
the testis, allowing the testicular vessels to be
mobilised. A simple test that predicts the likely

success of laparoscopic primary orchidopexy is
to pull the testis to the contralateral inguinal ring
(Fig. 20.10). If the gonad can reach the opposite
side, then there should be sufficient length for
successful orchidopexy in one stage.

In those circumstances where the testis does
not reach the other canal, usually when the testis
is more remote from the ipsilateral inguinal
canal, a decision needs to be made about whether
a Fowler–Stephens operation should be done.
Fowler and Stephens showed in the 1960s that
the testis is supplied by 3 vessels with collaterals
around the testis and epididymis: the testicular
artery, the cremasteric artery, and the artery to
the vas deferens [46]. This allows transection of
the testicular vessels above the area of collaterals,
thereby allowing the testis to be supplied by the
other 2 vessels (Fig. 20.11). This procedure has
become a useful way to bring a testis high in the
abdominal cavity to the scrotum, despite the
testicular artery being too short. The Fowler–
Stephens manoeuvre can be done at the same
time as orchidopexy, but many surgeons would
do orchidopexy at a second stage, after allowing
the collateral vessels to enlarge (Fig. 20.12). The
2-stage orchidopexy is usually done with an
interval of about 6 months between the stages.

In a single-stage laparoscopic orchidopexy,
the testicular vessels are mobilised with a wide
margin of peritoneum. The scrotum is opened to
make a dartos pouch, and then a long artery or
laparoscopic forceps is passed through the
inguinal incision and up to the external inguinal
ring. Using blunt dissection, the instrument is
passed through the back of the inguinal canal,
taking care to avoid the inferior epigastric ves-
sels laterally and the bladder medially. The testis
is grasped and pulled to the scrotum, and fixed
there as in the standard operation.

For the 2-stage procedure, the peritoneum is
opened just below where the spermatic vessels
appear below the colon and clipped or ligated.
No mobilisation is carried out until the second
stage, a few months later, when the testis is
brought to the scrotum as described for the
one-stage procedure.

IIR

Fig. 20.9 The laparoscopic appearance of an
intra-abdominal testis. The canal is often open and
contains a gubernacular remnant. The testis is proximal
to the ring on a short mesorchium with obvious vas and
vessels
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Scrotal Orchidopexy

A high scrotal incision is made, as originally
described by Bianchi at the junction between the
neck of the scrotum and pubic skin, or trans-
versely in the upper scrotum. The testis is
delivered through the wound and held under
traction by an artery forceps. The scrotal con-
nective tissue is stripped off and the cremasteric
and external spermatic fascial layers are sepa-
rated from the remaining cord structures, leaving
the vessels, vas deferens and the processus
vaginalis, which may be patent (more likely in
congenital UDT). The processus is separated
from the vas and vessels as for standard orchi-
dopexy and herniotomy, and this is usually
possible right up to and through the external
inguinal ring by retraction of the upper wound
margin. Retroperitoneal dissection, however, is
not usually possible, so scrotal orchidopexy is
best reserved for those testes that can be pulled to

the upper scrotum under anaesthesia.
Transfixation/ligation of the processus and
anchoring the testis in a dartos pouch is similar to
that in standard orchidopexy.

Outcomes of Orchidopexy

Short-Term Outcomes

The testis is located in the scrotum at 1-year
follow-up in about 90% of patients, with a small
risk of retraction or minor atrophy and occasional
complete testicular atrophy. Intra-abdominal
testes have a lower success, in the order of 80–
85%, although most series do not include those
atrophic testes that were excised [47]. The age at
surgery does not appear to be a significant factor
in the final scrotal location of a reasonable sized
testis, as long as the operation is done by trained
paediatric surgeons [27, 48].

Fig. 20.10 A simple test
for whether single-stage
orchidopexy is feasible is
to pull the testis to the
contralateral side. If it
reaches in to the opposite
inguinal ring then
orchidopexy should be
straightforward
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Long-Term Outcomes

For both malignancy and possible infertility,
most studies describing long-term results include
patients operated on at a much older age than
currently recommended. Moreover, because of
the 30-year lag-time between surgery and
follow-up, most studies arise from an era before
acquired cryptorchidism was identified and
characterised. This means that follow-up studies
currently being published do not represent the
optimal evidence about current practice, but
merely record previous history.

If operation in the first year really does matter,
by allowing normal germ cell development, then it
will still be some time before we get long-term
results. At present the prognosis for malignancy is
a 5–10 fold increased risk (based on orchidopexies
of both congenital and acquired undescended
testes done at a median of 10 years of age). The
prognosis for fertility from a similar cohort is
about 60–70% fertile for men with previous

unilateral cryptorchidism, but only about 30%
fertile for men after bilateral orchidopexy.

It is not yet known whether these figures will
be significantly improved or not by early surgery,
although there is now some preliminary evidence
that surgery at 9 months is significantly better
than operation at 3 years of age [27]. The per-
centage of undescended testes with a primary
disorder is unknown, but it is thought by most
authors to be a small number. For the time being,
we need to continue early intervention on the
assumption that our increasing knowledge of
postnatal germ cell maturation will lead to
improved outcomes.
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21Testicular Torsion

Daniel W. Colliver and David F.M. Thomas

Testicular torsion (also termed torsion of the
spermatic cord) occurs when the testis twists
around the axis of the spermatic cord with con-
sequent vascular occlusion and ischemia. If
uncorrected, torsion progresses to infarction and
testicular atrophy. Although the peak incidence is
in adolescence, testicular torsion can occur at any
age from intra-uterine life to late adulthood. This
chapter will combine a summary of the patho-
physiology and outcome of testicular torsion
with an account of the clinical aspects of diag-
nosis and management.

Aetiology

Anatomy

Two patterns of testicular torsion are recognized,
according to whether the testis twists within the
confines of its coverings (intra-vaginal torsion—
Fig. 21.1) or whether the testis and its coverings
twist in their entirety—extra-vaginal torsion

(Fig. 21.2). Extra-vaginal torsion is largely, if not
wholly confined to intra-uterine or early postnatal
life and although historically termed “neonatal”
torsion it has become increasingly evident that
with very rare exceptions this is an intra-uterine
event.

The intra-vaginal pattern has been tradition-
ally ascribed to a predisposing anatomical variant
termed the “bellclapper” deformity, shown in
Fig. 21.3a, b. However, whilst the concept of
“horizontal lie” and the “bell clapper testis” are
long established in conventional teaching, it is
important to appreciate that the distinction
between “horizontal” and “normal” orientation of
the testis is inherently subjective. The repro-
ducibility of this finding and the existence of
“horizontal lie” as a distinctive anatomical vari-
ant have never been objectively validated in
studies of patients and age-matched normal
controls. The bell clapper deformity has, how-
ever, been the subject of a formal autopsy study
reported by Caesar and Kaplan [1]. The relevant
anatomical features of 101 testes were docu-
mented in series of 51 consecutive postmortem
examinations in subjects ranging in age from
1 day to 75 years at the time of death. On the
basis of the anatomical relationship between the
testis and attachment of the tunica vaginalis these
authors found that 12% of all testes demonstrated
the “bell clapper” deformity. They concluded
that whilst this subset of the population may be at
risk for torsion “other factors in addition to
anatomic predisposition must be involved”.
Similar findings were reported by Ishizuka et al.
[2]. In males with normally descended testes the
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“bell clapper” deformity almost certainly repre-
sents one end of the spectrum of normal
anatomical development rather than a distinct
pathological entity. It is unclear why a small
percentage of such individuals experience tor-
sion, whilst the majority of do not.

Genetic Factors

The familial occurrence of testicular torsion is
well documented in the literature, with particular
emphasis on siblings (notably identical twins) [3,
4]. It is seems likely that this does reflect agen-
uine genetic basis in affected families since the
incidence is greater than might be expected by
chance. The mechanism(s) whereby the expres-

sion of genetic factors lead to an increased pre-
disposition to torsion is entirely unknown.

Precipitating Factors

A number of precipitating factors have been
implicated, including trauma, recent exercise and

Fig. 21.1 Intra-vaginal torsion

Fig. 21.2 Extra-vaginal torsion
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cold weather. In the series reported by Wil-
liamson [5], a history of trauma (e.g. sporting
injury) and recent exercise was noted in 8 and
11% of cases, respectively. However, it is diffi-
cult to assess their significance as precipitating
factors since exercise and sporting injury are
relatively common events in the lives of adoles-
cents and young adults. In the majority of
instances no obvious precipitating factor can be
identified and Williamson observed that “some-
times, the onset of symptoms occurred during
sleep.”

Incidence

In the absence of reliable population-based data it
is very difficult to derive an accurate figure for
the true incidence of testicular torsion. From their
analysis of 670 patients treated in Bristol, United
Kingdom, between 1960 and 1984 Anderson and
Williamson [6] calculated the annual incidence in
their local population as 1 per 3942 males under
the age of 25 years. The incidence figure of

1:4000 has been widely cited in subsequent
publications.

Data collected prospectively by the Depart-
ment of Health for England over an 11-year
period from 1994 to 2005 indicated that the
number of hospital admissions in England for
“surgery for testicular torsion” in patients aged
0–17 years remained broadly constant over this
period averaging 1010 hospital admissions per
annum (range 884–1127) [7]. An approximation
based on these Department of Health data and the
annual birth rate in England yields an estimated
incidence which is broadly consistent with
Anderson and Williamson’s figure, i.e. 1:3000 to
1:4000. With regard to neonatal torsion an inci-
dence of 6:100,000 (1:17,000) was reported by
John et al. [8] who analyzed data from the
Mersey region of the United Kingdom collected
over a 13-year period. The very limited published
evidence does not identify any obvious geo-
graphical variation or difference between racial
groups.

Testicular torsion is characterized by a
bi-modal age distribution. A small peak is

Fig. 21.3 a Normal lie.
b The bellclapper
deformity
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observed in the newborn period but the condition
occurs most commonly during adolescence, with
the peak incidence around 15 years of age. In the
age range 13–21 years testicular torsion has been
reported to account for at least 90% of all cases
of acutely presenting scrotal pathology [9]. By
contrast, the differential diagnosis in pre-pubertal
boys is more varied, with torsion of the Hydatid
of Morgagni accounting for approximately 50%
of cases. Nevertheless, torsion of the testis is also
an important cause of acute scrotal pathology
throughout childhood constituting 34% of cases
of acute scrotal pathology in a series of boys
aged 0–12 years reported by Nour et al. [10].

Pathophysiology

Our understanding of the events occurring at a
vascular and cellular level is largely derived from
experimentally induced torsion in rat, porcine
and canine animal models [11–15]. These studies
have demonstrated that 720° torsion reliably
produces complete cessation of perfusion,
whereas the degree of ischemia produced by less
severe degrees of experimentally induced torsion
is more variable.

There appears to be some degree of
inter-species variation in the timescale of
ischemic tissue damage but whether this reflects
differences in vascular anatomy or genuine dif-
ferences in susceptibility of seminiferous tissue
to ischemia is unclear. Nevertheless, it seems
reasonable to assume that the consequences of
720° torsion observed in pigs and dogs can be
reliably extrapolated to man.

Mechanisms of Tissue Damage

Ischemia

Spermatogenesis is an extremely active process
capable of generating approximately 100–200
million sperm per day [16]. This high level of
metabolic activity is mirrored in correspondingly
high rates of oxygen consumption by the ger-
minal epithelium and in its marked vulnerability

to periods of ischemia. The tissues comprising
the testis exhibit preferential sensitivity to
ischemia with the germ cell population being the
first to be lost, followed by the Sertoli cells and
the Leydig cells [15]. Because the germ cells and
Sertoli cells comprise most of the volume of the
normal testis the extent of any reduction in tes-
ticular volume can be regarded as a sensitive
indicator of severity of ischemic tissue damage.
The testis receives its blood supply by long,
small calibre artery with a relatively high vas-
cular resistance. As a consequence, capillary
pressure in the testis is only marginally higher
than the venous pressure and oxygen tension
within the testis is low, particularly in relation to
the high metabolic demands of spermatogenesis
within the adult testis. Whilst this may be bene-
ficial in conferring protection against
oxygen-radical mediated damage to sperm DNA
under normal perfusion it may also explain why
testicular tissue is so susceptible to relatively
short periods of ischemia.

Bergh et al. [12] found that even a 30%
reduction in perfusion was sufficient to induce
cell death of spermatogonia and early primary
spermatocytes in the adult rat testis. Heindel et al.
[13] documented reductions in sperm production
and testicular weight in rats following 720° tor-
sion maintained for as little as one hour—despite
subsequent restoration of perfusion to levels
comparable to those prior to the induction of
torsion. In addition to its duration, the severity of
torsion appears to be an important determinant of
outcome. Heindel et al. [13] found that experi-
mentally induced unilateral torsion of 720° or
more had a significant impact on subsequent
fertility, whereas no effect was observed fol-
lowing torsion of 360°.

Reperfusion Injury

In addition to tissue damage mediated by ische-
mia, further damage occurs as a consequence of
reperfusion injury following de-torsion and
restoration of blood supply to the testis. Reactive
oxygen species, such as H2O2, OH, and O2, and
reactive nitrogen species (RNS) such as NO and
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ONOO have a well-recognized potential to cause
cellular injury and one of the key enzymes
involved in early reperfusion injury is thought to
xanthine oxidase [17–19].

The administration of exogenous antioxidants,
including selenium, l-carnitine and others has
been shown to reduce the severity of testicular
damage in experimentally induced torsion in
animal models [20–25]. Inhibition of xanthine
oxidase by allopurinol has also been shown to
exert a protective effect [26, 27]. To date, the use
of these and other agents to ameliorate testicular
damage has been limited to experimental models
but it is possible that anti oxidant therapy might
find a role in clinical practice in the future—
particularly when the testis is left in situ fol-
lowing de-torsion.

The Contralateral Testis

A history of unilateral torsion is associated with
an increased probability of impaired spermato-
genesis in the “healthy” contralateral testis.

Although this phenomenon has been studied
both clinically and experimentally, the possible
mechanisms remain unclear and published find-
ings have sometimes been inconsistent or frankly
contradictory. Nevertheless, there is a sufficient
evidence to pose the theoretical question of
whether it might be more beneficial for fertility to
remove a potentially salvageable testis (to protect
spermatogenic function in the contralateral testis)
rather than leave it in situ?

A detailed analysis of evidence is beyond the
scope of this chapter but the possible mecha-
nisms of impaired spermatogenesis can be sum-
marized as follows.

Reduced Perfusion

On the basis of a number of experimental studies
[28–32], it has been postulated that changes in
perfusion which have been observed in the con-
tralateral testis occur in response to toxic
vasoactive agents released into the circulation
from the affected testis. This occurs particularly

at the time of de-torsion when the arterial per-
fusion and venous drainage are restored to
ischemic testicular tissue.

AutoImmune Damage

Seminiferous tissue is immunologically privi-
leged and any breach of the blood-testis barrier
incurs the risk of antigens being exposed to the
immune system—thus invoking an autoimmune
response. This phenomenon has been demon-
strated following experimental torsion in rats
[33] and, in addition it has been shown that
immune mediated damage to the contralateral
testis can be ameliorated by administration of
immunosuppressive agents, including Dexam-
ethasone and Cyclosporine [24, 25]. The clinical
significance (if any) of auto-antibodies in man is
unclear. Mastrogiacomo et al. [34] reported the
presence of circulating agglutinating antibodies
in 20% of 25 patients evaluated 6 months to
7 years after torsion but found no correlation
between the presence of these antibodies and
sterility. The reported incidence of detectable
antisperm antibodies varies considerably in dif-
ferent series and some authors have been unable
to identify auto-antibodies in any of their patients
despite using standardized laboratory techniques
[35]. In a study of the late outcome of
pre-pubertal testicular torsion, Puri et al. reported
that, of patients who were married, all had fath-
ered one or more children. In unmarried patients,
semen analysis was normal in 10 out of 13. Anti
sperm antibodies were not found in any of their
patients. These authors concluded that
pre-pubertal torsion does not cause autosensiti-
zation or diminished fertility [36].

Congenital Dysplasia

Biopsy findings have suggested that the impair-
ment in semen quality in men with a history of
unilateral testicular torsion might be explained by
pre-existing congenital dysplasia in the con-
tralateral “healthy” testis. Hagen and associates
reported abnormal histological appearances in 30
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out of 34 biopsies of contralateral testes obtained
at the time of surgery for torsion [37]. Likewise,
Anderson and Williams [38] found pre-existing
histological damage in 20 out of 35 patients,
prompting them to conclude that “testes prone to
torsion already show impaired spermatogenesis”.

Reduced Germ Cell Mass

Can the reduction in semen quality observed in
men who have undergone orchidectomy for tor-
sion simply be explained by a quantitative
reduction in seminiferous tissue? Ferreira and
associates assessed the semen quality of 54 men
aged between 19 and 42 years who had previ-
ously undergone unilateral orchidectomy for a
variety of different indications including torsion.
A significant and comparable reduction in sperm
concentration was observed in all groups
regardless of the indication for unilateral
orchidectomy [39].

In summary, whilst follow-up studies in men
with a history of torsion have consistently
demonstrated evidence of impaired semen qual-
ity the causative mechanism(s) remain unclear.

Clinical Presentation

Torsion characteristically presents with severe
pain of sudden onset accompanied by tenderness
and swelling of the testis. The pain is often
referred to the ipsilateral inguinal region and/or
lower abdominal quadrant thus creating the
potential for an erroneous diagnosis of appen-
dicitis when right sided-or gastroenteritis in the
case of left-sided torsion. This confusion may be
compounded by a history of vomiting, which is
feature of around 40% of cases of torsion.
Examination of the testes should therefore be
included as a mandatory part of the clinical
examination of any child or adolescent present-
ing with sudden onset inguinal or lower
abdominal pain.

It is important to note, however, that less than
half of patients present with the classic “full

house” of symptom and physical signs. Confus-
ingly, pain may sometimes be minimal or absent
in the early stages of torsion—particularly in
younger children.

The key clinical findings consist of acute
tenderness and swelling of the affected testis—
which may be lying in an elevated position
within the scrotum as a consequence of cremas-
teric contraction and physical shortening of the
twisted cord. Inflammatory changes in the scrotal
skin then ensue, in response to ischemia and the
onset of necrosis within the underlying testis.

Differential Diagnosis

Testicular torsion accounts for around 90% of all
cases of acute scrotal pathology in adolescents
[9] and for this reason surgical exploration
should be undertaken urgently unless there is
convincing evidence of an alternative diagnosis.
By contrast, the differential diagnosis is wide
ranging in the pre-pubertal age group and
encompasses the following;

Torsion of Hydatid of Morgagni
(Torsion of a Testicular Appendage)

This typically presents with pain that is less
severe, more localized and more insidious in
onset than torsion of the testis. In a minority of
cases, hemorrhagic infarction of the Hydatid of
Morgagni is associated with visible discoloura-
tion—the so-called “blue dot” or “blue pea” sign.
Although pathognomonic, this sign is more fre-
quently absent or masked by edema and ery-
thema of the overlying scrotal skin. An
experienced clinician can often diagnose the
condition on clinical grounds (with confirmation
by ultrasonography if available). It is important
to stress, however, that if the diagnosis cannot be
established with certainty, urgent surgical
exploration is indicated to exclude testicular
torsion. Surgery may also be considered if the
symptoms are slow to resolve on conservative
management.
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Epididymo-Orchitis

This diagnosis should be viewed with caution
unless there is strong supportive evidence such as
clear evidence of frank urinary infection and/or
history of an underlying abnormality such as
persistent Mullerian remnant or neuropathic
bladder. Epididymo-orchitis is accompanied by
marked tenderness, testicular tenderness and
scrotal erythema. Other features may include
fever, urinary symptoms and systemic ill health.
Examination of the urine usually identifies evi-
dence of infection. By contrast to testicular tor-
sion the appearances on Doppler ultrasound are
characterized by hyperemia rather than absent
perfusion.

Idiopathic Scrotal Edema

This distinctive condition of unknown aetiology
is virtually confined to young children. In con-
trast to the other causes of scrotal swelling and
erythema in this age group, idiopathic scrotal
edema typically gives rise to remarkably little
pain or distress.

For the experienced clinician, the diagnosis
rarely causes difficulty but where appropriate the
use of scrotal ultrasonography will reliably dis-
tinguish idiopathic scrotal edema from other
forms of acute scrotal pathology.

Other Causes

Other causes of acute scrotal pathology in the
pre-pubertal age range include incarcerated her-
nia, acute hydrocele, Henoch–Schonlein vas-
culitis, and mumps orchitis. In adolescents the
main differential diagnosis at the younger end of
this age range is torsion of the hydatid of Mor-
gagni, whereas epididymo-orchitis (possibly in
conjunction with sexually transmitted disease)
should be considered in the mid to later teenage
years.

Investigation

The principle “investigation” is urgent surgical
exploration—particularly in the post pubertal age
group (in whom testicular torsion accounts for
more than 90% of cases of acute scrotal pathol-
ogy). Diagnostic imaging may, however, play a
role in pre-pubertal boys if the clinical picture
points strongly to an alternative diagnosis (e.g.
torsion of the hydatid of Morgagni, epididymo-
orchitis). However, if there is any suspicion of
torsion, urgent exploration is still indicated in
this age group.

Doppler ultrasonography is the modality of
choice, but this investigation is operator-
dependent and it may be difficult, if not impos-
sible, to obtain urgently on an “out of hours
basis”. Surgical exploration should never be
delayed to facilitate ultrasonography if the clin-
ical evidence raises the possibility of testicular
torsion. Isotope imaging using intravenous
Pertechnetate, labelled with Technetium-99M is
of historical interest only and plays no useful role
in current practice.

Management

Attempted external manual de-torsion is neither
desirable nor feasible in children or adolescents.
Time is of the essence and appropriate anesthetic
precautions should be taken rather than defer
induction of anesthesia because of recent oral
intake. Following delivery of the testis (via a
midline or scrotal compartment incision) and
de-torsion, a decision must be taken on whether
to conserve or remove the testis. Relevant factors
include; duration of the clinical history, appear-
ance of the testis and presence or absence of
arterial bleeding on incision of the tunica
albuginea. Some authors have used
intra-operative Doppler ultrasonography [40–42],
but this does not appear to offer any significant
advantage over clinical criteria in predicting
potential viability. However, one study found a

21 Testicular Torsion 299



strong correlation between testicular parenchy-
mal homogeneity or heterogeneity and viability
or non-viability, respectively [42].

The available evidence suggests that where
doubt exists it is preferable to err on the side of
orchidectomy. If the decision is taken to conserve
the testis, fixation of the testis to the scrotal wall
and the septum is performed using
non-absorbable sutures at three sites (three point
fixation). A similar technique is employed for
prophylactic fixation of the contralateral testis (to
obviate the risk of asynchronous contralateral
torsion).

Outcome

Viability and Testicular Atrophy

Unlike the experimental situation, it is often
difficult, if not impossible, to accurately deter-
mine the severity of torsion in the clinical setting.
Sessions et al. [43] reported a salvage rate of
62% for testes with a median degree of torsion of
360° compared with 38% when the median
degree of torsion was 540°. However, these
results were derived from retrospective chart
review and experience suggests that, in practice,
the degree of rotation is not usually documented
with such precision—if at all. Moreover “sal-
vage” rates cited in this study were largely based
on the surgical assessment of potential viability
at exploration, with only very limited outcome
data. Nevertheless, these findings, coupled with
extensive evidence derived from experimental
studies indicate that the extent and timescale of
ischemic injury in man is determined by the
severity of torsion as well as its duration. Pro-
gression from ischemic necrosis to involution
and atrophy extends over many months and
published “salvage” rates based solely upon the
assessment of potential viability by the operating
surgeons (often relatively junior surgeons) may
be highly misleading. For example, Krarup found
that 68% of testes judged to be salvageable at the
time of surgery were “more or less atrophied”
when reassessed after a mean of 4.5 years [44].
In a follow-up study in boys aged 0–12 years

(which excluded neonatal torsion), Macnicol
found that virtually every testis which had been
judged to be viable at exploration within 7–12 h
of the onset of symptoms, subsequently under-
went atrophy. Even when exploration was
undertaken within 6 h, a third of “salvaged”
testes had atrophied when assessed at two years
[45]. Atrophy is not an “all or none” phe-
nomenon and testes which retain some viability
may nevertheless be significantly reduced in
volume. Thomas et al. [46] assessed 67 patients
at a median interval of 4 years after torsion and
found that of those testes conserved at the time of
exploration 85% subsequently demonstrated
some degree of atrophy. Anderson and Wil-
liamson reported that 41% of salvaged testes
demonstrated varying degrees of atrophy at 3–
6 months [6].

Numerous studies have attempted to identify a
critical “window” (duration of history) for the
preservation of viability. Saxena et al. [47]
reported that orchidectomy was performed in
only 9% in boys presenting in less than 6 h
compared with 56% in those with a history
exceeding 6 h. As with most retrospective stud-
ies, however, the authors provided no follow-up
data or information on the atrophy rate in the
44% of testes retained in boys whose history
exceeded 6 h. The 6 h “window” identified by
these authors must therefore be regarded as a
measure of their decision-making at the time of
exploration rather than a reliable predictor of
viability. Bartsch et al. [48] cited an 8 h “cut off”.
Whilst their study did have the benefit of follow
up, analysis of their data reveals that the 8 h
figure cited by the authors is very misleading. All
the normal-sized viable testes in their series had,
in fact, been operated on within 4–6 h of the
onset of symptoms. Only two testes had been
operated upon in the period 6–8 h, both of which
were abnormal (20 and 80% atrophy) on follow
up.

Reviewing the published evidence, Drlik and
Kocvara [49] concluded that it is “commonly
accepted” that salvage declines sharply with
symptom duration exceeding 6 h. Whilst this
statement may apply to paediatric surgeons and
urologists, it is clear that many clinicians have an
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inaccurate impression of the timescale of poten-
tial viability.

In summary, there has been uncritical accep-
tance of the flawed methodology and conclusions
that characterize much of the clinical literature.
A more critical appraisal of the evidence indi-
cates that the best prospect of conserving a
viable, normal-sized testis lies in restoring per-
fusion within 4–6 h of the onset of torsion.
Varying degrees of complete or partial atrophy
can be expected when surgical exploration is
delayed until 6–8 h. Furthermore, after 6 h the
outcome is probably determined to a large extent
by the severity of torsion. In cases of 720° tor-
sion there probably little realistic prospect of
conserving any viable testicular tissue after 6–
8 h. Preservation of a viable, normal-sized testis
after 8–10 h (or longer) can occur occasionally
but such cases almost certainly reflect incomplete
or intermittent vascular occlusion or spontaneous
resolution of the torsion.

It is not known whether the pre-pubertal
human testis is more (or less) susceptible to
ischemia than the adult testis. The very limited
evidence coupled with anecdotal experience
indicates that torsion is associated with a con-
siderably higher rate of testicular loss in the
pre-pubertal age group. However, it seems likely
that the poorer outcomes are a consequence of
greater diagnostic delay and a lack of awareness
of torsion in young children amongst doctors—
rather than any intrinsic difference in the sensi-
tivity of the testis to ischemia.

Fertility and Semen Quality

The weight of published evidence consistently
points to a significant reduction in semen quality
in men with a history of testicular torsion. Krarup
investigated the semen quality of 19 men of
whom 11 had undergone orchidectomy, with
conservation of the testis in eight. In this study
only 1 patient (5%) had normal parameters of
semen quality [44]. Bartsch et al. evaluated
semen quality in two specimens obtained from
30 patients with a history of pre and post pubertal
torsion. Semen quality was normal in 15 patients,

doubtful in 3 and “pathological” in 12 patients
[48]. Thomas et al. [46] assessed 67 patients at a
median of 4 years after torsion and found
abnormal semen in 86% of patients tested. Sub-
sequent studies have yielded similar findings.
Arap et al. evaluated the outcome of 24 patients
of whom 15 had undergone orchidectomy whilst
the testis had been conserved in nine. Sperm
count and sperm morphology (assessed by WHO
and the Kruger criteria) were impaired in both
groups when compared with fertile controls, with
the greatest impairment being observed in men
whose testis had been conserved [35]. By con-
trast to the reasonably extensive literature on
semen quality the impact of torsion on paternity
(the actual ability to father children) does not
appear to have been formally studied. When
writing this chapter, searching the PubMed
database with the keywords “testis”, “torsion”
and “paternity” failed to identify a single
publication.

Endocrine Function

Experimental studies indicate that hormone-
secreting Leydig cells are considerably more
resistant to ischemia than germ cells and Sertoli
cells [12, 15]. Thus, a testis that has undergone
partial atrophy due to loss of germ cell volume
may nevertheless be capable of contributing to
endocrine function. However, this is difficult to
quantify against a background of normal hormone
production by the contralateral testis. A number
of long-term studies have confirmed that levels of
testosterone are consistently within the normal
range—regardless of whether the affected testis
was conserved or removed [35, 50, 51]. Likewise
levels of gonadotrophic hormones FSH and LH
within the normal reference range have also been
reported in the majority of studies.

Romeo et al. investigated hormone function in
a series of 20 pubertal patients with a previous
history of torsion and found normal levels of
testosterone, FSH and LH, when compared with
healthy controls. Inhibin B levels were, however,
significantly reduced compared with controls
although there was no difference between
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orchidectomy and preservation of the testis [51].
Inhibin B is a marker of Sertoli cell function [52]
and a reduced level is likely to be indicative of
defective spermatogenesis or germ cell depletion
in torsion patients.

Neonatal Torsion

This is a misnomer, since, with rare exceptions,
torsion presenting in the first day or two of life is
an intra-uterine event. Indeed, the antenatal
diagnosis of testicular torsion by ultrasonography
has been the subject of case reports [53].

Typically it presents as a firm, irregular
swelling and overlying discoloration, which is
evident at birth or the first 24–48 h of life.
Ultrasound reveals enlargement of the testis and
epididymis surrounded by hemorrhagic fluid and
varying degrees of edema of the surrounding
scrotal tissue. Absence of perfusion is confirmed
on colour Doppler.

Previously, “neonatal” torsion was managed
in a similar fashion to other age groups, namely
by urgent surgical exploration and fixation of the
contralateral testis. The 1990s saw a shift of
approach prompted by a better appreciation of
the natural history of neonatal torsion and
recognition that exploration is invariably a futile
exercise. Burge reported a series of 30 cases over
a 20-year period, without encountering a single
viable testis [54]. John et al. [8] reported a zero
salvage rate in a series of 24 patients and other
authors have reported a similar experience.

A more conservative approach has therefore
evolved which uses ultrasonography to confirm
the diagnosis and monitor the process of invo-
lution and atrophy. However, Baglaj and Carachi
[55] reported three cases of bilateral torsion in
their centre over a 20-year period and, in addi-
tion, identified a further 45 cases of bilateral
neonatal torsion on a literature search. Kaye [56]
and associates reported one case of bilateral
torsion in a series of 16 neonates, whilst Dja-
hangiriam et al. [57] reported a 5% incidence of
bilaterality and Al-Salem [58] reported an inci-
dence of 9%. Thus, the incidence of bilateral
torsion appears to be considerably higher than

would be expected simply by chance, suggesting
that extra-vaginal torsion may be associated with
an underlying anatomical abnormality which
poses a risk to the contralateral testis.

It is also apparent that torsion can very rarely
occur as a genuine neonatal event. Sorensen and
associates published 10 cases occurring in infants
under 30 days of age in whom the testis had
previously seemed normal when examined dur-
ing the course of routine neonatal examination.
A 40% salvage rate was reported in this small
series of patients [59].

On the basis of this published evidence a
rethink of the current conservative approach to
the management of neonatal torsion may now be
justified—particularly with regard to prophylac-
tic fixation of the contralateral testis. There do
not appear to have been any long-term studies of
exocrine and endocrine function following
neonatal torsion as opposed to torsion occurring
in later childhood or adolescence. In the absence
of any evidence to the contrary, it seems rea-
sonable to assume that endocrine function is
normal in the longer term.

Parallels with long-term data for unilateral
congenital cryptorchidism would suggest that,
whilst sperm density (sperm count) might be
decreased, the prospects for paternity are likely
to be normal or only marginally reduced. Any
decision regarding implantation of a testicular
prosthesis is best deferred until adolescence.
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22Testicular Tumors in Children

Yaser El-Hout and Darius J. Bägli

There is a growing body of evidence that shows
testicular tumors in prepubertal children and
infants to be distinct clinically from testicular
tumors in adults, or even adolescents, where
more benign pathologies are being encountered
in younger patients. With testicular tumors in
children being relatively rare, this observation
culminated with scattered small case series, in
addition to centralized tumor registries, for
example, the Prepubertal Testis Tumor Registry
by the Section of Urology of the American
Academy of Pediatrics (1980) and national
oncology trials namely, the Children’s Oncology
Group in the USA, the German Society of
Pediatric Oncology, and the Children’s Cancer
Study Group in the UK. This has led to
fine-tuning in the management of prepubertal
testicular tumor by showing radical surgery to be
unnecessarily aggressive. This has led in a shift
in the paradigm of management in pediatric tes-
ticular tumors, where more testis-sparing surgery

is being performed without compromising safety
and prognosis, hence reducing morbidity of
adjuvant treatment that is skipped.

Epidemiology

Testicular tumor incidence follows a bimodal age
distribution, peaking at around two years of life
then during early adulthood [1]. Prepubertal
testicular tumors account for 1–2% of pediatric
solid tumors with an incidence of 0.5–2.0 per
100,000 children [2]. Mortality rates from pedi-
atric testicular tumors are low, with one death per
ten million per year. Prepubertal testicular cancer
survival is about 99% at 5 years [3]. When
looking into individual frequencies of patholo-
gies, one has to be aware of inherent selection
bias in underreporting benign cases to tumor
registries leading to discordant reporting. Indeed,
while earlier registry data showed more frequent
malignant pathologies: 60% yolk sac tumors
versus 40% benign and 25% teratoma [4], Pohl
et al. surveyed four major pediatric centers in
North America and found higher frequency of
benign pathologies in unselected testicular
lesions up to 75%, namely, 50% teratoma, 15%
epidermoid cyst, 5% juvenile granulose cell
tumors with less than 5% each of Leydig cell
tumors, Sertoli cell tumors, and mixed gonadal
stromal tumors. Malignant yolk sac tumors in
this survey were only 15% [5].

Y. El-Hout
American University of Beirut Medical Center,
PO Box: 11-0236, Riad El Solh, Beirut
1107 2020, Lebanon
e-mail: yelhout@aub.edu.lb

D.J. Bägli (&)
Department of Surgery, Division of Urology,
The Hospital for Sick Children, University
of Toronto, 555 University Avenue, Toronto,
ON M5G 1X8, Canada
e-mail: darius.bagli@sickkids.ca

© Springer-Verlag GmbH Germany 2018
D.J. Ledbetter and P.R.V. Johnson (eds.), Endocrine Surgery in Children,
DOI 10.1007/978-3-662-54256-9_22

305



Risk Factors and Associations

The exact causes for testicular cancers are not
known. Few risk factors are identified that con-
tribute to an increased incidence of testicular
cancer while other associations are under study
with no solid evidence in literature.

Cryptorchidism

The United States National Cancer Institute lists
cryptorchidism, or undescended testicle, as a
main risk factor for testicular cancer. Statisti-
cally, 5% of testicular cancers are associated with
a history of cryptorchidism [6]. A cryptorchid
testicle may be genetically and anatomically
predisposed to abnormal structure and function,
leading to testicular dysgenesis syndrome (TDS),
which increases the risk for malignant degener-
ation, as well as poor semen quality and fertility
implications [7]. In routine practice, most pedi-
atric urologists would strive to perform orchi-
dopexy prior to age 2, and would counsel
families whose kids present with cryptorchidism
about the risk of malignancy. Wood and Elder
[8] found that the relative risk of testicular cancer
in cryptorchidism is 2.75–8. Patients who
undergo orchiopexy by ages 10–12 years have a
relative risk for testicular cancer of 2–3, while
patients who undergo orchiopexy after age
12 years or no orchiopexy are 2–6 times as likely
to have testicular cancer as those who undergo
prepubertal orchiopexy. A normally descended
testis with contralateral cryptorchidism has no
increased risk of testis cancer. Persistent inguinal
or abdominal testes are at higher risk for semi-
noma (74%), while corrected cryptorchid or
scrotal testicles that undergo malignant transfor-
mation are most likely to become nonsemino-
matous (63%).

Disorders of Sexual Differentiation

Patients with disorders of sex development
(DSD), previously referred to as intersex disor-
ders, are a unique subpopulation that is at an

increased risk of gonadal tumors. DSD has been
noted to be a main risk factor for type II germ
cell tumors (GCT), namely,
seminoma/dysgerminoma and non-seminoma
(e.g., embryonal carcinoma, yolk sac tumor,
choriocarcinoma and teratoma [9]. DSD male
patients often have chromosomal abnormality
that predisposes to genital ambiguity, hypoviril-
ization, and a spectrum of gonadal dysgenesis.
The prevalence of GCT is 15% in partial
androgen insensitivity, but more than 30% in
gonadal dysgenesis. Complete androgen insen-
sitivity and ovotesticular DSD patients develop
malignancies in 0.8 and 2.6%, respectively [10].
Recently, undifferentiated gonadal tissue has
been implicated to be a precursor of
gonadoblastoma. This transformation requires a
defined region on the Y chromosome (the GBY
region) which included the gene for
testis-specific protein on the Y chromosome
(TSPY) which is evolving as a marker for
gonadoblastoma and GCT [11]. Aberrant TSPY
expression increases protein synthesis, stimulates
cell proliferation, and promotes tumorigenicity
by binding to type B cyclins, enhancing an
activated cyclin B-CDK1 kinase activity, result-
ing in a rapid G [2]/M transition in the cell cycle.
Abnormal expression of TSPY gene in a DSD
testis disrupts the normal cell cycle regulation
leading to tumorigenesis [12].

Environmental Factors

Environmental factors are always connected to
cancer formation, although in many cases the
level of evidence is not compelling, with the data
being largely mixed and inconclusive and the
real accusable factors remaining elusive. Cau-
casians are more noted to develop testicular
cancer than other ethnic groups. Additionally,
there is a remarkable worldwide variation of
testicular cancer incidence according to geo-
graphical region. For instance, while Denmark
has among the highest incidence of testicular
cancer in the world, the risk of testicular cancer
was significantly lower among first generation
immigrants to Denmark, versus men born in
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Denmark to immigrant parents and Danish men
with Danish parents [13]. The higher incidence
of testicular cancer in the western world can be
partly attributed to the rise in industrial chemicals
over the last century. Prenatal exposure (or even
during adolecense or adulthood) to such chemi-
cals, namely, polychlorinated biphenyls, DDT,
phthalates, hexachlorobenzene and other fat sol-
uble organochlorines, may predispose to testic-
ular cancer, as they were found in higher
concentrations in mothers of males with testicu-
lar cancer [14]. A hypothesis, to explain why
chemicals would influence testicular cancer
development, is that they interfere with or mimic
hormonal signaling pathways in utero or later,
leading to aberrant development or differentia-
tion, hence they are collectively termed, endo-
crine disrupting chemicals (EDC) [15]. Further
studies have noted increased association with
testicular cancer in obesity [16]. Maternal con-
sumption of alcohol during pregnancy, but not
smoking or coffee intake, was associated with
higher risk of testicular cancer in their sons [17].
Recently, an association between marijuana use
and GCT, particularly non-seminoma, was noted
[18].

Microlithiasis

With the increased utility of ultrasonography in
clinical medicine, the concern about testicular
microlithiasis (TM) association with testicular
cancer rose as microlithiasis is often an incidental
finding affecting up to 14% of asymptomatic
adult men and up to 2% of asymptomatic boys
[19, 20]. Whenever this entity is diagnosed, it
compels the clinician to provide follow-up,
counseling and prognosis, namely because TM
has been associated with certain genital
pathologies: cryptorchidism in 10% [21], infer-
tility in up to 23% [22], McCune–Albright syn-
drome in 60% [23], and testicular tumors in an
alarming 45% [24]. TM is defined as foci of
calcification within the seminiferous tubules that
may represent tiny foci of dysgenetic tissue that
could potentially progress into carcinoma in situ.
Although the association of TM with tumor

formation is mainly demonstrated in adults, only
four scattered case reports were cited in children
[25–28], making the association inconclusive. It
is worth noting that testicular tumors have never
been identified during prospective follow-up of a
cohort followed up for TM, in either adults or
children. Although some investigators found
long-term follow-up of children with TM to be
anxiety-provoking, not cost effective and with
low yield [29], others still recommend ultrasound
surveillance, physical examination and repeated
patient education, with no well-defined
protocols.

Clinical Presentation and Evaluation

History and Physical Examination

The most common presentation of testicular
tumor is a painless testicular mass, noted in 88%
in the Testis Tumor Registry. The parents maybe
instrumental in detecting the mass, or it may be
detected on a routine physical examination by the
primary health care provider. Around 10–15% of
patients would present with a coincidental or
tumor-related hydrocele at presentation. A hy-
drocele may delay the diagnosis of a testis tumor.
It is crucial, thus, to obtain an ultrasound in boys
with a hydrocele precluding reliable palpation of
the testicle. Pain is uncommon and may be due to
acute bleed into the tumor or a rapid growth.

Physical examination is integral to the evalu-
ation of a testicular mass and is performed with a
broad differential diagnosis in mind to rule out a
hernia, hydrocele, inflammatory/infectious
orchitis (e.g., mumps), as well as the surgical
emergency of acute testicular torsion. Physical
examination reveals a hard mass in the testicular
parenchyma. However, small masses deep in the
parenchyma may be difficult to palpate, and
would require sonographic assessment. Testicu-
lar masses must be differentiated from benign
extratesticular lesions, whether benign (e.g.,
epididymal cyst) or malignant (e.g., rhab-
domyosarcoma). The genitalia and other body
parts should be carefully examined for signs of
androgenization or feminization. Although
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metastatic disease at presentation is uncommon,
examining groins, axillae and neck for lym-
phadenopathy, ausculting the lungs for abnormal
sounds, eliciting bony pain and even a brief
neurologic exam may yield positive findings in
the rare occasion of metastasis and is considered
good practice. Symptoms or signs of involve-
ment at these anatomic locations guide subse-
quent radiographic evaluation.

Imaging and Other Diagnostics

An initial imaging with ultrasound remains the
cornerstone evaluation of a testicular mass with a
detection rate approaching 100%. High frequency
window of 7.5–10 MHz can be beneficial in elu-
cidating particular sonographic features of testicu-
lar versus paratesticular neoplasms [30] and while
sonographic description of specific testicular
tumors is available in radiologic literature, findings
are too inconsistent to allow for a definitive diag-
nosis. Benign tumors are well demarcated with
sharp borders and decreased Doppler signal. Epi-
dermoid cysts have an echogenic rim with mixed
echogenic or hypoechoic center [31]. Yolk sac
tumors have homogeneous hypoechoic solid
appearance, but may have other sonographic
appearance. Ultrasound would also distinguish
testicular tumors from extra-testicular lesions. The
extent of testicular involvement can also be appre-
ciated, a criteria that would be considered among
others, if a testis-sparing surgery is contemplated.

Tumor markers are vital diagnostic clues in
evaluating testicular tumors. Alpha feto-protein
(AFP) is the most important marker in evaluating
and following-up prepubertal testicular tumors. It
is precursor protein of albumin, synthesized by
the yolk sac and fetal liver and gut. AFP has a
half- life of 5 days and is specific for yolk sac
tumors, the main malignant tumor in this age
group. Levels are elevated in 80–90% of children
with a yolk sac tumor, and its preoperative ele-
vation precludes testis-sparing surgery. The util-
ity of AFP in infancy, however, can be confusing
since an elevated level in a boy less than 1 year
of age does not rule out the possibility of a
benign tumor, like teratoma. AFP’s known

half-life of 5 days is attained around 4 months of
life and is longer before that. Serum AFP would
be normally as high as 50,000 ng/mL in neo-
nates, 10,000 ng/mL by 2 weeks of age, and
300 ng/mL by age of 2 months [32]. While yolk
sac tumor and teratoma elevate AFP, data from
the Testis Tumor Registry did not show any
teratoma diagnosed after 6 months of life to
elevate AFP more than 100 ng/mL [4]. This
observation highlights the decision-making to
remove or spare the testis.

The other classical marker in testicular tumors
is the beta subunit of the human chorionic
gonadotropin (hCG) produced by the syncy-
tiotrophoblast of the placenta. While this is use-
ful in postpubertal and adult testicular tumors, it
is not very useful in children, particularly
because choriocarcinoma and embryonal carci-
noma, both secreting hCG, are rare [33].

Because the majority of testicular tumors in
prepubertal boys are, by and large, benign, the
evolving strategy of evaluation is to defer meta-
static workup until a tissue diagnosis is obtained
at time of orchiectomy. This would spare the
patient the unnecessary exposure to a CT scan if
his pathology turns benign. Preoperative CT scan
or MRI is warranted, however, if AFP is ele-
vated, raising the suspicion of a yolk sac tumor.
Because lung metastasis is present in 20% of
yolk sac tumors, chest imaging is warranted.

Surgical Approach

Regardless of the eventual surgical management
of testicular tumor by radical orchiectomy or
testis-sparing surgery (partial orchiectomy or
enucleation of tumor), the initial surgical
approach and exposure is the same [34]. An
ipsilateral inguinal incision is made along a
Langer’s line crease of minimal tension. The
incisional length can be extended at surgeon’s
judgment to improve exposure, particularly to
deliver large tumors. The incision is deepened
using electrocautery through Scarpa’s fascia to
reach the external oblique aponeurosis. In
younger patients, Scarpa’s fascia is well devel-
oped and may be mistaken for the external
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oblique fasica. The external oblique fascia is
sharply incised along its fibers to open the
external inguinal ring, paying attention to pre-
serve the underlying ilioinguinal nerve which
provides cutaneous sensation to the inner aspect
of the upper thigh. The spermatic cord is iden-
tified and bluntly dissected inferiorly to expose
the pubic tubercle. Incising the cremasteric
sheath longitudinally allows for easy isolation of
the cord and precludes the need to repair the
internal oblique which constitutes the canal floor
and gives rise to the cremasteric fibers. The
proximal spermatic cord is controlled with non-
crushing clamp or a vessel loop/Penrose drain
wrapped around it as a tourniquet. Theoretically,
this prevents dissemination of potential malig-
nant cells into bloodstream from testis manipu-
lation, although little evidence supports this
“ritual” practice. The scrotal neck is stretched
and Scarpa’s fascia incision may be extended
while the testis is delivered out of the incision by
gently pushing it out of the scrotum. This step
may be challenging in large tumors. The guber-
naculum is divided with electrocautry while
carefully maintaining an intact tunica vaginalis
covering the testis. At this point and according to
the clinical scenario, the procedure can proceed
as radical orchiectomy or a testis-sparing
procedure.

Radical Orchiectomy

In the clinical scenario of a malignant tumor,
almost invariably a yolk sac tumor evidenced by
preoperative elevation of AFP, the above proce-
dure is completed as a radical orchiectomy. The
spermatic cord is doubly clamped, divided and
the vas and vessels are doubly ligated above the
internal inguinal ring level, using 2-0 or 3-0
nonabsorbable sutures cut sufficiently long. This
allows identification and excision of the cord
intraperitoneally, if later retroperitoneal lymph
node dissection is undertaken. The testis and
cord are sent in formalin for definitive patho-
logical analysis. The abdominal defect is closed

using absorbable sutures: the conjoined tendon
may be reinforced by suturing it to the shelving
edge of the inguinal ligament then the external
oblique incision edges are closed together or
imbricated. Scarpa’s fascia is approximated and
skin is closed in a running subcuticular fashion
using absorbable sutures. No drain is necessary.
Testicular prosthesis insertion in children is
deferred until adolescence. Matching size pros-
thesis is offered in late adolescence for willing
patients, old enough to consent and after near
maximal compensatory growth of the contralat-
eral testicle has occured.

Testis-Sparing Surgery

With one-third to up to 40% of prepubertal tes-
ticular tumors being benign, a growing trend is
emphasizing testis-sparing surgery. Any prepu-
bertal boy with age-adjusted normal AFP is a
candidate of testis-sparing surgery. Other indica-
tions include small tumors less than 2.5 mm in
diameter, a tumor in a solitary testis, bilateral
malignant germ cell tumors or a non-germ cell
tumor, regardless of size or laterality [35]. It has
been observed that after partial orchiectomy for
large benign tumors, a seemingly insignificant
rim of normal tissue tends to get voluminous with
follow-up, after the tumor is removed [36, 37].

For testis-sparing procedure, a cautious
meticulous approach to potential malignancy is
maintained. With the cord controlled, the testis is
further draped to isolate it from the rest of the
surgical field. The tunica vaginalis is opened and
the testis is gently palpated for the tumor. Intra-
operative ultrasound is useful to localize small
tumors that are not convincingly palpable. A tu-
nica albugenia incision is strategically done with
knife in a way to allow access to the tumor with
the least disruption of normal parenchyma. The
tumor is enucleated or wedge-resected as feasible
and sent for frozen section analysis. If the
pathology is benign, the tourniquet is released
and hemostasis of base of resection is ensured by
suture ligatures and minimal bipolar cautery. The
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tunica albugenia is closed with fine running
absorbable sutures. The testis is returned to
scrotum in proper orientation and abdomen is
closed. If frozen section analysis is suspicious for
malignancy or is not conclusive, radical
orchiectomy is completed as described above.

Staging

When pathology confirms a malignant tumor,
further evaluation and adjuvant therapy may be
needed. Therefore, staging of malignant tumors
emerges as a method to categorize patients into
treatment groups and to predict their prognosis.
Although a classical TNM (tumor, nodes and
metastasis) staging does exist for testicular can-
cer, it is infrequently used, owing to the declining
utilization of radical retroperitoneal lymph node
dissection (RRPLND) in pediatric patients
because of evidence of limited added therapeutic
benefit and significant potential long-term mor-
bidity. However, other staging systems have
been proposed, including a panel system of the
Children’s Oncology Group and Pediatric Cancer
Group [38]. This staging system of testicular, as
well as paratesticular tumors, employs pathology
findings, imaging, and serial evaluation of tumor
markers. Stage 1 includes local disease and
normalization of markers after complete resec-
tion. Stage 2 is assigned for a trans-scrotal
orchiectomy, microscopic disease in scrotum or
cord less than 5 cm from proximal resection end,
less than 2 cm retroperitoneal lymph node and/or
persistent elevation of markers. Stage 3 includes
retroperitoneal lymph node(s) larger than 2 cm in
diameter and stage 4 represents distant metasta-
sis. Of note, 80% of children with yolk sac tumor
have stage 1 disease.

Types

Testicular tumors may be classified according to
their histologic origin and their malignant
potential.

Germ Cell Tumors

Teratoma
Teratoma is the most common benign prepu-
bertal testicular tumor presenting at a median age
of 1 year with a range of birth to 18 months.
Teratomas consist of the combination of the three
embryological germ-cell layers: ectoderm,
mesoderm, and endoderm, giving rise to epithe-
lium, cartilage, fat, bone, muscle, and neural
elements, thus appearing heterogeneous sono-
graphically. Cysts and calcifications on ultra-
sound are suggestive but are neither sensitive nor
specific. Microscopically, prepubertal teratomas
are predominantly mature, but immature ter-
atomas (with embryonal or incompletely differ-
entiated tissue, e.g., primitive neuroectoderm)
have been reported [39].

Prepubertal teratoma is clinically and histo-
logically distinct from its adult counterpart and is
considered to have an almost universal benign
behavior. While clinical metastasis is reported in
60% of adult teratoma [40, 41], only scattered
case reports describe metastasis in prepubertal
teratoma. Histologically, intra-tubular germ cell
neoplasia (ITGCN) or carcinoma in situ is not
found in seminiferous tubules of pediatric testes
harboring teratoma, unlike the findings in adult
testes with teratoma where 88% have ITGCN
[42]. Even at a molecular level, adult teratoma
shows complex cytogenetic aberrations that are
not observed when prepubertal teratomas are
subjected to conventional chromosomal or
array-based hybridization studies [43], thus
demonstrating the benign behavior of prepubertal
teratoma. As such, testis-sparing surgery with
excisional biopsy of teratoma is the only man-
agement required in prepubertal patients. How-
ever, in peripubertal boys with histologic
evidence of pubertal changes, an orchiectomy
should be performed because teratomas are
potentially malignant in that age group, similar to
adults. It is worth mentioning that malignant
behavior of teratoma reported in literature, albeit
rare, occurred with immature teratoma: one case
of metastasis in a 3 month old boy with

310 Y. El-Hout and D.J. Bägli



immature teratoma in a cryptorchid intra-
abdominal testis [44], and 2 cases of somatic
malignant neuroectodermal associated with tes-
ticular immature teratoma in a 20 month and
12 year boys [39].

Epidermoid Cysts
Epidermoid cysts may be related to
well-differentiated teratomas and are benign
regardless of age. They account for 3% of pri-
mary testicular tumors. They are of ectodermal
origin, unlike teratomas that exhibit all three
germ cell layers. On ultrasound, they appear as
discrete intratesticular cystic masses with
heterogeneous echogenic debris secondary to
keratinized squamous epithelial deposits, Infre-
quently, they appear as homogeneous masses.
Again, ultrasound findings are suggestive but
never diagnostic. Testis-sparing surgery is suffi-
cient, and epidermoid cysts are easily enucleated
from surrounding testicular tissue [45], that never
shows ITGCN [42]. Once pathology is con-
firmed, surveillance is not needed.

Yolk Sac Tumors
Yolk sac tumor is clinically important as it
accounts for nearly all malignant prepubertal
testicular tumors. The name yolk sac tumor has
replaced numerous previous names that were
confusing: clear-cell adenocarcinoma, extraem-
bryonal mesoblastoma, mesoblastoma vitellinum,
endodermal sinus tumor, juvenile embryonal
carcinoma, orchioblastoma, and archenteronoma.
Histologically, yolk sac tumors are yellow-gray,
friable, predominantly solid tumors with a char-
acteristic but highly variable range of histological
patterns. Characteristic findings include focal
areas of positive AFP immunostaining, prominent
intracellular and extracellular hyaline globules,
periodic acid-Schiff positive globules and Schil-
ler–Duval bodies which are comprised of small
central blood vessels surrounded by two layers of
tumor cells [46].

Yolk sac tumors in prepubertal patients
behave distinctly from their postpubertal coun-
terparts. In children, they are predominantly pure
in histology unlike in adults where they are
mixed with other histological types. The majority

of prepubertal tumors (85%) are stage 1 at pre-
sentation versus only 35% of postpubertal tumors
[47]. Metastasis of yolk sac tumors follows a
hematogenous spread, as 20% of prepubertal
patients have lung metastases versus 4–6% of
adults. While one-third of children with meta-
static disease have it confined to the retroperi-
toneum, 50% have hematogenous spread without
retroperitoneal involvement. As a result
RRPLND, a critical adjuvant surgery in meta-
static disease in adults, not as widely used in the
management of metastatic disease in children
[48]. Even at a molecular level, prepubertal yolk
sac tumor behaves differently than its postpu-
bertal counterpart. A chromosomal gain in the
short arm of chromosome 12p has been noted in
nearly all malignant adult germ cell tumors, a
finding that is not demonstrated in prepubertal
yolk sac tumor, yet it is characterized by other
distinct changes on chromosomes 1, 6, and 20
[43].

Gonadal Stromal Tumors

Given the rarity of gonadal stromal tumors in
children, as well as in adults, no rigorous
guidelines are available to aid management,
except for some case reports and small case
series. The various types of stromal tumors are
generally benign, though some tumors, particu-
larly sertoli cell tumor, were shown to exhibit
malignant behavior.

Sertoli Cell Tumor
Sertoli cell tumors account for 2% of primary
prepubertal testicular tumors. Most available lit-
erature is dominated by data on adult patients. In
a review of 60 cases of Sertoli cell tumors, only
four patients were younger than 20 years, all
being over 15 years old. In adult Sertoli cell
tumors, 10% malignancy is cited [49]. However,
the Prepubertal Testis Tumor Registry cites the
median age of diagnosis of Sertoli cell tumor at
6 months, ranging from 4 months to 10 years,
with no reported malignant behavior. Bilateral
involvement is observed in 25% [50]. Around
10% of Sertoli cell tumors are hormonally active

22 Testicular Tumors in Children 311



with precocious puberty and/or gynecomastia as
presenting symptoms [51, 52]. Around 33% of
Sertoli cell tumors (specifically, large-cell calci-
fying subtype) have associated endocrine
abnormalities or genetic syndromes, namely,
Peutz–Jeghers and Carney syndromes. Familial
Peutz–Jeghers syndrome is autosomal dominant
with mutations in STK11/LKB1 on chromosome
19p [53] and includes, in addition to Sertoli cell
tumors, hamartomatous polyposis of gastroin-
testinal tract and mucocutaneous pigmentation.
Carney syndrome is associated with myxoid
lesions of skin, soft tissue and heart, cutaneous
blue nevi, lentigines of the face and lips, Cush-
ing’s disease, pituitary adenoma, and schwan-
noma [54]. Awareness of familial disease
inheritance is crucial in counseling patients and
first degree relatives of potential significant
morbidities.

Histologically, Sertoli cell tumors are yellow
to gray, firm and well circumscribed with areas
of hemorrhage and minor cysts in one-third of
pathologies. Microscopically, a relatively acel-
lular, vascular, fibrous to hyalinized stroma is
common, with cells having a variable eosino-
phillic cytoplasm. Large-cell calcifying variant of
Sertoli cell tumor is clinically and histologically
distinct, being more multifocal, hormonally
active and seen in pediatrics, yet invariably
benign in patients less than 5 years old.
Nonetheless, metastatic assessment is considered
for large tumors, 5 cm in diameter or larger, with
cellular atypia, increased mitotic activity, necro-
sis, vascular invasion or for Sertoli cell tumors in
older children [55].

Leydig Cell Tumor
Leydig cell tumors are universally benign, pre-
senting between 5 and 10 years of age with
variable picture of precocious puberty. In fact,
10% of precocious puberty is attributed to Ley-
dig cell tumor. Findings include an early growth
spurt, frequent erections, external genitalia larger
than the patient’s peers, pubic, axillary and facial
hair, acne, and deepening of the voice. Although
common in adults with virilization, signs of
feminization and gynecomastia are uncommon in
children, presenting in up to 15% [2]. Differential

diagnosis includes central nervous system
lesions, adrenocortical carcinoma, and congenital
adrenal hyperplasia (CAH). In the presence of a
testicular mass, a Leydig cell tumor is the most
likely diagnosis. Because virilization may mani-
fest before a tumor is palpable, all boys with
precocious puberty should undergo an ultrasound
of the testicles to rule out a small tumor. Blood
work shows an elevated testosterone level with
low or normal FSH and LH levels. Normal levels
of 17-hydroxyprogesterone exclude the diagnosis
of CAH.

Leydig cell tumors are ideally managed by
testis-sparing excision. Leydig cell tumors are
well-circumscribed tan nodules, and exhibit dif-
fuse sheets of large eosinophilic polygonal cells
with Reinke crystals in around 40% [56].
Immunostaining is positive for vimentin and
inhibin. Persistence of androgenic effects may be
due to a contralateral tumor, but this is rare in
children, yet difficult to detect on physical
examination and better assessed by sonographic
evaluation. With complete excision and absence
of contralateral tumors, many children may pro-
ceed through premature puberty secondary to a
“activated” hypothalamic–pituitary–gonadal
axis. A pediatric endocrinology follow-up is
prudent.

Juvenile Granulosa Cell Tumor
Juvenile granulosa cell tumors are the most
common testicular tumors in neonates, present-
ing before the first 6 months of life. Of 22
newborns in the Prepubertal Testis Tumor Reg-
istry, 6 had juvenile granulosa cell tumors, 6 had
yolk sac tumors, and 6 had undifferentiated
stromal tumors [50]. Tumor architecture in
juvenile granulosa cell tumor is distinct from
yolk sac tumor, and is composed of sheets of
granulosa-like cells in a nodular inter-mixed with
cystic pattern. Unlike in yolk sac tumor,
immunostaining is AFP negative and
inhibin-alpha positive [57]. Chromosome analy-
sis is recommended, as juvenile granulosa cell
tumors are associated with mosaicism, genetic
changes in Y chromosome and ambiguous gen-
italia [58, 59]. However, the tumor is benign and
testis-sparing excision is curative. No cases of
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recurrent or metastatic disease have been repor-
ted to date.

Gonadoblastoma
Gonadoblastomas contain both germ cells and
stromal cells including large germ cells resem-
bling seminoma, sex cord non-germinal elements
such as Sertoli or granulosa cells, and stromal
elements such as Leydig cells [60]. Usually
presenting in postpubertal patients, gonadoblas-
toma occurs almost exclusively in dysgenetic
gonads of intersex disorders (streak gonads).
Gonadoblastoma is more likely to occur in dys-
genetic gonads or dysgenetic testes in patients
with a Y chromosome or evidence of some Y
chromatin. Gonadoblastomas occur in 3% of
patients with true hermaphroditism, and 10–30%
of patients with mixed gonadal dysgenesis or
pure gonadal dysgenesis and an XY karyotype.
Gonadoblastomas are bilateral in 40% of cases.
Gonadoblastomas are often asymptomatic and
detected incidentally when dysgenetic gonads are
removed or present with virilization. Although
gonadoblastomas are benign, overgrowth of the
germinal components leading to a dysgerminoma
(seminoma) occurs in 50% of cases, with 10%
developing overt malignant tumors [61].

Gonadoblastomas are treated by radi-
cal orchiectomy. Any dysgenetic gonad in a child
with a Y chromosome should be removed pro-
phylactically in infancy or early childhood.
Tumors are much less likely in patients who lack a
Y chromosome, such as patients with Turner
syndrome or XX patients with pure gonadal dys-
genesis [62]. When malignant degeneration is
present, a metastatic evaluation and appropriate
follow-up are indicated. These tumors are
radiosensitive and have a favorable prognosis.
Choriocarcinoma or embryonal carcinoma are
unfavorable elements, and impart a poor prognosis.

Others

Leukemia
Secondary malignancies of the testicle are rare,
with acute lymphoblastic leukemia (ALL) being
the most clinically relevant secondary

malignancy. While only 2% of boys have overt
clinical involvement of testicles at diagnosis,
20% would have microscopic testicular involve-
ment with complete remission in a majority of
them [38]. Patients with T-cell leukemia or with
higher leukemia cell burdens are more suscepti-
ble to testicular involvement [63]. Pretreatment
testicular biopsy is unnecessary because it does
not predict patients who are prone to have per-
sistent or relapsing disease, although with mod-
ern chemotherapy protocols, remission is more
likely.

With classical protocols, approximately 10%
of patients had relapse in testicles, presumably
because testes represented privileged
testicular-blood barrier sites from chemotherapy
[64]. With modern ALL chemotherapy, testicular
relapse now occurs in less than 1% of patients
[65]. Post-chemotherapy biopsy in the absence of
physical findings is no longer routine. In limited
clinical scenarios, testicular enlargement persist-
ing or occurring after chemotherapy should
undergo biopsy to confirm testicular ALL. Posi-
tive testicular biopsies are invariably associated
with relapse elsewhere and additional intensive
systemic chemotherapy and radiation are initi-
ated. In the rare scenario of unilateral testicular
relapse, orchiectomy is considered, in an attempt
to limit radiation dose to the contralateral testicle
and attempt to preserve its endocrine function
[66].

Hyperplastic Adrenal Rests
Adrenal rests are located along the spermatic cord
and in the testicular hilum of newborns [67–69].
Although they regress in infancy, boys with con-
genital adrenal hyperplasia (CAH) may have
prominent hyperpastic rests secondary to stimula-
tion by high levels of adrenocorticotropic hormone
(ACTH). Bilateral, nodular growths in the testes are
noted, often mistaken for bilateral Leydig cell
tumors, particularly with boys with mild unrecog-
nized CAH and precocious puberty. The nodules of
CAH are similar histologically to Leydig cell
tumors, potentially complicating a definitive diag-
nosis. Any child presenting with precocious pub-
erty and a testicular mass should undergo
measurement of serum 17-hydroxyprogesterone, to
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distinguish these two entities. Testicular nodules
associated with CAH are typically multifocal,
including extratesticular involvement and have
architecture similar to the adrenal cortex. Reinke
crystals, pathognomonic of Leydig cell tumors,
shouldbeabsent.Many, but not all, of these nodules
resolve or significantly reduce in size in response to
steroid replacement or an increase in steroid ther-
apy. Orchiectomy should be avoided, unless the
biopsy is suspicious or the adrenal rests are large.

Post-surgical Management
and Prognosis

Post-surgical management is required for patients
with malignant testicular tumors, i.e., yolk sac
tumors. Stage 1 disease will be confirmed in 80%
of those patients that undergo radical orchiec-
tomy with complete resection of tumor, have
normal imaging, and have normalization of AFP
level. The overall recurrence risk is 20% with no
therapy other than orchiectomy; therefore,
patients with stage 1 disease are candidates for
active surveillance with AFP every 2–3 months,
plain chest radiographs every 2–3 months, and
CT scans or MRI every 3–4 months for the first
2 years, although CT scans could be done every
6 months in the second year. After 2 years, if
there is no evidence of recurrence, surveillance
using all of these methods can be less frequent,
since the risk is greatest in the first 2 years [70].

Historically, RRPLND was the most common
form of adjuvant therapy for the treatment of
yolk sac tumors; however, with the prevalent and
reliable use of AFP to detect occult metastases
and refinement of multiagent chemotherapy, the
role of RRPLND to diagnose and treat metastatic
disease in prepubertal patients has diminished.
This is made further less attractive given the
increased risk of bowel obstruction after laparo-
tomy in children, the questionable feasibility of
nerve sparing in prepubertal RRPLND and the
lack of long-term functional data available
regarding children undergoing RRPLND for
testicular cancer. Given these factors, retroperi-
toneal surgery in children has been reserved for
biopsy of radiographically equivocal nodes or for

resection of a persistent retroperitoneal mass after
chemotherapy, notwithstanding potential post-
operative complications including bowel
obstruction, wound infection, chylous ascites,
and subsequent ejaculatory dysfunction.

Since their introduction in the 1970s,
platinum-based chemotherapeutic agents have
revolutionized adjuvant treatment of metastatic
testicular cancers that show remarkable suscep-
tibility across affected age groups. With modern
protocols, overall survival of prepubertal testic-
ular cancers approaches 100%. This has been
demonstrated by multicenter-data reported from
several collaborative groups from Europe and
USA.

The German Society of Pediatric Oncology
[71] showed that only 14 of 91 patients (15%) with
stage 1 yolk sac tumors recurred after radical
inguinal orchiectomy with observation alone.
Recurrences were cured by chemotherapy alone.
At time of orchiectomy, 5 patients presented with
metastasis, 4 of whom were cured by chemother-
apy. Chemotherapy included four courses of vin-
blastine, bleomycin, and cisplatin. A delayed
RRPLND was done if viable tumor was seen after
two courses. Additional three courses of etopo-
side, ifosfamide and cisplatin were also given.

The Italian Cooperative Study [72] included
36 patients with testicular tumors but a total of 95
pediatric patients with germ-cell tumors that
were gonadal and extragonadal. Primary surgery
followed by multiagent chemotherapy conferred
a 100% survival for patients with testicular
germ-cell tumors. The chemotherapeutic regimen
was highly toxic with 3 therapy-specific
mortalities.

The UK Children’s Cancer Study Group [73]
enrolled 63 patients with yolk sac tumors after
orchiectomy. Stage 1 patients underwent
surveillance, while stage 2 or higher patients
received a multiagent chemotherapy including
etoposide, carboplatin, and bleomycin. Eleven of
51(22%) patients in the surveillance group had
recurrence, but all were cured by chemotherapy.
All 22 patients with residual or metastatic disease
were cured by chemotherapy.

Studies from the US Children’s Oncology
Group [74, 75] showed a recurrence rate of 18%
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(11 of 63 patients) for stage 1 yolk sac tumors,
with all recurrences and a stage 2 disease (14
patients) cured by chemotherapy. The group also
showed that combination chemotherapy (etopo-
side and bleomycin) with high-dose cisplatin was
more successful in lowering event-free survival
(absence of relapse, progression, second malig-
nancy, or death) than standard cisplatin doses,
but overall survival was similar. Indeed, a higher
number of deaths (6:1) for the high-dose cisplatin
regimen warrants reserving it to higher risk dis-
ease [76].

Conclusion

This chapter shows that prepubertal testicular
tumors behave differently from their adult coun-
terparts in clinical behavior, histologic character-
istics, and molecular biology. In the absence of an
age-adjusted elevation in alpha feto-protein, the
recommended initial surgical management is an
inguinal exploration with excisional biopsy and
frozen section analysis. The majority of patients
will have a benign tumor and thus require no
additional evaluation or adjuvant treatment.
Patients with the most common malignancy, i.e.,
yolk sac tumor, will usually have stage 1 disease,
reasonably managed with post-resection
observation. The minority of patients with metas-
tasis, or a stage 1 disease that progresses, will
virtually all be cured with a multiagent platinum-
based chemotherapeutic protocol with a refined
safety profile. The overall outlook for pediatric
patients with testicular tumors is optimistic in
regards to survival, quality of life, and fertility
preservation. This is brought forth by the evolving
trend on reducing the morbidity of the surgery and
the adjuvant therapies for these children.
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23Ovarian Embryology, Anatomy,
and Physiology Including Normal
Menstrual Physiology

Nancy Sokkary and Jennifer E. Dietrich

This chapter reviews the embryology and anat-
omy of the ovary and adjacent structures and also
reviews the physiology of ovarian function and
menstruation. Familiarity with the anatomy and
development of the ovary is essential to appre-
ciate many of the pathological findings and
malformations of the ovary discussed in other
chapters. Familiarity with the anatomy and
development of the ovary is also critical to
understand the conduct of operations involving
the ovary. Knowledge of ovarian and menstrual
physiology is the necessary foundation to
understand the normal gynecological health and
the gynecological disorders of adolescent girls.

Embryology of the Ovary and Ovum

The development of the ovary and the ovum are
intimately linked but can be considered as sepa-
rate processes. Both the development of ovary
and ovum begins early in embryogenesis and
continues through birth, puberty, child-bearing
years, and menopause.

Embryology of the Ovary

By 4–5 weeks gestational age, the developing
fetus begins the process of sexual differentiation.
In fetuses with no testicular-determining-factor
gene, the totipotent gonad becomes the female
ovary [1, 2]. Specific genes such as WT-1,
LIM-1, SF-1, and possibly DAX-1 also play role
in ovarian development [3]. In fetuses predeter-
mined for female development, the gonadal rid-
ges ultimately become ovarian tissue [1, 2]. The
gonadal ridges are located on the posterior wall
of the peritoneal cavity next to the primitive
mesonephros (Fig. 23.1). The primitive ovaries
then migrate from what will be the upper abdo-
men to the pelvis through processes of chemo-
taxis and ligament attachment [1, 2].

The ligament that helps to guide each ovary
into position is known as the gubernaculum,
which in its primitive form is a cord of mes-
enchyme connected to the lower medial pole of
the gonad. The gubernaculum then attaches to
the uterus and ultimately becomes the fibrous
bands of the utero-ovarian (or meso-ovarian or
ovarian) ligament, which attaches the ovary to
the lateral surface of the uterus, and the round
ligament, which extends from the uterine horn
(the junction of the uterus and the fallopian
tube) through the internal inguinal ring to the
mons pubis (Fig. 23.2) [4]. Another primitive
ligament at the lateral-superior aspect of the
gonad becomes the infundibulopelvic ligament
or suspensory ligament of the ovary (Fig. 23.2).
Ultimately, a normally positioned ovary lies
below the pelvic brim within the “true” pelvis,
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suspended between the utero-ovarian and
infundibulopelvic ligaments [4]. It is important
to note that the process of ovarian development
is completely independent of the Müllerian
development of uterus, fallopian tubes, and
vagina [1, 2].

Embryology of the Ovum

The development of a human egg, or ovum,
capable of being fertilized is the result of a
complex process that begins early in embryoge-
nesis and proceeds through a series of orderly
stages through sexual maturity. Primitive germ
cells originate from the yolk sac endoderm and
migrate to the gonadal ridges (Fig. 23.1). The

gonadal ridges form primitive sex cords made of
up of both ectoderm and mesenchyme [1].
Primitive germ cells in the sex cords give rise to
oogonia (plural of oogonium) by 6–7 weeks
gestational age [1]. With repeated divisions the
number of oogonia peaks around 16–20 weeks
gestational age when 6–7 million may be present.
After this peak, a slow process of apoptosis of
the oogonia ensues. Oogonia that do not undergo
apoptosis are transformed to the 1–2 million
oocytes (immature ova) that are present at birth.
Through the specialized process of cell division
called meiosis the diploid oogonium is trans-
formed to a haploid mature oocyte (Fig. 23.3).
The development of an oocyte occurs within a
capsule of somatic cells in the cortex of the ovary
known as a follicle. Each follicle typically con-
tains only one oocyte [2]. Through a process of
slow apoptosis, the number of oocytes decreases
throughout life. By the reproductive years only
300,000–500,000 oocytes remain and of these,
only 400–500 will become mature ovulatory
follicles [1, 3].

The process of oocyte development begins
prenatally with duplication of genetic material
and formation of the primary oocyte that then
undergoes begins meiosis I. The process of
meiosis I is halted in prophase and primary
oocytes remain in this state until menarche.
During meiosis I there is recombination of

Fig. 23.1 Development of
the ovary. Copyright JE
Dietrich and NA Sokkary

Fig. 23.2 Stages of oogonial development. Copyright JE
Dietrich and NA Sokkary
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genetic material maternal between homologous
chromosomes which increases genetic diversity.
With menstruation meiosis I is completed and the
genetic material of the primary oocyte is divided
resulting in a secondary oocyte, and a polar body
(a nonfunctional primordial entity) and meiosis II
begins [1, 3]. The secondary oocyte remains
frozen in meiosis II until fertilization when a
mature ovum and another polar body is
produced.

A primary oocyte is a complex structure made
up of yolk, the germinal vesicle (the large
nucleus of the primary oocyte before meiosis
completed) and the germinal spot (the nucleoly-
sis of the oocyte) [2]. Although made up of many
complex parts, human oocytes are relatively
fragile, measuring only 0.2 mm in diameter.
Each has protective layers including a thick,
transparent envelope known as the zona pellu-
cida and an outer layer called the corona radiata
[1, 2].

Anatomy of the Ovary and Adnexa

The ovaries, fallopian tubes, and broad ligament
complexes make up the adnexa of the uterus. The
ovary is normally located just posterior to the
fallopian tube on the pelvic sidewall. The ovary
is in close proximity to the fallopian tube, and is,
in fact, connects the tube by a small muscular
complex, known as the fimbria ovarica [5]. The
position of the tube near the ovary allows
“sweeping” motions of the fimbria of the fal-
lopian tube to collect mature ova from the
ovarian surfaces.

The blood supply to the ovary on each side is
redundant with a continuous arcade of vessels to
supply and support the adnexal structures [5].
Specifically, the ovarian arteries (originating
from the renal artery on the left and the aorta on
the right) located within the infundibulopelvic
ligaments, supply the lateral aspect of the ovary,

Fig. 23.3 Anatomy of the ovary. Copyright JE Dietrich and NA Sokkary
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while Sampson’s artery, within the round liga-
ment, gives rise to arterial branches within the
broad ligament and mesosalpinx.

The adnexa are covered by a series of spe-
cialized peritoneal folds. Closest to the ovary is a
layer known as the mesovarium, which ulti-
mately connects to the mesosalpinx. The conti-
nuity of the peritoneal folding (described
previously in Embryology of the Ovary) means
that the entire adnexa can be moved when one
aspect is moved (Fig. 23.2) [5].

In a neonate, the ovary is typically 1 cm in
diameter and weighs 250–350 mg. Commonly,
the right ovary is slightly larger than the left ovary
[1, 5]. From the neonatal period to the repro-
ductive years, the ovary will ultimately increase
its weight by 10 times. The ovary consists of 3
major portions—the outer cortex, the central
medulla, and the ovarian hilum (Fig. 23.2) [1, 5].
The hilum is the point of attachment of the ovary
to the mesovarium, the folds of peritoneum that
tether the ovary to the body wall [1, 5]. The hilum
contains blood vessels, nerves, and hilus cells.
The hilar cells are the origin of certain types of
ovarian tumors, such as Sertoli or Leydig cell
tumors [5]. The outer cortex consists of the tunica
albuginea, made up of cuboidal and germinal
epithelium. The cortex of the ovary is responsible
for follicle formation and is responsive to follicle
stimulating hormone (FSH). The supporting net-
work or stromal support tissues within the cortex
have the ability to respond to luteinizing hormone
(LH) or human chorionic gonadotropin (hCG).
The central medulla is largely comprised of
mesonephric cells without hormonally sensitive
components [1, 5].

Physiology of the Ovary

The ovary has two main physiologic responsi-
bilities: (1) the release of oocytes and (2) the
production of steroid hormones [1]. Although
Hippocrates, Soranus, and Galen all provided
early descriptions of the ovary, it was not until
the 1500s when Andreas Vesalius, a Professor of
Surgery at the University of Padua, described
ovarian follicles that we began to understand

ovarian function [1, 3]. Ovarian function is a
cyclical process driven by the hypothalamic-
pituitary axis and is not static, but changes
throughout a female’s life, from the time of fetal
development to the postmenopausal years [1, 3].

At 18–20 weeks gestation, cells in ovarian
cortex develop receptors which allow the ovary
to respond to the pituitary hormones FSH and
LH [1, 3]. At this time, the female fetus may
develop transient ovarian cysts. The hormonal
environment that allows formation and persis-
tence of these cysts usually lasts into the neonatal
period and for up to 6 months of neonatal life.
A hormonal nadir is usually reached by 6 months
of age and no later than 2 years of age and
hormone levels do not rise again until 4–10 years
of age, when hypothalamic-pituitary hormones
are upregulated once again [3].

In the reproductive-aged female, follicular
growth occurs in response to hypothalamic-
pituitary hormone secretion [1, 3]. A primary
follicle is recruited, developing progressively
into a preantral follicle, antral follicle, and sub-
sequently, a preovulatory follicle (Fig. 23.4). At
the time of full follicular maturation, when the
follicular cyst may be 2 cm in diameter, and in
response to peak LH and prostaglandin presence,
ovulation occurs. It is during this time, that the
first meiotic division is completed. The second
meiotic division takes place only if a mature
oocyte is fertilized. Increasing concentrations of
FSH cause the granulosa cells of the follicle to
increase production of estradiol [3]. Following
ovulation the cells of the ruptured follicle reor-
ganize and form a fluid-filled corpus luteum cyst
with hypertrophied granulosa cells in the walls of
the cyst. In the presence of low LH concentra-
tions, the corpus luteum produces progesterone
for a short time (approximately 14 days), but the
corpus luteum rapidly ages and then regresses
(Fig. 23.4). With corpus luteal regression, men-
ses ensue [3].

Menarche

Menarche is the first menstrual cycle. The med-
ian age of menarche for girls in the United States
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is 12.43 years, with 10% starting by age
11.11 years and 98% starting by 13.75 years of
age [6]. The age of menarche has steadily
decreased from the 1800s to the mid-twentieth
century, but has remained relatively stable over
the last 40 years [6, 7]. The age at which an
adolescent begins her menstrual cycle is depen-
dent upon several factors including race, geo-
graphic location, and nutritional status. The
American Academy of Pediatrics reviewed US
statistics and found that there is some variation in
the age of menarche based on ethnic background.
For instance, black females begin menstruating at
a median age of 12.02 years, Hispanic females
at 12.25 years, and Caucasian females at
12.55 years [8]. It is also known that women in
less developed countries tend to be older at
menarche. For example, the mean age of
menarche in Algeria is 14.3 years, and in Ban-
gladesh, it is even higher at 15.8 years [7, 9].
Increased vegetable intake, decreased calorie
consumption, and increased energy expenditure,
at least in part, contribute to the older age of
menarche in developing countries. These find-
ings are probably related to observations that a
body weight of 46 kilograms and a BMI of 17
seem to be a necessary prerequisite for menarche
[6, 10].

The age of menarche can also be described in
its relation to other elements of pubertal

development. Most girls will have their first
menstrual cycle 2–3 years after the onset of
breast development (thelarche) and rarely before
Tanner stage III breast development [6]. Menar-
che, along with the other parts of puberty, is
dependent upon on a complex interplay of vari-
ous hormones. Gonadotropin releasing hormone
(GnRH) is a decapeptide that is released from the
hypothalamus. Before the onset of puberty
GnRH release is inhibited by other areas of the
brain by incompletely defined mechanisms.
During normal development, this inhibition is
cyclicly interrupted and leads to the pulsatile
secretion of GnRH which In turn leads to the
pulsatile release of both follicle stimulating hor-
mone (FSH) and Luteinizing hormone (LH) from
the anterior pituitary [10, 11]. The amplitude and
frequency LH and FSH release slowly increase
as puberty approaches [11]. The resultant fluc-
tuations eventually lead to the first menses [10].
Even before menarche, FSH begins to stimulate
the conversion of androgens to estrogen.

The Menstrual Cycle

The first menses is usually 2–7 days in length but
as one progresses in gynecologic years, cycle
regulation increases, and the menses becomes
shorter [6]. It takes approximately 14 months

Fig. 23.4 The ovulatory
cycle. Copyright JE
Dietrich and NA Sokkary
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from the first menses to have a regular cycle. The
average length between menstrual cycles is
34 days but may range from 21 to 45 days [12].
It may take 24 months for ovulation to occur and
up to 12 years from menarche to become regu-
larly ovulatory [6, 10]. The menstrual cycle is
based on the intricate interplay of the
hypothalamic-pituitary-ovarian axis (HPO axis)
[10]. However, the menstrual cycle can be
viewed more simply, from the perspective of the
ovary, as divided into follicular, ovulatory, and
luteal phases (Fig. 23.5) [10].

At the time of puberty, there may be as few as
250,000 surviving oocytes. A slow steady rise in
FSH during the follicular phase results in the
recruitment of a single oocyte within a dominant
follicle. FSH also signals the granulosa, or fol-
licular, cells to increase conversion of testos-
terone to estradiol [13]. During the follicular
phase, granulosa cells continue to increase
estrogen secretion, followed by a slow rise in
progesterone toward the end of the follicular
phase. When estrogen increases above a certain
threshold, it has positive feedback on the
hypothalamus to signal the pituitary to increase
both LH and FSH [13]. Around day 14 of the
menstrual cycle, approximately 24 h after peak
LH secretion, ovulation, the release of the egg
from the dominant ovarian follicle, occurs. If an
oocyte is fertilized, then the syncytiotrophoblast
component of the developing embryo secrets
human chorionic gonadotropin (hCG) that sig-
nals the corpus luteum, the remnant of the
dominant follicle, to continue progesterone pro-
duction until the placenta takes over this essential
support of the pregnancy [13, 14]. The increase

in progesterone has a negative feedback on LH
and FSH, thereby preventing selection of another
dominant follicle during the luteal phase. If an
oocyte is not fertilized, the corpus luteum will
degenerate and estrogen and progesterone
secretion will decrease [14].

The endometrium is also responsive to hor-
mone changes. The increase in estrogen during
the proliferative phase leads to increased
endometrial thickness [14]. The glands and ves-
sels of the endometrium during this phase pro-
liferate and the endometrial lining increases from
3.5 to 5 mm in thickness [14]. During this time,
when progesterone is the dominant hormone, the
endometrial lining is stable and ready for possi-
ble implantation of a fertilized ovum. If implan-
tation does not occur within 2 weeks of ovulation
then the corpus luteum degenerates and proges-
terone levels fall. Falling progesterone levels
result in shedding of the endometrial lining and
menstrual bleeding. In addition, the loss of pro-
gesterone’s inhibitory feedback signals to the
HPO axis allows FSH and LH secretion from the
anterior pituitary gland to resume and the cycle
to repeat [12].

Abnormal Menses

Abnormal menstruation is a common finding in
adolescent girls as it may take 2 years or more for
menstrual cycles to become regular. Adolescents
often experience oligomenorrhea (infrequent
menses), metrorrhagia (bleeding between men-
ses), and menorrhagia (heavy bleeding), all of
which may be associated with an underlying

Fig. 23.5 Menstual cycle.
Copyright JE Dietrich and
NA Sokkary
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gynecologic disorder or systemic disease [10].
For this reason, it is important to assess the
timing, frequency, and flow of menses to deter-
mine if menses are normal [10, 15].

Amenorrhea and Oligomenorrhea

Amenorrhea is the absence of menstruation. Pri-
mary amenorrhea is delayed menarche and can be
associated with normal or abnormal pubertal
development. Secondary amenorrhea is the
absence of menstruation after menarche has
occurred. Oligomenorrhea is defined as greater
than 35 days per cycle. Secondary amenorrhea in
adolescents is usually defined as no menses for 6
months; however, most reports recommend
beginning an evaluation after 3 months without
menses, as more than 95% of adolescents will
have a menses more frequently than every 3
months by their second gynecologic year [11, 15,
16]. The incidence of secondary amenorrhea
among adolescents is 4% but oligomenorrhea is
more common [14]. The etiologies of secondary
amenorrhea and oligomenorrhea overlap with the
most common causes being pregnancy and
anovulation. Other etiologies include polycystic
ovarian syndrome (PCOS), premature ovarian
failure, eating disorders, congenital adrenal
hyperplasia, ovarian and adrenal tumors, and
prolactinomas [12, 16]. Furthermore, oligomen-
orrhea and secondary amenorrhea may also be the
presenting symptom of a systemic conditions
such as diabetes, Cushing’s disease, hyper or
hypothyroidism, and Turner’s syndrome [12, 15].

Menorrhagia and Metrorrhagia

The amount of blood loss during menses can be
difficult to assess, especially in adolescents. The
normal blood loss during with each cycle is
30 ml but because most people cannot accurately
estimate blood loss in milliliters it is usual to
quantify menstrual blood loss using pad/tampon
counts [6]. A pad count of greater than 6 per day
is considered abnormal [6, 10]. Menorrhagia is
usually defined as greater than 80 ml of blood

loss per cycle or bleeding more than 7 days
continuously. Metrorrhagia is bleeding with
irregular intervals [9]. The combination of heavy
menses with irregular bleeding is known as
menometrorrhagia. The etiology of heavy men-
ses in adolescents is often secondary to anovu-
latory cycles and less frequently related the
presence of polyps or fibroids [10]. It is also
important to consider bleeding disorders during
the evaluation of irregular menses. For example,
von Willebrand disease, which is by far the most
common bleeding disorder encountered in men-
orrhagia, occurs in 1% of the general population,
but is found in up to 16% of girls presenting to
the emergency department with menorrhagia [6].
Finally, platelet dysfunction and hypothyroidism
may present with menometrorrhagia, so investi-
gation of these causes is warranted [15].
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24Ovarian Tumours in Children

David F.M. Thomas

This chapter reviews ovarian tumours in foe-
tuses, newborns, infants, children, and adoles-
cents. Since the histologic diagnosis is usually
uncertain before surgical biopsy or resection the
clinical presentation, differential diagnosis, and
evaluation of ovarian masses at different ages and
the natural history of physiologic ovarian cysts is
examined. Finally, specific ovarian neoplasms
and their treatment is considered.

Fetal and Infant Ovarian Cysts

Aetiology and Incidence

The increasing use of prenatal ultrasound has led
to the detection of fetal ovarian cysts in many
pregnancies. These are functional cysts [1] aris-
ing in follicles stimulated by maternal oestrogen,
placental human chorionic gonadotrophin
(HCG), and fetal gonadotrophins [2]. They are
more common in pregnancies complicated by
maternal diabetes, toxaemia, or rhesus isoim-
munisation [3]. Clinically, significant cysts with
a diameter greater than two centimetres occur in
1 in 2500 pregnancies [4] and over 90% of
newborn girls will have smaller ovarian cysts
visible by ultrasound [5].

Pathology

Most neonatal follicular cysts resolve during the
first year of life [6–8]. Ovarian torsion is more
common with cysts larger than 4 cm in diameter
and is usually a prenatal event. However, torsion
has been associated with smaller cysts with a
diameter down to 2.2 cm [9]. Torsion can lead to
autoamputation of the ovary and fallopian tube
[10]. Most of these free-floating abdominal
masses slowly atrophy postnatally but a minority
persist. Massive fetal ovarian cysts can be asso-
ciated with polyhydramnios and pulmonary
hypoplasia and can cause dystocia [11]. Neo-
plastic ovarian cysts in the foetus and newborn
are extremely rare with only a single case report
from 1945 [12].

Presentation and Differential
Diagnosis

Most fetal and neonatal ovarian cysts are
asymptomatic and detected on routine ultrasound
exams. Simple follicular cysts appear as thin
walled hypoechogenic cysts in the abdomen.
Debris in the cyst suggests haemorrhage into the
cyst or torsion (Fig. 24.1). Symptoms of pain and
vomiting in a neonate or infant may be related to
acute torsion, haemorrhage, or adhesions to
adjacent small or large bowel [7]. Mortality
related to haemorrhage or torsion has been
reported in 3 infants [8, 13, 14].

The differential diagnosis of an intraabdomi-
nal cyst in a foetus or newborn includes renal and
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enteric duplication cysts and lymphatic malfor-
mations [15]. An absent ovary or a contralateral
multicystic ovary increases the chances of the
cyst being ovarian in origin. Enteric cysts have a
thicker, two-layered wall on ultrasound
examination.

Management

The criteria for intrauterine intervention are not
well defined. Simple aspiration of larger cysts
with a diameter of 5 cm or more [16, 17] may be
followed by re-accumulation of fluid [9]. Mas-
sive cysts, which might obstruct labour, can be
aspirated [11] before delivery. Bilateral ovarian
cysts might be an indication for preterm delivery
or intervention to prevent torsion [9].

Conservative management with serial ultra-
sound scans for asymptomatic unilateral neonatal
cysts is recommended as most simple cysts will
resolve spontaneously [18] and even some
complex cysts containing debris will resolve
leaving a follicular ovary with presumed function
[5, 16]. Indications for intervention include a

complex cyst with solid elements suggesting a
neoplasm. In addition, cysts that do not resolve,
and those with a diameter greater than 4 cm are
at increased risk of torsion and intervention
should be considered. Simple percutaneous
aspiration is not recommended as a fatal outcome
has been reported when a cyst of enteric origin
was aspirated [19]. Reaccumulation of cyst fluid
may occur because of stimulation by neonatal
gonadotrophins, which peaks at 3–4 months
post-natal age.

Surgical treatment is by laparoscopy which
confirms the ovarian origin of the cyst and allows
fenestration or excision by an intra- or extracor-
poreal technique [20–22]. Alternatively, an
umbilical incision can be used for open surgery,
as the neonatal ovary is very mobile [23, 24].

Post-operative Complications
and Outcomes

Following surgery under a general anaesthetic,
most newborns and infants make an uneventful
recovery, establishing full feeds within 24–48 h.
Reported wound complications include infection,
mostly with staphylococcal organisms, port site
hernias, and dehiscence with omental protrusion.

The ultimate functional outcome of a fetal
ovarian cyst depends on its characterisation [8].
Simple cysts, which continue as simple cysts,
have a good prognosis with 85% resolving
spontaneously and leaving a functioning follic-
ular ovary. However, complex cysts containing
debris (see Fig. 24.1) have frequently undergone
torsion and many will disappear on subsequent
scans, with only 16% surviving as follicular
ovaries. Approximately half of simple fetal
ovarian cysts will become complex before birth
[9], so that in neonates complex cysts outnumber
simple cysts. Therefore, the prognosis for a fetal
ovary containing a cyst of 2 cm or more in
diameter is guarded, as the majority will become
complex and either atrophy or be resected. For
the rare case of bilateral ovarian cysts, preterm
delivery or fetal intervention can be considered,
although data from prospective trials is not

Fig. 24.1 Ultrasound of a one-month-old with antena-
tally diagnosed ovarian cyst, demonstrating layering of
debris within a large thin walled cyst suggesting previous
ovarian torsion. (Courtesy of Dr. Alistair Calder, Great
Ormond Street Children’s Hospital, London, UK.)
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available and the balance of the risks of inter-
vention versus the risks of ovarian loss must be
carefully considered.

Ovarian Cysts in Children

Aetiology and Incidence

The ovary in prepubertal girls is active with a
low rate of maturation and involution of follicles
[25] driven by intermittent release of pituitary
gonadotrophins [26]. By ultrasound approxi-
mately 2% of girls under the age of 8 years will
have small cysts, which may be bilateral. True
precocious puberty with elevated levels of
gonadotrophins may be the cause of multiple
small cysts. However, cysts with a diameter over
1 cm may be hormonally active and associated
with pseudoprecocious puberty [15]. In girls
aged 2–5 years old, precocious puberty may be
the presentation of the McCune–Albright Syn-
drome, with café-au-lait spots and polyostotic
fibrous dysplasia occurring at a later age [25, 27].

With puberty the ovaries increase in size and
multiple small cysts are common. The ultrasound
appearance is often described as multicystic if the
ovaries contain more than six follicles of greater
than 4 mm diameter. These cysts result from the
ovarian response to pulsatile gonadotrophin
secretion [28]. A multicystic ovary should not be
confused with a polycystic ovary, which is
defined by the ultrasound appearance of 12 or
more follicles measuring 2–9 mm in diameter.
This can occur in 20% of healthy women but is
also associated with the polycystic ovary syn-
drome [29]. This syndrome of ovarian dysfunc-
tion is managed medically by gynaecologists and
endocrinologists without the need for surgical
intervention.

The risk of malignancy in a prepubertal
ovarian cyst is very low but cysts which persist
and those with solid elements on imaging should
be investigated and surgical excision considered
(see the discussion of ovarian neoplasms later in
the chapter).

Presentation and Management

Although most ovarian cysts are asymptomatic,
pain can be triggered by torsion [30] or haem-
orrhage. Girls with signs of precocious puberty
or uterine bleeding should undergo endocrine
investigations and ovarian scanning. Tumour
markers, serum a-fetoprotein (a-FP) and
b-human chorionic gonadotrophin (b-HCG)
should be measured and the ultrasound scan
repeated after an interval of a few weeks. Most
ovarian cysts in this age group will resolve
spontaneously [31] but persistent, hormonally
active, or symptomatic cysts should be excised
by an ovarian sparing cystectomy preferably
performed laparoscopically.

Outcome and Follow-Up

Histological examination of the excised tissue
will confirm the diagnosis. Children with signs of
precocious puberty or abnormal hormone pro-
duction should be followed by a paediatric
endocrinologist.

Ovarian Cysts in Adolescents

Aetiology and Incidence

Follicular cysts are common in adolescents. They
are fluid-filled simple cysts, usually 2–3 cm in
diameter that arise in the first half of the menstrual
cycle. They and resolve in the second half of the
cycle. However, if ovulation does not occur, they
can grow to a very large volume. Corpus luteal
cysts develop in the second half of the menstrual
cycle and secrete progesterone. They can grow up
to 6 cm in diameter before rupturing.

In addition to physiologic follicular and cor-
pus luteum cysts the differential diagnosis of an
ovarian cyst in an adolescent includes neoplasms,
ectopic pregnancy, endometriosis, tubal anoma-
lies, and the sequelae of sexually transmitted
infections [25].
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Presentation and Management

Irregular menses and pain secondary to rupture
and haemorrhage are the common presentations.
A palpable mass was reported in 14% of girls
with ovarian cysts in one series [32]. Most fol-
licular and corpus luteal cysts will resolve over
4–5 weeks, although larger cysts with diameters
up to 8 cm may take 3 months to resolve.

The indications for surgical intervention
include persistence of the cyst beyond 3 months,
the risk of ovarian torsion (Fig. 24.2), symptoms
that do not resolve, and solid elements on
imaging suggestive of a neoplasm. Preservation
of viable ovarian tissue is of paramount impor-
tance and consultation with an experienced
adolescent gynaecologist may reduce the number
of unnecessary oophorectomies [33]. Laparo-
scopy confirms the ovarian origin of the lesion.
Since simple aspiration of the cyst leads to a high
incidence of recurrence [34], cysts are best
managed with fenestration of the cyst or
cystectomy.

Torsion of the ovary is managed initially by
derotation to assess tissue viability. Ischaemic
and damaged ovarian tissue has remarkable
potential for recovery, which can be assessed at a
second laparoscopy delayed 2–3 weeks after
derotation [35]. Definitive surgery for the ovarian
cyst can be safely performed at the second
laparoscopy. Fixation of the contralateral normal
ovary is controversial, as the prevention of pos-
sible but rare future torsion must be balanced

against adhesion formation impairing fertility
[36, 37].

Endometriosis can occur in adolescents as
well as in adults [38]. Endometriomas are
blood-filled cysts arising in functioning endo-
metrium within the ovary. The presence of
altered blood gives a typical “chocolate cyst”
appearance on ultrasound scanning and at sur-
gery. The clinical presentation may be with acute
pain secondary to ovarian torsion or haemor-
rhage but a more frequent presentation is with
increasingly painful menstrual periods in an
adolescent girl. The diagnosis is suggested by the
appearances on ultrasound and confirmed at
laparoscopy. The treatment is laparoscopic cys-
tectomy and clearance of other pelvic endome-
trial deposits. If the endometriosis is extensive, a
second laparoscopic procedure may be required
after a 3 month course of hormonal suppression
with gonadotrophin releasing hormone. Surgical
intervention has been shown to relieve symptoms
in the short term but there is little data on
long-term outcomes and future fertility [39, 40].

Outcome

Histology of excised tissue will confirm the
diagnosis. For functional cysts, fenestration has a
low recurrence rate with the best chance of pre-
serving ovarian tissue [3]. Cystectomy is
required if a neoplastic cyst is suspected. Very
large cysts and those with elevated tumour
markers can be managed with open surgery
through a Pfannenstiel incision. Ovarian pre-
serving resections are the initial procedure of
choice because malignant tumours are rare in
cystic disease of the ovaries.

Ovarian Tumours

Incidence and Classification

The interest in ovarian tumours is related to their
great variety rather than their incidence, which is
only approximately 2–3 girls per 100,000 popu-
lation annually [18, 41]. A tertiary paediatric

Fig. 24.2 Laparoscopic view of a neonatal ovarian cyst
with torsion of the long ovarian pedicle
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surgical centre may only see a few patients a year
with ovarian tumours, three-quarters of which are
benign. Malignant ovarian tumours represent
only 1% of childhood cancer [42]. However,
there is a larger variety of tumours arising from
the ovary than from any other organ
(Table 24.1). Tumours arise from the three
embryological cell lines found in the ovary, with
germ cell tumours being the most common,
accounting for 75% of ovarian neoplasms, fol-
lowed by sex cord–stromal tumours, 15%, and
finally, epithelial tumours, which usually present
in adolescents, making up around 10% [43–45].
The very rare variants of germ cell tumours and
metastatic tumours occurring in the ovary will
not be discussed. The aetiology of these tumours

is largely unknown, although gonadoblastomas,
are associated with chromosome anomalies and
the WT1 mutation of Frasier syndrome [46, 47].

Pathology of Benign Ovarian Tumours

Thecomas occur rarely in the second decade,
with some producing oestrogens and presenting
with precocious puberty [48] and others con-
taining androgen-producing lutein cells leading
to virilisation [49]. These tumours may be
calcified.

Fibromas are rare in childhood and can grow
to a large size and be associated with ascites and
pleural effusions (Meigs Syndrome). Fibromas
have also been described in children with the
basal cell nevus syndrome [50].

Gonadoblastomas contain mixed germ cell
and sex cord–stromal cell elements and are fre-
quently bilateral. They most often occur in phe-
notypically female patients with 46 XY or an XY
mosaic karyotype [50]. Although benign, they
arise in dysgenetic gonads and are associated
with malignant ovarian germ cell tumours. Fra-
sier syndrome is the association of nephropathy
and gonadoblastoma in a phenotypic female with
XY chromosomes and is associated with the
WT1 gene [46].

Mature cystic teratomas (MCTs), also known
as ovarian dermoid cysts, are the most frequently
occurring ovarian tumours accounting for
approximately 40% of all ovarian neoplasms in
children. The cells are mostly diploid and arise in
primordial germ cells which have entered meio-
sis [42]. All three germ layers may be present,
with ectodermal elements predominating includ-
ing teeth and hair (Fig. 24.3a and b). In children,
these are benign tumours containing both solid
tissue and cystic areas, with 10% occurring
bilaterally. Late recurrent malignant germ cell
tumours have been described in young adult
women with a previously excised mature cystic
teratoma [51].

Immature teratomas are less common than
MCTs and contain immature neuroectodermal
elements. A careful histological search has to be

Table 24.1 Classification of ovarian tumours in children

Germ cell tumours (75%)

∙ Dysgerminomas
∙ Yolk sac tumours (endodermal sinus tumour)
∙ Teratomas
– Mature (Dermoids)
– Immature
– Embryonic

∙ Choriocarcinoma
∙ Gonadoblastoma
∙ Embryonal carcinoma
∙ Mixed germ cell tumours

Sex cord–stromal tumours (15%)

∙ Thecomas
∙ Fibromas
∙ Juvenile granulosa cell tumours
∙ Sertoli–Leydig cell tumours (Arrhenoblastomas)

Epithelial tumours (10%)

∙ Serous
– Benign
– Borderline
– Malignant

∙ Mucinous
– Benign
– Borderline
– Malignant

∙ Endometrioid

Miscellaneous

∙ Lymphoma
∙ Leukaemia
∙ Metastatic tumours
– Neuroblastoma
– Rhabdomyosarcoma
– Nephroblastoma
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made within these tumours for yolk sac elements,
which are potentially malignant.

Gliomatosis peritonei are nodules of glial tis-
sue sited on the peritoneum or omentum and have
been described in patients with immature ovarian
teratomas. Studies suggest that these are meta-
plastic cells arising from peritoneal stem cells and
not seeded from the ovarian tumour [52].

Pathology of Malignant Ovarian
Tumours

Dysgerminomas represent 11% of paediatric
ovarian tumours, making them the most common
malignant ovarian tumour in children. They are
analogous to testicular seminomas. They are
solid tumours and are bilateral in up to 15% of
patients [53]. Microscopically they consist of
epithelioid cells and mature lymphocytes. In
addition, multinucleated cells and syncytiotro-
phoblastic giant cells may be present and pro-
duce b-HCG [54]. Dysgerminomas are found in
mixed germ cell tumours and can arise with
gonadoblastomas in dysgenetic gonads. Dysger-
minomas usually present as localised stage 1
disease [55] but metastases can be found in pel-
vic and retroperitoneal lymph nodes, with rare
haematogenous spread to the liver, lungs and
bone. Serum lactic dehydrogenase is a useful
tumour marker for many of these tumours [56].

Yolk sac tumours or endodermal sinus
tumours are the second most common malignant
ovarian tumour in children, most often arising in
post-menarchal teenage girls but also rarely
occurring in younger girls [57]. These solid
tumours contain undifferentiated embryonic cells
which produce a-fetoprotein [58]. These are
aggressive tumours which spread locally in the
peritoneal cavity, via the lymphatics to
retroperitoneal and pelvic lymph nodes, and via
the bloodstream to the liver, lungs and brain [59].

Mixed germ cell tumours make up one-third of
malignant germ cell tumours and contain more
than one neoplastic germ cell element, mostly
dysgerminomas, yolk sac tumours, immature
teratomas, and the rarer germ cell malignancies.
Malignant germ cell tumours may be aneuploid
and may exhibit the isochromosome 12p [60, 61].
They can produce a-fetoprotein or b-HCG [57].

Juvenile granulosa cell tumours are the most
common of the stromal sex cord tumours and
account for up to 10% of ovarian malignant
tumours in children and adolescents [62]. They
have cystic and solid elements and secrete
oestrogens [63]. Mixed granulosa and thecal cell
tumours also occur [64]. They are hormonally
active and usually present at an early stage before
spread has occurred outside the ovary. Adults
with the Peutz–Jeghers Syndrome have an
increased risk of developing sex cord–stromal
tumours [65].

Fig. 24.3 An excised ovarian dermoid cyst (mature teratoma) a external surface b transected to demonstrate hair in the
cyst. (Courtesy of Dr. Elizabeth Benjamin, University College London Hospital, London, UK.)
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Sertoli–Leydig tumours or arrhenoblastomas
are rare malignant tumours of the ovary with the
majority presenting before the age of 20 years
[66] and most will produce androgens [49].
Production of a-fetoprotein has also been repor-
ted [67]. They have cystic and solid elements and
are usually localised to the ovary at presentation.

Epithelial cell tumours are much less common
in children and adolescents compared to adults
and are classified into serous and mucinous
subtypes. The majority are benign or borderline
with low malignant potential [68]. Borderline
epithelial tumours have varying nuclear atypia
but lack stromal invasion and are more common
in adolescents [45, 69]. Malignant adenocarci-
nomas are very rare in adolescents and children
[57, 70, 71]. Borderline tumours spread locally in
the pelvis and have a high incidence of bilater-
ality. Malignant epithelial tumours spread in the
peritoneal cavity to retroperitoneal and pelvic
lymph nodes and via the bloodstream to liver and
lungs.

Lymphomas are rare ovarian tumours in
Europe and America but are the most commonly
described ovarian tumour in West African chil-
dren [72].

Presentation of Ovarian Tumours

The majority of ovarian tumours will present
with symptoms or clinical signs while a minority
will be found incidentally on imaging at laparo-
tomy or at laparoscopy [18]. Pain, usually
described by children in the lower abdomen, is
the most common symptom. Acute severe pain
suggests ovarian torsion, while recurrent or
chronic pain of less severity may be the result of
haemorrhage into or rupture of the tumour [73].
Lower abdominal distension may be the only
complaint at presentation. A palpable mass may
be detected arising from the pelvis or in the lower
abdomen, indicating a larger tumour with a
diameter greater than 7 cm and a higher risk of
malignancy [74]. Hormonally active ovarian
tumours are rare and present with signs of pre-
cocious puberty, vaginal bleeding, or virilisation.

Investigations of Ovarian Tumours

Imaging starts with ultrasound scanning
(Fig. 24.4) and colour flow Doppler to assess
blood flow to the lesion and ovary but ultrasound

Fig. 24.4 Transverse abdominal ultrasound scan in a six
year old girl presenting with an abdominopelvic mass and
premature thelarche. The large mass contains cystic
(c) and solid (s) elements. The arrow points to the spine

and the arrowhead to the abdominal aorta. (Courtesy of
Dr. Alistair Calder, Consultant Radiologist at Great
Ormond Street Children’s Hospital, London, UK.)

24 Ovarian Tumours in Children 333



scanning does not always distinguish between
benign and malignant lesions. However, lesions
with an irregular outline, significant solid ele-
ments and a diameter greater than 7.5 cm have a
higher risk of malignancy [74]. A smooth cap-
sule and predominantly cystic structure increases
the chances that the lesion is localised and benign
[75].

MRI scanning provides better anatomical
detail with differentiation between uterine and
ovarian lesions [76–78]. Pathologically enlarged
lymph nodes, ascites, and liver metastases may
also be identified on magnetic resonance imag-
ing. If vascular detail is required, more infor-
mation will be gained from CT scanning with
vascular contrast but at the biological cost of
additional irradiation. CT scans of the chest will
identify lung metastases and would be performed
when staging the rare malignant ovarian tumours.

Tumour markers are useful but cannot dis-
tinguish between malignant and benign tumours
[79]. Tumour markers may be elevated in benign
and immature germ cell tumours but raised levels
should always increase the suspicion of a
malignant neoplasm. Table 24.2 indicates the
tumour markers seen in ovarian tumours.

Girls with precocious puberty or signs of
virilisation should have endocrine investigations,
including pituitary gonadotrophins, oestradiol,
progesterone, and testosterone levels. Ovarian
cysts and tumours are uncommon causes of
precocious puberty.

Surgery for Ovarian Tumours

Most ovarian tumours are managed by surgical
excision with preservation of ovarian tissue
whenever possible [80]. A staging procedure is
appropriate when malignancy is suspected.
Staging for germ cell tumours (Table 24.3) is

Table 24.2 Tumour markers

Tumour Markers

Teratoma a-FP

Yolk sac tumour a-FP

Dysgerminoma b-HCG and LDH-1

Choriocarcinoma b-HCG

Embryonal carcinoma a-FP and b-HCG

Sertoli–Leydig tumour a-FP

Epithelial tumours CA-125

a-FP a-fetoprotein, b-HCG b-human chorionic gonadotrophin, LDH-1 lactic dehydrogenase, CA-125 Cancer antigen
125

Table 24.3 Children’s Oncology Group (COG) staging
for ovarian germ cell tumours

Stage Description

Ia Limited to one ovary

Ib Limited to both ovaries

II Microscopic residual or positive lymph
nodes <2 cm diam.

Peritoneal evaluation and washings negative

± Tumour markers

III Lymph node involvement � 2 cm diam.

Gross residual tumour or biopsy of tumour
only

Visceral involvement (bladder, bowel,
omentum)

Peritoneal washings positive

±Tumour markers

IV Distant metastases, (usually liver or lungs)

Gliomatosis peritonei does not raise stage I or II disease
to a higher stage

From von Allmen D (2005) Malignant lesions of the
ovary in childhood. Semin Pediatr Surg 14:100–5, with
permission
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less invasive as no additional information is
gained from sampling peritoneal tissue and
lymph nodes which are palpably and macro-
scopically normal [81]. However, when malig-
nant epithelial or sex cord–stromal tumours are
suspected, sampling should include peritoneal,
omental, and lymph node biopsies since meta-
static spread tissue may be macroscopically and
palpably normal (Table 24.4) [82, 83].

The characteristics of the tumour and the
surgeon’s experience will determine whether the
surgical procedure is laparoscopic or open via a
Pfannenstiel or lower midline incision. For
tumours above 7.5 cm diameter and when
imaging and tumour markers suggest a malignant
tumour, an open operation is recommended. The
incision has to be adequate to deliver malignant
tumours intact, as aspiration of malignant cysts
will increase by one the stage of the tumour.
Laparoscopy with an ovarian preserving dissec-
tion is appropriate for smaller benign tumours
[35, 74, 84].

Ascitic fluid or peritoneal washings should be
collected for cytology before starting any dis-
section. Both ovaries should be inspected. Frozen
section histology of biopsies is helpful in diag-
nosing borderline epithelial tumours without
stromal invasion but is not recommended for
germ cell tumours, where it can be misleading
[83].

Torsed ovaries should be untwisted and
inspected for viability and any underlying
pathology. Malignant tumours account for less
than 5% and benign tumours approximately 30%
of torsed ovaries [85]. For ovaries of doubtful

viability, detorsion alone and subsequent imaging
is recommended. A second surgical procedure
undertaken for ovaries suspected of harbouring
neoplasms [35]. Even ovaries, which initially
appear infarcted, have a remarkable ability to
recover after the blood supply is restored.

For many tumours, it is possible to find a
plane of dissection between the lesion and
ovarian tissue adjacent to the hilum and an
ovarian sparing operation can be safely per-
formed for germ cell tumours [18, 43, 84].
A higher rupture rate is reported for germ cell
tumours undergoing a laparoscopic cystectomy
but, with copious washings of the pelvic cavity,
chemical peritonitis and adhesions can be min-
imised [48]. For larger tumours and where no
plane of dissection can be identified, a
salpingo-oophorectomy is appropriate or an
oophorectomy alone for germ cell tumours not
involving the fallopian tube.

Careful inspection and excisional biopsy of
lesions of the contralateral ovary are important as
there is a significant risk of bilaterally in germ
cell and epithelial tumours [53]. Staging for
malignant germ cell tumours includes excisional
biopsies of suspicious peritoneal and omental
lesions and pathological lymph nodes
(Table 24.3). Staging for malignant epithelial
and sex cord–stromal tumours requires lymph
node and peritoneal biopsies of pathological and
macroscopically normal tissue (Table 24.4) [83].

In a small minority of patients, germ cell
tumours will have spread and be fixed to adjacent
organs. If complete tumour resection would
result in extensive damage to surrounding normal

Table 24.4 Staging for malignant ovarian epithelial and sex cord–stromal tumoursa

Stage Description

Ia Limited to one ovary, without lc features or malignant cells in washings

Ib Limited to both ovaries, without lc features or malignant cells in washings

Ic As above and with tumour on the surface or tumour ruptured, or malignant cells in washings

II Spread to pelvic tissues

III Peritoneal implants or involvement of omentum or small bowel outside the pelvis or positive inguinal or
retroperitoneal lymph nodes

IV Distant metastases to liver parenchyma, lungs or cytologically positive pleural effusion
aBased on recommendations of the International Federation of Gynecology and Obstetrics (FIGO) [100]
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tissues then a biopsy should be taken and a tissue
diagnosis established. Malignant germ cell
tumours should then be treated with four courses
of chemotherapy and imaging repeated to assess
shrinkage. In many cases, excision of the tumour
will be possible at a second laparotomy after
chemotherapy.

Rare disorders of sex development
(DSD) may result in a female child with an XY
karyotype having intra-abdominal testes. The
risk of malignancy in these gonads is increased,
although the magnitude of that risk varies
according to the diagnosis. In Swyer syndrome
the lifetime malignancy risk is in the order of
30% and bilateral gonadectomy is recommended
at the time of diagnosis [86]. Although these girls
usually present with failure to enter puberty due
to gonadal dysfunction, a small number will
present with advanced germ cell tumours. How-
ever, girls with the Complete Androgen Insen-
sitivity syndrome have a much lower risk of
malignancy of between 2 and 5%, so removal of
the gonads can be delayed until after the com-
pletion of puberty [87]. Long-term oestrogen
replacement is required after gonadectomy,
firstly to induce puberty and secondly to maintain
normal female development.

Epithelial tumours are uncommon in children.
Good outcomes depend on tumour clearance at
the time of surgery. Borderline and benign
tumours can be excised with ovarian sparing
procedures [88, 89], but the very rare bilateral
malignant cystadenocarcinoma may require a
radical bilateral oophorectomy with an abdomi-
nal hysterectomy.

Careful haemostasis is essential before closing
the abdomen or removing ports. Fixation of a
single remaining ovary following oophorectomy
is controversial, as the benefits of preventing
future torsion must be balanced against the for-
mation of adhesions reducing fertility [36].

Post-operative Course and Outcomes

Following major pelvic and abdominal surgery,
patients must be observed carefully for signs of
blood loss or sepsis. Inadvertent bowel damage

during laparoscopic surgery can lead to delayed
intestinal leakage and peritonitis. Surgical inci-
sions and port sites should be inspected for signs
of sepsis and incisional hernia. Teenage patients
should be assessed pre-operatively for the need
for deep vein thrombosis prophylaxis both during
the procedure and post-operatively.

The majority of patients will have benign or
stage l disease and will make a rapid and
uneventful recovery. Laparoscopic surgery
should lead to return to a full diet and full
mobilisation within 36 h and the need for less
post-operative analgesia compared with open
surgery.

Patients are usually followed for a minimum
of 2 years with ultrasound scans every six
months to monitor the contralateral and any
remaining ipsilateral ovary. The contralateral
ovary is at risk of a metachronous tumour, par-
ticularly following excision of a germ cell or
epithelial tumour. Patients who have a single
remaining ovary should be counselled about their
reduced fertility [90], although many successful
pregnancies are reported following tumour exci-
sion, even with tumour spillage or following
unilateral salpingo-oophorectomy and
chemotherapy for malignant germ cell tumours
[91].

Immature teratomas should be followed with
regular imaging and measurements of serum
a-fetoprotein. The finding of small foci of yolk
sac tumour within the teratoma is not an indica-
tion for immediate chemotherapy. In one repor-
ted study of 44 immature teratomas in 1999,
thirteen contained foci of yolk sac tumour but
only one patient had a recurrent tumour after
surgical excision alone [92]. This patient’s
recurrence was a yolk sac tumour and responded
well to chemotherapy.

All malignant tumours must be accurately
staged to plan appropriate chemotherapy regi-
mens. As most cancers are stage l, it is important
to avoid over treating these patients as surgery
alone and careful follow-up with imaging and
measurement of tumour markers is the recom-
mended management.

Germ cell tumours are highly sensitive to
cisplatin-based chemotherapy and stage II to IV
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disease is treated with four courses of bleomycin,
etoposide and carboplatin [93] under the super-
vision of a paediatric oncologist [94]. Overall
4-year survival rates of 90% can be achieved
with minimal drug toxicity, with good responses
reported even in advanced stage disease [95].

Stage I stromal cell tumours are similarly
managed with surgery alone, with the more
advanced stages treated with a cisplatin-based
chemotherapy regimen [75]. Lower grade
tumours with fewer than 20 mitoses per high
powered field respond well, with comparable
outcomes to germ cell tumours. However the
higher grade stromal tumours with spread
beyond the ovary are less responsive and addi-
tional and more toxic agents may be required
[96].

Patients with epithelial tumours should be
managed similarly to adults with the same con-
dition. For benign and borderline tumours, pre-
serving fertility is the priority [69, 97]. This
increases the incidence of recurrent borderline
tumours but the patient may have completed one
or two successful pregnancies before a second
and more aggressive surgical excision is required
[98]. The very rare malignant epithelial tumours
in children may receive a cisplatin-based
chemotherapy regimen but the long-term prog-
nosis is poor with less than a 15% survival at
10 years [99].

The best outcomes are achieved when patients
are managed by a multidisciplinary team
including radiology, oncology, gynaecology
[33], paediatric surgery, and endocrinology. All
these patients should be treated in centres expe-
rienced in the management of tumours in chil-
dren and adolescents. The aims are to
successfully treat the tumour, while preserving
future fertility and minimising drug toxicity.
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25Ovarian Torsion

Anne C. Fischer

Ovarian torsion is the twisting of the ovary on its
vascular pedicle. Torsion first obstructs the
lymphatic and venous drainage and as the twist
tightens it may interrupt arterial inflow. Torsion
leads to a distorted, swollen, and often hemor-
rhagic ovary that can become ischemic, eventu-
ally necrosis, and cause peritonitis.

Ovarian torsion can occur at any age. It is an
uncommon problem in children and adolescents
and is even less frequent in adult women.
Ovarian torsion typically presents with acute
lower abdominal pain, and the diagnosis is dif-
ficult because of the nonspecific symptoms and
physical findings. In addition, imaging has only a
limited ability to unequivocally confirm the
diagnosis [1–3]. A high index of suspicion for
ovarian torsion is necessary to make a timely
diagnosis and institute early surgery that may
save the ovary.

Historically, surgical treatment was thought to
usually require an oophorectomy due both to the
ischemia, which was thought to cause irreversible
damage to the ovary, and to the distortion of the
ovary, which was assumed to be secondary to an
underlying pathologic process requiring resec-
tion. Newer data from larger studies has chal-
lenges those assumptions. First, follicular
function has been shown to recover after detor-
sion of blue and even black ovaries that were

clearly ischemic. Second, most ovarian torsions
have been shown to occur in either normal ovaries
or are associated with benign conditions that do
not require oophorectomy [4–6]. These findings
have led to a slow evolution of pediatric surgical
practice away from routine oophorectomy toward
a consensus of attempting ovarian salvage by
simple detorsion [7–10].

Pathophysiology

Despite being attached to the pelvic sidewall by
ligaments, the ovary has a fair amount of
mobility that allows it to twist on its pedicle.
Torsion of the ovary usually occurs with the
torsion of the adjacent fallopian tube around the
broad ligament and is known as adnexal torsion.
Less commonly, there may be an isolated torsion
of the ovary around its mesovarium attachment
or isolated torsion of the fallopian tube around its
mesosalpinx attachment. If ovarian torsion is not
corrected in a timely fashion, then the lymphatics
and veins and finally the arteries in the vascular
pedicle are occluded with subsequent ischemia.
Necrosis of the affected adnexa and peritonitis
follow.

The ovary is classically thought to have a dual
blood supply via the ovarian artery and the
uterine artery. A dual blood supply might protect
the ovary from ischemia during torsion. How-
ever, only 56% of ovaries have a dual blood
supply while the ovarian artery alone supplies
40% of ovaries and the uterine artery alone
supplies 4% of ovaries. In addition, adnexal
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torsion typically involves both vascular pedicles
—the ovarian artery in the suspensory ligament
and branches from the uterine artery contained in
the ovarian ligament, so even ovaries with a dual
blood supply are at risk for ischemia when
torsed. The dual blood supply of the ovary also
potentially complicates the imaging diagnosis
since Doppler ultrasonography might detect
blood flow from one pedicle even when there
was significant torsion of the other vascular
pedicle.

Ovarian torsion may be bilateral. Syn-
chronous bilateral ovarian torsion is defined as
simultaneous torsion of each ovary while in
asynchronous or metachronous bilateral ovarian
torsion the ovaries suffer torsion at different
times. In either case, bilateral ovarian torsion is
potentially devastating and could cause loss of
future reproductive potential.

Epidemiology

Ovarian torsion is uncommon but the actual
incidence is unclear. Adnexal torsion accounts
for up to 2.7% of all cases of acute abdominal
pain in children [11]. It is also responsible for
one third of all ovarian operations in children [2].
Torsion is most common in the perimenarchal
and early teenage years, but can occur at any age.
The best nationwide estimate of incidence was
reported from the Healthcare Cost and Utilization
Project Kids’ Inpatient Database (KID) that
extracted data from tertiary children’s hospitals.
In 2006, there were over 1232 hospitalizations
for ovary torsion in girls between 1 and 20 years
of age. The incidence of ovarian torsion was
estimated at 4.9 cases per 100,000 girls [6].
Interestingly, the incidence of ovarian torsion in
this age group is roughly the same as the inci-
dence of testicular torsion. Over 80% of cases of
ovarian torsion occurred between 11 and
20 years of age and the mean age at diagnosis
was 14.5 years. This study reported a lower
proportion of cases in prepubertal girls (17%)
than prior case series (32–68%) [3, 5, 9] probably
reflecting the exclusion of infants and the dif-
ferent proportions of adolescents in the

populations studied. When infants are included
there is a bimodal age distribution with a peak
incidence in infants under the age of 1 and
another peak at 12 years of age (Fig. 25.1) [2].

Bilateral ovarian torsion is uncommon and
can occur with or without associated underlying
adnexal pathology. For example, in one large
series of 76 children with ovarian torsion 5%
suffered asynchronous bilateral torsion [4] while
another large series of 114 patients reported no
cases of bilateral ovarian torsion [12]. In the
pediatric population, there have been 24 case
reports of asynchronous torsion and only three
cases of synchronous bilateral torsion [13].

Etiology

Ovarian torsion may occur in a normal ovary or
may be associated with an abnormality of the
ovary. The normal tube and ovary are mobile and
may rotate 90° without any symptoms [14] and
can easily twist 360° to 1080° [15]. It is now
clear that torsion may occur in normal adnexa
without an associated pathologic mass acting as
the lead point for torsion. In the two largest case
series of ovarian torsion, approximately half of
the cases (46 and 48.8%) had no underlying
ovarian abnormality [2, 4]. In the series reported
by Oltmann et al. of 114 pathologically reviewed
torsed specimens, there was no underlying eti-
ology of torsion in one half of cases, but rather,
normal tissue with hemorrhage [2]. Likewise,
approximately half the cases of ovarian torsion
reported in the KID database had no additional
ovarian diagnoses [6, 12].

Anatomic Factors in Ovarian Torsion

The absence of a pathologic “lead point” in the
setting of torsion suggests that anatomic variants
of normal anatomy may predispose to torsion.
The increased risk of torsion in the contralateral
“normal” ovary in patients who suffer asyn-
chronous torsions also suggests a common ana-
tomic risk factor [16]. Anatomic variants that
predispose to ovarian torsion include a long
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fallopian tube, a long utero-ovarian ligament,
such as the mesovarium and mesosalpinx, or an
unusually short ovarian hilum [14, 17–19]. All
the variants mentioned result in increased
mobility in the ovarian suspensory ligaments.
A report of familial ovarian torsion with bilateral
ovarian loss in the mother and unilateral ovary
loss in the daughter suggests that a genetic pre-
disposition to torsion may exist [20]. Other fac-
tors that may contribute to hypermobility of the
ovary and therefore ovarian torsion are tubal
spasm, abrupt changes in intra-abdominal pres-
sure with jarring activity, and adnexal venous
congestion seen with constipation, sigmoid dis-
tension, and premenarchal or gestational hor-
monal changes [17, 21, 22].

A predominance of right-sided adnexal tor-
sion has been noted with a 3:2 ratio of right to
left sidedness [23]. Even most cases of asyn-
chronous torsion first present on the right side
[16]. The explanation of the right side predomi-
nance of ovarian torsion may be the associated
hypermobility of the cecum and ileum compared
to the relative stability of the sigmoid on the left.
Alternatively, there may be an ascertainment bias
because of the more likely operative intervention
for right sided abdominal pain because of con-
cern for appendicitis [14, 24].

Hormonal Factors in Ovarian Torsion

As noted, there are two peaks in the incidence of
ovarian torsion—one during infancy and the
other around 12 years of age [2]. The bimodal
age distribution reflects peak hormonal levels
seen in children—the fetal exposure to maternal
hormones and the early adolescent response to
the maturing reproductive hormonal axis [1]. The
association between age and hormonal environ-
ment suggests that hormonal effects are a risk
factor for ovarian torsion. Potentially, hormon-
ally induced ovarian cysts and adnexal conges-
tion could serve as “lead points” for ovarian
torsion.

Ovarian cysts may form in utero in response
to maternal hormones and these cysts may persist
into infancy, explaining the high incidence of
torsion in girls less than 1 year of age [25].
Between ages 1 and 8 years, the hypothalamic-
pituitary axis resets to a baseline of low estrogen
and FSH levels. As a result, the ovary is quies-
cent and minimal ovarian cysts are formed in this
age group [26]. Around puberty, between 9 and
14 years, the reproductive hormonal axis is
activated with high FSH levels long before the
onset of menses [27, 28]. The high and fluctu-
ating hormone levels in this age group prime the

Fig. 25.1 Bimodal age dis-
tribution of ovarian torsion
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ovaries for cyst formation. By age 15, hormonal
patterns are usually well established, and FSH
and LH levels are regulated by the monthly
release of estrogen and progesterone by the
ovary. Changes in gonadotropin release can
result in functional cysts, typically either follic-
ular or corpus luteal cysts, which enlarge
throughout the menstrual cycle and then resolve
within several months.

Adnexal Abnormalities

As noted, ovaries that undergo torsion in children
have no associated abnormality more than 40%
of the time, while 33% have underlying cysts,
and 23% have benign neoplasms (see
Table 25.1). These findings differ from the adults
where an underlying cyst is the most common
etiology of ovarian torsion [29]. Overall at least
96% of ovaries that undergo torsion in children
are normal or have associated benign conditions
and only 1.7–3.5% contain a malignancy. (The
categorization of serous borderline cysts as
benign or malignant accounts for the variance
[12].) Summation of all reported pediatric case
series of ovarian torsion confirmed an even lower
incidence (1.4–1.9%), of an underlying malig-
nancy with the KID database reporting the lowest
incidence (0.4%) in over 1232 cases [6, 12]. This
incidence of underlying malignancy is markedly
lower than the 10% risk of malignancy for all
pediatric ovarian masses and is comparable to the
1–2% incidence of malignancy in adults
(Table 25.2) [24, 30].

These findings, based on the pathologic
analysis of surgical specimens, show a dramatic,
10–20-fold lower incidence of malignancy in
ovarian torsions than found in ovarian masses
and clearly refute the traditionally held tenet that
an underlying malignant tumor is the most
common lead point of torsion. Likewise, fewer
benign and malignant tumors are found in torsed
specimens compared to nontorsed ovarian mas-
ses [12]. Finally, case series show that benign
ovarian etiologies cause torsion more commonly
than malignant tumors. For example, Som-
merville et al. reported the incidence of torsion in

benign tumors was 14.3%, which was greater
than the 9.7% incidence for borderline tumors
and far greater than 1.1% incidence for malignant
tumors [31]. The lower rate of torsion seen in
malignancies was attributed to their tendency to
induce adherence through inflammation and local
invasion and thus limit ovarian mobility.

Clinical Manifestations

Symptoms of ovarian torsion in children include
lower abdominal pain in almost all cases and
associated nausea and vomiting in more than two
thirds of girls [1, 8, 32]. However, this classic
triad of symptoms is not specific for ovarian
torsion and many causes of an acute abdomen
present with similar symptoms. Although nearly
all children (>97%) with ovarian torsion have
abdominal pain, the classic history of an acute
onset of severe pain is not common and the
variable severity of pain is a potential diagnostic
pitfall [3, 33]. There is considerable variation in
the intensity, character, location, and duration of
pain in patients with ovarian torsion. Often the
history of recurrent pain is due to recurrent tor-
sion and detorsion of the adnexa rather than
persistent torsion [32, 34]. Torsion in infants is
often not accompanied by pain since the torsion
may often occur in utero, so the most common
clinical presentations of an infant with ovarian
torsion are positive prenatal imaging (>50%),
presence of a mass (38%), or feeding tolerance
(6%) (see Table 25.1) [2].

Besides the presence of pain, the location of
pain is important since the symptoms of ovarian
torsion commonly overlap with those of appen-
dicitis, especially since adnexal torsion is more
common on the right [29, 33]. The distinguishing
features suggesting adnexal torsion rather than
appendicitis include the presence of a palpable
abdominal mass [3] and the synchronous onset of
pain with the symptoms of nausea and vomiting,
whereas in appendicitis, pain usually occurs first,
followed later by nausea and vomiting [24].
Classic physical signs found in children with
ovarian torsion include low-grade fever,
abdominal tenderness, and an abdominal mass.
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Chang et al. identified that a lower Alvarado
score with a paucity of pain migration, rebound
pain, or fever and the presence of a palpable
mass, seen in 10% cases, were the best clues to
differentiate torsion from appendicitis [3, 35].

Ovarian torsion can present in an incarcerated
inguinal hernia. Merriman reviewed incarcerated
inguinal hernias in girls and found that 82% of
incarcerated hernias in female infants contained
ovaries. The median age of the girls with incar-
cerated hernias was 8 weeks and 15–27% con-
tained ovarian torsions and ischemic ovaries [36,
37]. Thus, in female infants with an irreducible
inguinal hernia a timely repair is important to
minimize ovarian loss.

Investigations

After a history and physical examination, the
evaluation of a young woman with significant
abdominal pain usually continues with a com-
plete white blood cell count (WBC), a urinalysis,
and a urinary pregnancy test. Leukocytosis
occurs in up to 56% of children with ovarian

torsion and is more likely to occur with ovarian
torsion than with ovarian masses not associated
with torsion [2]. Interestingly, when ovarian
torsion presents with right lower quadrant
abdominal pain and a WBC elevated above
12,000 then an urgent operation is more likely to
occur than when the WBC is normal, probably
because the increased possibility of appendicitis
compels earlier exploration [2, 3]. When an
ovarian mass is suspected then serologic markers
of malignancy are obtained, including alpha
fetoprotein (aFP) and beta human chorionic
gonadotropin (bHCG). However, even when
obtained in the workup of an asymptomatic
palpable ovarian mass suspected of malignancy,
over 50% of the time serologic markers are not
positive and thus are not conclusive [12]. In any
case, during the urgent evaluation and manage-
ment of ovarian torsion, serologic marker results
are usually not available in time to guide man-
agement and operative decisions. Since the
diagnosis of ovarian torsion is difficult to make
on the basis of the history, physical examination,
and laboratory investigations imaging studies are
frequently obtained.

Table 25.1 Patients with
ovarian torsion compared
to patients with ovarian
masses not associated with
torsion

Torsion Nontorsion P value

Number of cases 114 (26%) 324 (74%) <0.0001

Mean age ± SEM 10.28 years ± 0.53 13.23 ± 0.26 <0.0001

Clinical presentation

Abdominal mass 6% 23% <0.0001

Abdominal pain 83% 56% <0.0001

Prenatal diagnosis 6% 1% 0.0013

Othera 5% 20% <0.0001

Size by imaging (cm) 8.1 ± 0.49 (2.9–25) 9.8 ± 0.60 (0.9–50) 0.077

WBC >12 K 56% 28% 0.0004

Pathology

Benign, normal tissue 46 (40%) 11 (3.4%) <0.0001

Benign cyst 38 (33%) 146 (45%) 0.0291

Benign neoplasm 26 (24%) 123 (38%) 0.0067

Malignant neoplasm 4 (3.5%)b 44 (13.6%) 0.0030
aOther clinical presentations included precocious puberty, feeding intolerance, groin
hernia, incidental finding and not documented
bTwo serous borderline cysts, a juvenile granulosa cell tumor, and a dysgerminoma (12)
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Table 25.2 Pathology of ovarian torsion—review of literature

Author Cases ovarian
torsion

Malignant
neoplasms

Malignant neoplasm
pathology

Benign
neoplasms

Benign neoplasm
pathology

Population

Meyer et al.
(1995)

13 0 None 3 Cystadenoma (1)
Teratoma (2)

Pediatric

Kokoska
et al. (2000)

51 3 Dysgerminoma (1)
Granulosa cell (2)

26 Cystadenoma (2)
Teratoma (24)

Pediatric

Cass et al.
(2001)

34 0 None 15 Teratoma (15) Pediatric

Beaunoyer
et al. (2004)

76 0 None 21 Cystadenoma (6)
Teratoma (15)

Pediatric

Anders et al.
(2005)

22 1 Granulosa cell (1) 5 Dermoid (5) Pediatric

Servaes et al.
(2007)

41 0 None 11 Cystadenoma (1)
Teratoma (10)

Pediatric

Rousseau
et al. (2008)

41 2 Dysgerminoma (1)
Undifferentiated
adenocarcinoma (1)

26 Cystadenoma (11)
Teratoma (15)

Pediatric

Oltmann
et al. (2010)

114 4 Dysgerminoma (1)
Juvenile granulosa
cell (1)
Serous borderline (2)

26 Cystadenoma (7)
Dermoid (2)
Fibroma (1)
Teratoma (16)

Pediatric

Houry et al.
(2001)

87 1 Mucinous
borderline (1)

30 Cystadenoma (11)
Teratoma (19)

Adult

Cohen et al.
(2003)

102 0 None 13 Cystadenoma (4)
Dermoid (9)

Adult

White et al.
(2005)

44 2 Granulosa cell (1)
Serous borderline (1)

13 Cystadenoma (1)
Dermoid (7)
Fibrothecoma (1)
Fibroma (1)
Leiomyoma (1)
Teratoma (2)

Adult

Göçmen
et al. (2008)

18 0 None 11 Cystadenoma (7)
Dermoid (4)

Adult

Shadinger
et al. (2008)

39 0 None 12 Benign
Spindle (1)
Brenner (1)
Cystadenoma (2)
Dermoid (7)
Fibroma (1)

Adult and
pediatric
(3–61 years)

Pediatric
totals

431 10 (2%) Dysgerminoma (3)
Granulosa cell (3)
Juvenile granulosa
cell (1)
Serous borderline(2)
Undifferentiated
adenocarcinoma (1)

133
(30.8%)

Cystadenoma (28)
Dermoid (7)
Fibroma (1)
Teratoma (97)

Pediatric

(continued)
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Imaging

Plain X-rays can show calcifications that indicate
mature teratomas or they can suggest a mass
effect [4, 38]. However, as with CT scanning,
plain X-rays are more useful in assessing other
etiologies for abdominal pain and are not rec-
ommended to diagnose torsion. Obtaining plain
X-rays, a CT scan, or both may delay the
definitive care of a patient with ovarian torsion
[3].

The first choice in the imaging evaluation of
ovarian torsion is ultrasound (US) with Doppler.
In young adults, the transvaginal US approach
is often advocated but in most children, the
transabdominal pelvic US is preferred due to the
smaller vaginal size and virginal status of chil-
dren, which can limit visualization. Potential
technical difficulties of using transabdominal
pelvic US to diagnose ovarian pathology
include a thick abdominal wall in obese
patients, overlying bowel gas, and the lack of a
full bladder, which is sometimes difficult to
obtain in young patients in pain [39]. Also,
some US exams may visualize only one ovary.
When only one ovary is visualized it is more
difficult to determine if it is enlarged since there
is no normal “control” for comparison. In

addition, the side of origin of the visualized
ovary may be difficult to determine [32, 40].
When only one ovary is visualized, it is useful
to estimate the expected ovarian volume based
on the age and pubertal status of the patient to
determine if the ovary is enlarged [41].

Even with technically adequate studies, the
diagnosis of ovarian torsion requires judgment to
correlate the clinical and imaging findings.
Unfortunately, definitive ultrasound findings of
ovarian torsion such as the whirlpool sign [42]
and a spiral appearance of the adnexa are not
found in most children with ovarian torsion [9].
The most common sonographic findings of tor-
sion are an enlarged ovary with tissue edema or
an echogenic pelvic mass with no visualization
of the ipsilateral ovary [1, 4]. In particular, a
unilateral enlarged ovary containing dilated,
peripherally located cysts is found in 66% of
patients with ovarian torsion [40, 43]. The find-
ing most sensitive for torsion is the presence of a
pelvic mass larger than 5 cm that is sonograph-
ically complex (51%) rather than purely cystic
(38%) or solid (11%) [2].

The evaluation of ovarian blood flow by
spectral Doppler was hoped to improve the
diagnostic accuracy of US for ovarian torsion;
however, this is controversial because of reports

Table 25.2 (continued)

Author Cases ovarian
torsion

Malignant
neoplasms

Malignant neoplasm
pathology

Benign
neoplasms

Benign neoplasm
pathology

Population

Literature
totals

682 13 (1.9%) Dysgerminoma (3)
Granulosa cell (4)
Juvenile granulosa
cell (1)
Mucinous borderline
(1)
Serous borderline (3)
Undifferentiated
adenocarcinoma (1)

212
(31.0%)

Benign
Spindle (1)
Brenner (1)
Cystadenoma (53)
Dermoid (34)
Fibroma (3)
Fibrothecoma (1)
Leiomyoma (1)
Teratoma (118)

Adult and
pediatric

From Oltmann SC, Fischer AC, Barber R, et al. Pediatric ovarian malignancy presenting as ovarian torsion: incidence and
relevance. J Pediatr Surg. 2010;45:135–139, with permission
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of finding ovarian flow by US but a necrotic
ovary at operation [44, 45]. Pena et al. and Stark
and Siegel reported that only 30–40% of patients
with confirmed ovarian torsion at surgery
demonstrated decreased or absent blood flow
preoperatively [38, 43]. So it seems that the
presence of vascularity, even arterial flow, does
not exclude ovarian torsion and a high index of
clinic suspicion is required to avoid delays in
diagnosis and definitive operative treatment [16,
39]. Absent or abnormal flow in the ovarian vein
has been found in 62% of cases of adnexal tor-
sions [46].

Since the most sensitive ultrasonography
finding suggesting torsion is relatively non-
specific ovarian enlargement with small cystic
structures scattered around the periphery [1, 2, 4,
47], a high index of suspicion is needed to make
the diagnosis and initiate treatment. It is often
best to proceed with laparoscopy early to make
the diagnosis and treat the torsion rather than
delay until a definitive diagnosis is obtained.

Treatment

The treatment of ovarian torsion is surgical,
either by resection of the involved adnexa by
salpingo-oophorectomy or by detorsion. In ter-
tiary care children hospitals, about 60% of
patients with ovarian torsion had resection while
the incidence of orchiectomy for testicular tor-
sion is roughly 35% [6]. Part of these differences
is related to the intrapelvic location of ovaries
and difficulty in diagnosis compared to the more
superficial and easily identified testicles.

In the past, resections were done frequently
but it is now recognized that detorsion alone is
usually preferred. There were three main reasons
that resection was advocated—(1) the risk of
thromboembolism, (2) the risk of an underlying
malignancy or other abnormality that required
resection, and (3) the judgment that the ovary
was nonviable and had no potential of repro-
ductive or hormonal function. All three reasons
have been critically analyzed and not found to
justify routine ovarian resection.

First, thromboembolism was thought to be
potential risk after untwisting the vascular pedi-
cle that was assumed to have thrombosed veins.
McGovern reviewed the literature regarding the
risk of thromboembolism in adult patients with
torsion and found two cases and calculated an
incidence of 0.2%. Interestingly, each case of
thromboembolism occurred in patients undergo-
ing ovarian resections, not in patients who had
detorsion alone [11, 48]. Whether or not, the
adult risk of thromboembolism can be extrapo-
lated to children is debatable and the largest
analysis of pediatric ovarian torsion related hos-
pitalizations could not identify a case of pul-
monary thromboembolism associated with
ovarian torsion [6]. Similarly case series of
ovarian torsion in children have not reported a
thromboembolic complication with detorsion
[15].

Second, there is often a presumption that a
pathologic lead point, such as a malignancy, that
requires resection, incites ovarian torsion.
Unequivocally the KID database and all case
series of torsions consistently report an incidence
of 0.4–1.4% rate of malignancy which is 10–
20-fold lower incidence than the expected 10%
malignancy rate in ovarian masses in children.
Thus, torsion is highly unlikely to be associated
with an underlying malignancy. To maximize
ovarian salvage at the time of operation, it has
been advocated to either biopsy suspicious areas
or simply detorse the ovary and follow the
ovarian size with US and perform a ‘second
look’ procedure, if US detects an intrinsic mass
6 weeks after detorsion [10, 49]. Intraoperative
pathologic analysis by frozen section of the
excised ovarian cyst or ovarian biopsied tissue
can assist in deciding to proceed with ovarian
salvage as opposed to resection [50]. The benefit
of preserving the ovary seems worth the small
risk of delaying treatment of the rare malignancy.

Thirdly, the likelihood of ovarian viability
after torsion has been previously underestimated
since ischemic or blackish blue ovaries were
presumed to be necrotic (Fig. 25.2). However, it
has been shown that the black-bluish macro-
scopic appearance of an ovary is not a true
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indicator of the degree of ischemia [10]. Even
black-bluish ovaries show evidence of viable
ovarian parenchyma upon pathologic review [51]
and multiple case series have demonstrated that
detorsion of seemingly necrotic ovaries results in
viable ovarian appearance on later ultrasound [7,
8, 15]. The currently accepted treatment for
ovarian torsion is detorsion and ovarian preser-
vation regardless of macroscopic appearance of
the ovary. Even ovarian cysts can be left alone at
the initial operation. Functional cysts will often
resolve spontaneously and cystectomy or partial
resection of an ischemic edematous ovary is
technically difficult because of the inability to
ascertain the plane between abnormal tissue and
ovarian tissue. If a large ovarian cyst is found at
the initial detorsion then cyst aspiration is often
done to prevent an early recurrence of torsion.

Serial ultrasonography is done beginning
6 weeks after detorsion to follow follicular return
of an ischemic ovary and to assess if there is an
associated ovarian mass or persistent ovarian
cyst. The edema and distortion has usually
resolved within 6 weeks and underlying abnor-
malities can be detected. If follow-up ultrasound
reveals an underlying ovarian mass or persistent
large cyst then a second operation can be
undertaken. Persistence or recurrence of a cyst
with normal tumor markers is ideally managed

by an ovarian cystectomy. Persistence of an
enlarged ovary and abnormal tumor markers
warrants a CT scan and laparotomy to stage and
resect the mass appropriately.

It has been suggested that when the ovarian
mass is large then laparotomy is favored over
laparoscopy [51]. However, the recommended
size cutoff for laparoscopy has varied in the lit-
erature since a given size has not proven to be a
significant predictor of benign versus malignant
lesions. A reasonable practice is for masses less
than 7.5 cm, laparoscopy is preferred to allow
detorsion, aspiration of a benign cyst, and ovar-
ian preservation, regardless of appearance and
color, followed by postoperative US surveillance.
However, when an ovarian mass exceeds 7.5 cm,
a laparotomy is recommended to allow detorsion,
protection of the peritoneal cavity to aspirate a
possible cyst or perform an intraoperative biopsy
with frozen section. If a malignancy is found on
the frozen section further staging can be done. If
a benign lesion is found then the ovary can be
preserved.

Simple detorsion may predispose to recurrent
torsion. It has been noted that children with tor-
sion of normal adnexa may be at increased risk of
either recurrent torsion on the same side or
asynchronous bilateral ovarian torsion [16].
There is no consensus for the role of oophor-
opexy in treatment of ovarian torsion. Reports of
ovarian atrophy in patients treated with bilateral
fixation argue that the risks of recurrent torsion
must be carefully balanced against the risks of
oophoropexy when deciding upon the best
strategy for ovarian preservation [7]. Oophor-
opexy is not routinely recommended at the time
of detorsion because the ovary is often edema-
tous and friable and difficult to operatively sta-
bilize without injury to the ovary. Oophoropexy
should be performed for specific indications,
usually at the time of a second procedure when it
is not heavy and edematous. This permits good
fixation of the ovary near the fallopian tube and
optimal stabilization. Indications for an oophor-
opexy include recurrent torsion, obviously
abnormal adnexal attachments, history of a prior
loss of an ovary without an underlying pathol-
ogy, and bilateral synchronous torsion [52].

Fig. 25.2 Laparoscopic view of ovarian torsion
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Fixing the ovary by plication of the utero-ovarian
ligament with a nonabsorbable suture is a simple
technique involving minimal interference with
fallopian function or blood supply and thus may
be the preferred method of fixation when needed
[52].

Outcomes

The ideal outcome for a girl suffering from
ovarian torsion would be an urgent presentation
to medical attention, a prompt diagnostic evalu-
ation driven by a high index of suspicion for
torsion, and early operative intervention with
detorsion leading to preservation of the ovary.
Although diagnostic methods are improving and
operative interventions are becoming less inva-
sive, the outcomes of children with ovarian tor-
sion are not yet ideal. Nationwide data from 2006
from tertiary care children’s hospitals showed
that 60% of girls with ovarian torsion had
resection of the ovary [6]. This contrast to
roughly 35% of boys with testicular torsion
having orchiectomy. This difference is due to
delay in presentation to medical attention, delay
in diagnosis, delay in surgical treatment, and the
perception that resection was necessary because
of an underlying ovarian tumor or that the ovary
was irreversibly damaged [1].

As noted in the previous sections, despite the
often abnormal appearance of a torsed ovary it is
rare to have an underlying tumor. Therefore,
attempting ovarian salvage by detorsion alone
and following the ovary by serial ultrasound
exams is recommended treatment. Also, despite
the common intraoperative finding of a blue or
even a black ovary, simple detorsion results in a
>90% ovarian salvage as defined by follicular
changes suggesting folliculogenesis seen on
follow-up ultrasound exam [6, 10]. Complete
functional recovery of the ovaries can occur after
untwisting the ischemic adnexa, regardless of
their intraoperative appearance [10, 51]. Atrophy
of the ovary is seen on follow-up ultrasound
exam in about 5% of cases of ovarian torsion
[15]. A significantly lower median time from

onset of symptoms to operation [8]. This reflects
the duration of ischemia although there is no
clear correlation between duration of symptoms
and ovarian infarction [5]. It also may represent
the surgeon’s inclination to resect ovaries when
there has been a longer durations of symptoms.

The likelihood of ovarian salvage also varies
by surgical specialty with general surgeons
performing oophorectomies in 60% of cases
compared to gynecologists performing
oophorectomies in 40% of cases. This specialty
difference may reflect a lower index of suspicion
for torsion in children with lower abdominal pain
who present to pediatric centers (and pediatric
surgeons) compared to those who present to
gynecologists. Or it may represent different
indications for resection between the two spe-
cialties. It has been noted that a high index of
suspicion for ovarian torsion before operative
intervention is associated with an increase in the
likelihood of ovarian salvage—with torsions
suspected preoperatively in 94% of those who
eventually underwent detorsion compared to
preoperative suspicion in less than half of those
who had oophorectomy [8]. Another factor
effecting ovarian salvage is the age at presenta-
tion with children less than 12 years more likely
to undergo oophorectomies (77–88%) [2, 6].
This may represent delays in presentation, diag-
nosis, and operative intervention in younger
children. Or it may represent differences in the
indications for resection between surgeons
treating younger children and those treating older
adolescents.
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26Fertility Preservation

Jennia Michaeli, Stephen Kennedy and Ariel Revel

There are several ways that the treatment of
malignant and non-malignant diseases in children
may interfere with the child’s future fertility. To
alleviate these adverse effects of therapy inno-
vative methods to preserve fertility are being
proposed and investigated. This chapter will
focus on children who have been treated for
cancer since they make up the largest and best
studied group of patients with this problem.

In 2010, a total of 10,700 children and ado-
lescents under the age of 14 were diagnosed with
cancer in the United States. More than 80% will
survive the disease [1]. However, survivors often
face long-term sequelae of their treatment
including irreversible damage to their reproduc-
tive organs that may harm pubertal development,
cause infertility or lead to premature menopause,
defined as cessation of ovarian function below
the age of 40 [2].

The most obvious cause of fertility impair-
ment is the surgical removal of the reproductive
organs. However, chemotherapy and radiother-
apy may also eliminate or severely compromise
hormonal production and a patient’s reproductive
potential by damaging steroid-producing cells
and gametes.

Both female and male gonadal tissues are very
sensitive to chemotherapy [3, 4]. The degree of
damage is determined by the patient’s sex and
age, the specific drug used and the dose admin-
istered [5, 6]. All chemotherapeutic drugs affect
gonadal function although some are more
harmful than others [7]. For example, alkylating
agents such as cyclophosphamide and procar-
bazine are categorised as high risk drugs [3, 8],
whereas vincristine and methotrexate have lower
risks. However, because multi-drug protocols are
increasingly common, it is difficult to advise
patients and their parents about an individual’s
specific risk of future reproductive impairment.

Total-body irradiation (TBI) or radiation
therapy delivered to the pelvis/abdomen may
cause irreversible damage to the gonads. In both
sexes, the degree of gonadal damage depends on
the total radiation dose, where the radiation is
directed (the field), how the radiation is delivered
(the fractionation schedule) and the patient’s age.
In females, for a given dose of radiation, the
younger the patient is at the time of treatment, the
later is the onset of premature menopause [9].
A radiation dose of 2 Gy is estimated to damage
50% of ovarian follicles irreversibly, while doses
of 5–20 Gy cause complete loss of ovarian
function and result in sterility [10]. In males,
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radiation doses as low as 0.2 Gy cause damage to
spermatogonial cells [11] and doses above 15 Gy
adversely affect Leydig cell function [12].

As might be expected, combinations of
chemotherapy and radiation are potentially even
more injurious. Hematopoietic stem cell trans-
plantation, which requires preparatory intensive
chemotherapy (usually containing alkylating
agents) and TBI, presents the greatest risk for
gonadal dysfunction [13].

A variety of ‘experimental’ procedures,
including gonadal tissue transplantation, are
available to preserve fertility, especially in
females, but major ethical, legal and medical
issues must be addressed before they are offered
[14]. For example, when a malignancy is diag-
nosed in a pre-pubertal child, parental consent
must be obtained before harvesting gonadal tis-
sue containing immature germ cells. However,
consent to use stored tissue for fertilization or
research purposes should be obtained solely from
the patient [15, 16]. A multidisciplinary team
including paediatric oncologists, reproductive
endocrinologists, paediatric surgeons, anaes-
thetists and social workers, must work closely
together to provide optimal counselling for
patients and their parents [17].

History of Procedures to Preserve
Fertility

The idea of reproductive organ transplantation
has a long history. The first attempts were
reported in the eighteenth century, when the
Scottish anatomist and surgeon John Hunter
transplanted testis into a chicken [18]. Robert
Morris performed the first human ovarian trans-
plant in 1895, and was a pioneer in the field of
reproductive organ transplantation [19]. The
motivation for these early attempts at ovarian
transplantation was to achieve sex hormone
production as a means to rejuvenate women or
delay menopausal symptoms. This line of treat-
ment was superseded when exogenous adminis-
tration of sex hormones became possible,

although the experiments contributed to our
understanding of normal physiology [18].

In more recent times, various surgical proce-
dures have been used to preserve ovarian func-
tion by moving the ovaries away from radiation
fields in the pelvis. These procedures have
included using vascular anastomoses in the
abdominal cavity and microsurgical techniques
for heterotopic transplantation of an ovary to the
forearm [20]. Although oocytes have been
retrieved from such grafts, this approach has not
been widely used.

In the current era, new developments and
techniques in the fields of in vitro fertilization
(IVF) and tissue cryopreservation have revolu-
tionized ovarian transplantation. Now it is pos-
sible to harvest and freeze gonadal tissue until
the patient is well enough for that tissue to be
transplanted back to the patient, and then later,
oocytes can be retrieved for IVF treatment.

Indications and Patient Selection
for Fertility Preservation

Although it is an innovative or even “experi-
mental” procedure, cryopreservation of gonadal
tissue can now be offered to patients with
malignancies that require gonadotoxic therapy.
Since the severity of the insult to gonadal func-
tion varies across different diseases and treatment
protocols, it is important to counsel patients
effectively about their individual risk of infertil-
ity. To support this goal a classification system
has been developed that lists most malignant
diseases and their associated treatments [21] (see
Table 26.1).

In our opinion, fertility preservation proce-
dures should be offered in specialist centres to all
patients at high risk of gonadal failure. However,
the precise course of any patient is never com-
pletely predictable despite the best attempts to
estimate prognosis prior to treatment. For
example, in a series of 58 girls less than 16 years
old, Jadoul et al. [22] showed that 14% initially
received treatment that placed them at low- to
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medium risk of premature ovarian failure but
later needed more aggressive gonadotoxic treat-
ment in the months following cryopreservation.
Patient selection for gonadal tissue cryopreser-
vation is further complicated by the fact that new
treatment protocols are emerging that may alter
the risks of infertility.

Fertility preservation procedures may also be
indicated in patients receiving gonadotoxic
treatments for non-malignant conditions such as
haematological or autoimmune diseases and also
in patients with certain genetic conditions such as
Fragile-X and Turner syndrome which predis-
pose women to premature ovarian failure.
Examples of these conditions are listed in

Table 26.2. In addition, patients who have mul-
tiple operations for ovarian cysts or ovarian tor-
sion may have decreased ovarian reserve [22]
and are potential candidates for fertility preser-
vation procedures.

Fertility Preservation Procedures
in Males

Harvesting

Male gonadal tissue can be harvested by
orchiectomy or testicular biopsy. Both proce-
dures can be performed in children with a low

Table 26.1 Estimates of infertility risk after treatment for common cancers of children and adolescents

Low risk (<20%)

Acute lymphoblastic leukaemia

Wilms’ tumour

Soft-tissue sarcoma, stage 1

Germ cell tumours (with gonadal preservation and no radiotherapy)

Retinoblastoma

Brain tumour: surgery only, cranial irradiation <24 Gy

Medium risk

Acute myeloblastic leukaemia (difficult to quantify)

Hepatoblastoma

Osteosarcoma

Ewing’s sarcoma: non-metastatic

Soft-tissue sarcoma, stage II or III

Neuroblastoma

Non-Hodgkin lymphoma

Hodgkin’s disease: alternating treatment

Brain tumour: craniospinal radiotherapy, cranial irradiation >24 Gy

High risk (>80%)

Whole body irradiation

Localized radiotherapy: pelvic or testicular

Chemotherapy conditioning for bone marrow transplantation

Hodgkin’s disease: treatment with alkylating drugs

Soft-tissue sarcoma, stage IV (metastatic)

Ewing’s sarcoma: metastatic

From Wallace et al. [21] with permission
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risk of major surgical complications [23]. Due to
the small size of testicles in young boys, har-
vesting a whole testis instead of partial orchiec-
tomy is sometimes preferable [24].

Storage

Immature testicular tissue contains spermatogo-
nial stem cells with reproductive potential, which
can be stored in the form of cell suspensions or
tissue fragments prepared from the harvested
testicle or biopsy. Cell suspensions are prepared
by disintegration of testicular tissue through
enzymatic, chemical or mechanical digestion
[25]. This approach has two advantages: it opti-
mizes the cryopreservation procedure and allows
the spermatogonial stem cells in suspension to be
injected through the scrotal skin into the lumen
of the rete testis. The drawback of this technique
is that the disintegration of the testicular tissue
decreases cell viability and breaks the
inter-cellular microenvironment that is essential
for cell differentiation and proliferation. In con-
trast, testicular tissue fragments maintain the
spermatogonial stem cells and the surrounding
cells in their original extracellular architecture.
This preserves the stem cell niche that promotes
renewal and differentiation through various sig-
nalling pathways [26, 27]. Moreover, testicular
tissue fragments preserve Sertoli and Leydig
cells that may restore hormonal production along
with fertility functions [28].

To create viable tissue fragments the testicular
tissue is dissected into millimetre size pieces and
preserved with cryoprotective agents to protect
the tissue from damage caused by ice formation.
Dimethyl sulfoxide (DMSO) is superior to other
cryoprotective agents, such as ethylene glycol, in

terms of maintaining the architectural integrity of
the tissue [23, 29]. Slow-programmed freezing
that gradually decreases the temperature (0.5 °
C/min) effectively preserves spermatogonial
morphology and survival [23]. Then when the
temperature reaches approximately −70 °C, the
tissue can be plunged into liquid nitrogen at
−196 °C for long-term storage.

Reimplantation

Successful testicular tissue transplantation has
yet to be described in humans, however, in ani-
mal studies, spermatogonial survival has been
demonstrated after xenotransplantation of human
immature testicular tissue [30, 31]. Theoretically,
autotransplantation of thawed, cryopreserved
testicular tissue into the testis could be per-
formed. Alternatively, spermatogonial stem cell
suspensions could be introduced into the testis by
ultrasound-guided injection into the rete testis, as
described by Brook in a murine model [25].
Further optimization of cryopreservation proto-
cols and the development of improved trans-
plantation techniques are needed prior to the
method becoming standard treatment in humans
[32].

Fertility Preservation Procedures
in Females

Harvesting

Oophorectomy can be performed or ovarian tis-
sue biopsies can be collected, either at an elective
laparoscopic procedure or during a laparotomy
performed for other purposes. Laparoscopic

Table 26.2 Benign diseases that may increase the risk of infertility by the need for treatment with cytotoxic agents or
genetic factors

Haematological Autoimmune Genetic

Sickle cell anaemia SLE Fragile-X

Thalassaemia major Wegener’s granulomatosis Turner syndrome

Aplastic anaemia Behcet’s disease Klinefelter syndrome
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ovarian procedures appear to be safe and feasible
in children [33] and offer a minimally invasive
approach with a low complication rate [34]. The
emerging technique of single port-laparoscopy
may improve patient safety further [35]. It is
important to avoid using electrocoagulation on
the ovarian surface so that cortical tissue that
contains follicles is preserved. In the future,
laparoscopic harvesting of the whole ovary
including its vascular pedicle may be performed
with the prospect of subsequent microvascular
anastomoses of the ovarian vessels [36, 37].
When harvesting the ovary for whole ovary
transplantation it is important to resect the full
length of the infundibulo-pelvic ligament, as it is
crucial for the cryopreservation and transplanta-
tion procedures.

The special anaesthetic challenges of paedi-
atric surgery must be taken into consideration
[38, 39] and the haematological, infectious and
metabolic status of the patient assessed to fully
evaluate the operative risk. Currently, there are
no clear guidelines regarding the appropriate age
to harvest ovarian tissue. Weintraub et al. [17]
suggested that harvesting should not be per-
formed in girls under the age of three because of
anaesthetic considerations. However, Poirot et al.
[40] reported a large series of paediatric patients
who underwent ovarian tissue harvesting and 13
of 47 were younger than 3 years old with the
youngest being only 10 months old at the time of
the surgery. If possible, it is advisable to combine
ovarian tissue harvesting with other imaging or
surgical procedures that require anaesthesia, such
as bone marrow aspiration, lumbar puncture or
central line insertion [17].

Storage

After harvesting, ovarian tissue is promptly deliv-
ered to the laboratory. Aspiration of any follicles
present should be performed before cryopreserving
ovarian tissue since immature oocytes obtained
from premenarchal girls can be matured in vitro
and cryopreserved for future fertilization [41].

Ovarian tissue is traditionally cryopreserved
using a “slow freezing” method [42]. First,

ovarian cortex is separated from the medulla. The
cortex is then dissected into small fragments, to
maximize permeation of into the cells. The cry-
oprotective agents are necessary to protect the
oocyte and surrounding stromal cells from
freezing injuries [43]. The exact composition of
the cryoprotective solution and the freezing
protocol vary between institutions [44, 45]. Most
commonly, the solutions contain permeating
cryoprotectants such as DMSO, 1,2-propanediol
or ethylene glycol, in combination with
non-permeating substances such as sucrose and
human serum albumin. Tubes containing
immersed ovarian tissue fragments are gradually
cooled by a programmable freezer that allows
slow and stepwise decreases in temperature.
When the temperature reaches −140 °C, the
tubes can be plunged into liquid nitrogen at
−196 °C for storage.

A recent and promising technique for cryop-
reservation of ovarian tissue is “rapid freezing”
or vitrification. Small ovarian cortical fragments
are immersed for a short period in a highly
concentrated cryoprotective solution. Then,
without a slow cooling delay, the ovarian tissue
is plunged directly into liquid nitrogen. This
induces a glass-like state that avoids the forma-
tion of ice crystals, which may harm the oocyte
and stromal cells. The efficiency and safety of
this technique still needs to be fully investigated
before it becomes standard practice, however, it
has been suggested that vitrification is superior to
slow freezing in terms of follicular survival and
tissue preservation in general [46, 47]. Others
have reported that conventional freezing is a
more suitable method for ovarian tissue cryop-
reservation than vitrification [48, 49]. Currently,
new vitrification protocols are being developed
that may achieve better results [50].

Cryopreservation of an intact ovary is chal-
lenging because cryoprotective agents cannot
penetrate all cells equally. The vascular pedicle
of the ovary must be harvested and carefully
dissected to avoid damaging the ovarian vessels.
The ovarian artery is usually perfused, via a
catheter, with a heparinized physiological solu-
tion that flushes all the blood from the ovary.
Thereafter, the ovary is perfused by, and
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immersed in, a cryoprotective solution followed
by a cooling process, using a slow freezing
protocol, as described above [36].

Reimplantation

The preserved ovarian tissue can be autotrans-
planted back into the patient once she is well
enough. The autotransplantation can be either
orthotopic (in the normal ovarian position) or
heterotopic (at another anatomic site). Regardless
of the site, the ovarian tissue fragments are
sutured directly to the recipient site without any
vascular anastomosis. Orthotopic transplantation
is performed at laparoscopy [51] or laparotomy
[52] by suturing the fragments into or onto the
remaining ovary or ovarian stump, or by trans-
planting the tissue into a peritoneal pocket cre-
ated by the surgeon in the broad ligament or
pelvic peritoneum of the ovarian fossa. In the
presence of intact and patent fallopian tubes,
spontaneous conception has been reported after
orthotopic transplantation [51]. Alternatively,
oocytes can be aspirated from the transplanted
tissue for IVF [53]. All live births that have
resulted from ovarian tissue transplantation have
arisen from orthotopic sites.

Heterotopic transplantation is placement of
the ovarian fragments at any site in the body
other than the ovary or the adjacent peritoneum,
for example, in the subcutaneous space of the
forearm or in the abdominal wall [54, 55]. Other
sites that have been proposed include the uterus,
the rectus abdominis muscle, and the space
between the breast and superficial fascia of the
pectoralis muscle [56]. Clearly, spontaneous
conception is impossible at such sites, and IVF
treatment is required. The advantages of using
heterotopic sites are that the transplantation
procedure is easier and the oocytes are more
accessible for aspiration during IVF treatment.
However, no clinical pregnancies have been
achieved from heterotopic sites even though
ovarian function has been restored [55].

The intact, whole ovary can be transplanted
by microsurgical anastomosis of the ovarian
vessels to vessels at orthotopic or heterotopic

site. Although successful transplantation of a
frozen-thawed whole ovary has not yet been
described in humans, encouraging data from
sheep have been reported [57]. In humans, a
successful pregnancy was achieved following a
microsurgical anastomosis of an intact fresh
ovary [37]. Several sites for heterotopic trans-
plantation have been proposed, including the
deep inferior epigastric and the deep circumflex
iliac vascular pedicles [58]. The optimal site for
whole ovary transplantation remains to be
determined.

Complications

The biggest drawback to ovarian tissue trans-
plantation, carried out without a vascular anas-
tomosis, is that the graft may not survive. In the
immediate period after transplantation there may
be ischaemic damage to the tissue, resulting in
massive follicular death; however, most primor-
dial follicles survive this ischaemic insult [43,
59]. Surgical manipulations have been described
to encourage prompt neovascularization of the
transplanted tissue by performing a two-step
procedure. The first step involves creating a bed
of granulation tissue one week before orthotopic
transplantation. This two-step procedure is
believed to decrease the ischaemic damage [51].

Transplantation of a whole ovary with its
vascular pedicle clearly avoids the ischemia
associated with the time for neovascularization as
immediate reperfusion of the ovary should occur
with reanastomosis of the arterial inflow. In
sheep, hormonal function is reported to have
continued for 6 years following transplantation
of whole ovaries [60].

The only other major risk of transplantation is
the possibility of seeding malignant cells by
reintroducing ovarian tissue containing
micro-metastases, as recently shown through
quantitative reverse-transcribed polymerase
chain reaction (RT-PCR) studies. In cryopre-
served ovarian tissue from leukaemia patients,
RT-PCR and long-term xenotransplantation
detected malignant cells, which had been missed
histologically [61]. For this reason, molecular
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studies are recommended prior to transplanting
the tissue; long-term follow-up is also advisable
to monitor for disease recurrence.

Follow-Up

Ovarian activity usually returns approximately
4 months after transplantation [62]. This period cor-
responds to the time it takes for primordial follicles,
which are the ones that principally survive freezing
and the insult of transplantation, to mature into antral
follicles. Ovarian activity is confirmed by tracking
follicular development with ultrasound, detecting
ovulation and measuring circulating sex hormones.

Outcomes of Fertility Preservation
Procedures

Outcomes of Fertility Preservation
Procedures in Males

Successful transplantation of testicular tissue has
not yet been described in humans.

Outcomes of Fertility Preservation
Procedures in Females

Successful transplantation of ovarian tissue has
not yet been described in paediatric patients,
mainly because the cryopreservation and trans-
plantation techniques are relatively new. How-
ever, we can assume that significant numbers of
patients will undergo transplantation in the near
future given that harvesting and cryopreservation
of ovarian tissue has been performed in children
for more than a decade. In adults, 14 healthy
babies have been born after autotransplantation
of cryopreserved ovarian tissue [62, 63]. These
results suggest that the harvesting, cryopreser-
vation, storage and transplantation procedures
are both feasible and safe. Ovarian tissue
in children is rich in primordial follicles that
appear to survive the cryopreservation and

transplantation insults well. The tissue harvested
from young children is therefore expected to
yield good results after transplantation.

Future Prospects

New technologies of ovarian tissue culture and
in vitro follicular growth are currently being devel-
oped in animal models [64, 65]. We estimate that, in
the next decade, technological advances will facili-
tate follicular development from the very early stage
primordial follicle to the mature antral follicle. If this
can be done in the laboratory then there would be no
need to transplant ovarian tissue back into the
human body to obtain eggs ready for fertilization.
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27Breast Embryology, Anatomy,
and Physiology

Monica E. Lopez and Oluyinka O. Olutoye

Embryology

Normal Development

Mammary glands are considered as modified
apocrine glands. Mammary gland morphogenesis
may be divided into various developmental
stages. The first event is the formation of bilateral
milk lines, followed by the invagination of the
ectoderm-derived primary mammary bud into
surrounding mesoderm, leading to the prolifera-
tion and branching of the bud to form a rudi-
mentary ductal tree (Fig. 27.1). Early in
development, between the fifth and sixth week of
gestation, two lateral thickened ridges of ecto-
derm appear along the ventral body wall between
the anterior and posterior limb buds [1]. This
bilateral thickening is known as the mammary
ridge or “milk line,” and in humans, it is transi-
tory and recedes, except for the area on the chest
wall where the mammary glands ultimately
develop (Fig. 27.2). In this region, proliferation
of mammary ridge ectoderm takes place to give
rise to the primary mammary bud. The primary

mammary bud invaginates and extends deep into
the underlying mesoderm giving rise to multiple,
greater than 20, secondary buds by the twelfth
week of gestation. During this process, there is
condensation and differentiation of the sur-
rounding mesoderm into dense mammary mes-
enchyme arranged radially around the epithelial
bud [2]. The secondary buds then lengthen and
branch throughout the remainder of gestation
until the eight month, when they become canal-
ized forming lactiferous ducts, which come
together at the site of an epidermis-lined pit,
known as the mammary pit. At birth, prolifera-
tion of underlying mesenchymal elements leads
to eversion of the pit to give rise to the definitive
nipple [1, 3, 4]. Hormonal influences then direct
the growth and development of the breast.
Embryonic mammary gland development
involves the activation of multiple signaling
pathways to account for proper spatial and tem-
poral cellular communication between epidermis
and mesenchyme. The elucidation of some of
these molecular mechanisms has demonstrated
an important functional role for Wnt, fibroblast
growth factor, and parathyroid protein-related
protein in various processes, such as the speci-
fication of the milk line and mammary bud for-
mation [2]. However, many more genes are
likely to be involved in the control of mammary
gland morphogenesis.

Two theories of embryogenesis have arisen
based on the development of the breast. One is
based on the vertebrate evolution sequence and
the other on atavism. Since development gener-
ally follows the vertebrate evolution sequence
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and mammary glands have no precursors in
reptilian predecessors, it is surprising that they
appear so early in embryonic life [1]. However,
atavism, the spontaneous reappearance of
ancestral characteristics within a species, reminds
us that important genetic and developmental
information has not been lost during evolution
but lies quiescent within the genome and in the
process of embryonic development. Atavisms
demonstrate that embryologic processes are so
complex and integrated that the loss of simple
information like the genetic programming for
limbs would mean the loss of many other
important functions at the same time. The most
well-known spontaneous atavisms found in nat-
ural populations are the hind limbs in whales and
extra toes in horses. An example of an atavism in
humans is the appearance of supernumerary
nipples, which will be discussed in the section on
congenital anomalies below. Abnormal expres-
sion of Hox genes has been implicated in the

production of atavisms, because of their effect on
regulating spatial relationships and the develop-
ment of structures out of time or out of place [5].

Congenital Anomalies

There are multiple abnormalities of the breast
that arise from faulty embryologic mechanisms.
These may involve and affect the development of
the nipple, the mammary glandular tissue, or the
entire breast. Multiple classification systems exist
that group the types of defect according to the
component of the breast that is affected or the
location of these components. However, we
agree with Elwood [6] that the precise descrip-
tion of the anatomic defect is more helpful and
direct.

Congenital inversion of the nipple is a
condition in which mesenchymal infiltration and
proliferation beneath the mammary pit does not
occur, leading to flat or inverted nipples. This
may occur unilaterally or bilaterally having sig-
nificant functional and aesthetic consequences.
Its frequency has been estimated as 17.7 per
1000 women [7], although in a Korean series its
prevalence was found to be 3.26% [8]. The
majority of congenital inverted nipples can be
classified as umbilicated [8, 9] and the rest as
invaginated. An important clinical point is that
congenital inverted nipples must be differentiated
from instances of secondary or acquired nipple
inversion, which may due to carcinoma, chronic
ductal mastitis, macromastia, and post-breast
reduction surgery [10]. Several reconstruction
techniques have been described to correct
inverted nipples. These range from creating
tightness at the neck of the inverted nipple, to
dividing the lactiferous ducts and adding soft
tissue bulk, to duct-preserving operations with
release of fibrosis and placement of purse string
sutures [9, 10], and more recently, to a contem-
porary technique based on the principle of tissue
expansion involving body jewelry [11].

Athelia is defined as the absence of the
nipple-areola complex. It almost invariably
occurs in conjunction with absence of glandular
tissue, which together result in complete absence

Fig. 27.2 Sites of accessory breast tissue along the
embryonic milk line
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of the breast. Amastia or complete absence of
the breast is a rare condition defined by the
absence of one or both breasts and nipples. This
results from failure of the mammary ridge to
develop at 6 weeks of gestation. It is important to
note that this condition features different patterns
of familial inheritance and may be associated
with other anomalies. The original classification
dates back to 1965 by Trier, who reported on a
series of 43 patients with congenital absence of
the breast and classified them according to mode
of inheritance and association with anomalies
[12]. Since then, only six other cases have been
reported in the literature [13, 14]. When this
defect is unilateral and occurs in association with
absence of pectoral muscles, it is known as
Poland’s syndrome. Bilateral congenital absence
of the breast in association with ectodermal
dysplasia is transmitted in a sex-linked recessive
pattern, thus only affecting boys. Other patterns
of inheritance include autosomal dominant and
autosomal recessive [14].

Athelia may occur in the presence of breast
tissue (isolated athelia), very rarely at the normal
anatomic site but not infrequently at other
accessory locations [1]. A review by Ishida, et al.
[15] revealed that ectodermal dysplasia, a
hereditary disease of the skin and its appendages,
underscores the majority of reports of athelia in
the literature. In their case report of isolated
athelia, the authors make reference to deficient
parathyroid hormone-related protein production
as a potential causative factor. This molecule was
shown to induce mammary mesenchymal cell
formation, triggering morphogenesis of the nip-
ple epidermis [16]. Athelia may also be one of
the clinical features in Al-Awadi/Raas-
Rothschild syndrome, choanal atresia-athelia
syndrome and scalp–ear–nipple syndrome [15].
Historically, the labia minora skin graft was
proposed for nipple reconstruction [12], however
tattooing of the hypochromic skin is a more
recently used and less deforming alternative.

Polythelia is a common abnormality of breast
development in which extra-thoracic areas of the
mammary ridge do not regress, leading to the
formation of supernumerary nipples. These
remnants can also develop into complete

mammary glands, a condition known as poly-
mastia. This occurs most frequently along the
milk line in the axilla, followed by the sub-
mammary location. They may also be found in
the groin area. However, migration of the
embryonic rests [17] may account for polythelia
or polymastia found in ectopic locations beyond
the mammary ridge, such as the perineum [18],
the vulva [19], the posterior thigh [20], and the
neck [21]. The prevalence of polythelia ranges
from 0.22 to 5%, varying considerably among
different ethnic groups. In white European chil-
dren, polythelia was least prevalent at 0.22%
[22], in Black neonates, it was noted to be 1.63%
[23], and in Jewish neonates 2.5% [24]. The
results of a study by Jaber in 1988 [25] demon-
strated a higher prevalence of supernumerary
nipples in Arab children—4.7% in infants and
5% in children. This finding was attributed to
differences in ethnicity, as well as to high rates of
consanguinity in many of the participating fam-
ilies. Other interesting findings in this ethnic
group included high incidence of left-side loca-
tion and positioning just below the normally
situated nipple, as well as same sex distribution.
A large, early case series dated 1879 by Bruce
reported a prevalence of 1.54% among a popu-
lation of 3956 patients in London [26]. He found
that supernumerary nipples occurred more than
four times as frequently in men as in women. In
addition, there was a remarkable preponderance
of supernumerary nipples on the left side. As for
the location of supernumerary nipples, the
majority of the cases were found on the front of
the trunk just below the normal breast near the
midline. In a study by Schmidt [27], the preva-
lence of supernumerary nipples was reported as
5.6% in a series of 502 Caucasian infants. In this
series, the higher prevalence may be explained
by the fact that both supernumerary areola and
supernumerary areola with nipple were ascer-
tained in this population. In fact, supernumerary
areola without nipple predominated in this series,
as well as predilection for left side and male
gender.

While the majority of instances of polythelia
occur in sporadic fashion, familial polythelia also
has been documented in sequential generations
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and in siblings [28]. Most pedigrees are consis-
tent with autosomal dominant inheritance with
variable expressivity, although X-linked domi-
nant and recessive modes of inheritance are also
known to occur [29]. The occurrence of
left-sided pseudomammae (nipple and areola
with no glandular tissue) inferomedial to the
normal breast along the mammary line may be
suggestive of a “hereditary” trait of familial cases
of accessory mammary tissue. This finding was
reported to occur in 72% of the patients in
Urbani’s familial series [29]. By comparison,
there is a higher frequency of polythelia (nipple
only) in the sporadic forms of the condition.

The association of polythelia with genitouri-
nary anomalies has been the subject of debate for
many years and still remains unclear whether
such link exists. A broad spectrum of
nephrourinary defects has been described,
including adult polycystic kidney disease, renal
agenesis, cystic renal dysplasia, familial renal
cysts, and congenital stenosis of the pyeloureteral
junction [29]. In one of the first studies exam-
ining this issue, Mehes demonstrated that 40% of
patients with polythelia also had renal abnor-
malities, mostly obstructive, an 800-fold increase
beyond what would be expected by chance alone
[30].This association was later corroborated in a
larger study of 10770 infants and children [31],
as well as by other investigators [32, 33]. Nev-
ertheless, others have found no such correlation
and have challenged this view [18, 23, 24].
Based on their extensive review of the literature,
Leung and others recommend at the minimum,
an awareness of the possible urologic implica-
tions of polythelia, leading to a detailed family
history, complete physical examination, and a
screening abdominal ultrasound in patients with
a definitive diagnosis of polythelia [18, 29].

Sporadic and familial polythelia may also be
associated with malignancies of the genitourinary
tract such as kidney, testes, prostate, and urinary
bladder [34]. Cohen has advocated the inclusion
of polythelia in the group of conditions known as
genodermatoses with malignant potential, which
are inherited disorders of mucocutaneous fea-
tures predisposing to internal neoplasms [35].
This should prompt surveillance for

polythelia-related urinary anomalies and malig-
nancies in patients with supernumerary nipples.

Anatomy

Gross Structure

The anatomy of the breast and its relationship to
underlying chest structures is essential in the
management of benign and malignant breast
diseases (Fig. 27.3a).

The mature human breast is a hemispherical
eminence located toward the lateral aspect of the
pectoral region, encompassing the interval of
the third to sixth or seventh ribs, from the side of
the sternum to the axilla as the tail of Spence
[36]. Its peripheral anatomical boundaries are not
precisely defined except in the deep posterior
plane, as the gland lies on the pectoralis fascia on
a thin layer of loose areolar tissue. Occasionally,
microscopic extensions of glandular tissue and
posterior suspensory attachments may traverse
into the retromammary space and underlying
pectoralis fascia. Clinically, infiltration of this
space by neoplastic or inflammatory processes
may be manifested as fixation of the breast to the
chest wall [37]. The retromammary space and
deep fascia over the pectoralis muscle are
included with the breast in a total mastectomy
specimen [38].

The breast parenchyma lies cushioned in fat
and invested by the superficial and deep layers of
the superficial pectoral fascia. This superficial
fascia layer is contiguous with the cervical fascia
superiorly and with the superficial abdominal
wall fascia inferiorly. Fibrous extensions of the
dermis into the glandular tissue of the breast are
known as the suspensory ligaments of Cooper,
which attach the skin and nipple to the breast.
Clinically, distortion of Cooper’s ligaments by
parenchymal lesions may result in skin dimpling
or nipple retraction [37]. The left breast is gen-
erally larger than the right [36]. While minor
variations in breast size leading to asymmetry are
considered normal and may become more
prominent during puberty, breast asymmetry can
be visible in 25% of the population [39]. In a
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series of 500 mammoplasties, severe asymmetry
was observed in 5.2% of the cases [40].

The nipple is a conical prominence lined with
stratified squamous epithelium and perforated by
the multiple openings of the lactiferous ducts. In
the prepubertal breast, the nipple is unpigmented.
Melanin pigmentation causes the darkening of
the nipple and surrounding areola during
menarche and most prominently during preg-
nancy. Various degrees of pigmentation may
persist beyond pregnancy and lactation. The
glands of Montgomery lie beneath the areola, a
specialized ring of mammary skin surrounding
the nipple. These modified sebaceous glands exit
onto the areola through the tubercles of Mont-
gomery, which become enlarged during preg-
nancy, and are responsible for secretion of fatty
substances that help lubricate the integument of
the nipple during lactation [36].

Blood Supply

The arterial blood supply to the breast is derived
from the thoracic branches of the axillary, inter-
nal mammary, and intercostal arteries [36]. The
relative contributions of these vessels vary
between individuals and the pattern of circulation
may differ between the left and right breasts
within an individual. Furthermore, the blood
supply of the breast parenchyma does not follow
its lobar architecture [41]. In many cases, the
perforating branches of the internal mammary
artery are the primary perfusion source. These
vessels traverse the chest wall near the sternum in
the first four intercostal spaces. In 30% of indi-
viduals there is no contribution from the axillary
artery, while the intercostal arteries are not rele-
vant to the arterial circulation of the breast in
nearly 50% of the cases [42]. The venous drai-
nage of the breast is more variable than its arte-
rial supply, but generally follows an anastomotic
circle around the base of the nipple, known as the
circulus venosus. From there, larger branches
disperse through the circumference of the gland
and drain into the axillary and internal mammary
veins [36].

Lymph Nodes and Nerves

The lymphatic drainage of the breast follows a
centrifugal pathway in which lymphatic afferent
vessels from the subareolar plexus course along
the major lactiferous ducts, retromammary space,
and efferent veins into the nodal basins. There are
three major mammary lymphatic drainage routes.
The principal site of drainage is the axilla, which
receives about 75% of lymphatic flow. The
central axillary lymph nodes are the major site of
drainage, although the external mammary, axil-
lary, scapular, and subclavicular groups are also
in the axillary circuit. The internal mammary
nodes and interpectoral or Rotter’s nodes con-
stitute the two other pathways of lymph drainage,
but are rarely involved exclusively in nodal
metastases from breast cancer, except in cases of
advanced progression of disease [43]. In addi-
tion, there seems to be a differential pattern of
lymphatic drainage between palpable and non-
palpable lesions [44].

The loose areolar fat of the axilla contains a
variable number of lymph nodes organized into
groups. The axillary nodes are divided into three
groups according to their position relative to the
pectoralis minor muscle (Fig. 27.3b). This divi-
sion into three levels has standardized the extent
of axillary dissection. Level I defines nodes
located lateral to the pectoralis minor muscle and
includes those in the external mammary, scapu-
lar, axillary vein, and central axillary groups.
Level II nodes are those that lie beneath the
pectoralis minor muscle, which are those in the
central axillary group. Level III nodes are located
medial to the medial border of the pectoralis
minor muscle (subclavicular nodes) and are dif-
ficult to visualize and remove unless the muscle
is sacrificed as in a standard radical mastectomy
[43]. The nerve supply to the breast is derived
from the anterior and lateral cutaneous nerves of
the fourth to sixth thoracic nerves [45]. However,
more important is the knowledge of the nervous
structures in the axilla to avoid their injury dur-
ing axillary lymph node resection. The long
thoracic nerve, or external respiratory nerve of
Bell, innervates the serratus anterior and arises
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from the fifth, sixth, and seventh cervical nerves,
descends behind the brachial plexus and axillary
vein and can be seen coursing close to the chest
wall on the medial aspect of the axilla. Its func-
tion is important for fixation of the scapula to the
chest wall during shoulder adduction and exten-
sion of the arm, and its injury results in a winged
scapula deformity [38]. The thoracodorsal nerve
supplies the latissimus dorsi muscle and arises
from the sixth, seventh, and eight cervical nerves
making up a branch of the posterior cord of the
brachial plexus. It travels with the subscapular
artery along the lateral border of the axilla. Its
injury results in difficulty with adduction and
medial rotation of the arm.

The medial pectoral nerves wrap around the
lateral border of the pectoralis minor muscle and
are part of the neurovascular bundle supplying
the pectoralis major muscle. As a landmark in
axillary dissection, they mark the position of the
axillary vein just above and below the bundle,
and should be preserved. The intercostal brachial
nerves provide cutaneous innervation to the inner
aspect of the upper arm and anterior chest wall.
These nerves are encountered during axillary
dissection along the posterior margin of the axilla
and should be preserved to avoid cutaneous
anesthesia in that distribution and potential
chronic pain syndromes [38].

Microscopic Anatomy

The human breast is made up of glandular
epithelium, connective tissue stroma, and sub-
cutaneous fat. The glandular tissue is pale red-
dish and firm, and is arranged into lobes, each
containing many lobules, and terminating in
clusters of alveoli. This system of branching
ducts is organized in a radial pattern, spreading
outward and downward from the nipple-areola
complex [38]. The alveoli drain into the smallest
of the lactiferous ductules, which in turn join to
form larger ducts terminating into single canals
corresponding to each of the lobes of the gland.
The number of major lactiferous ducts ranges
from fifteen to twenty-five and they converge
near the areola, forming dilatations or lactiferous

sinuses just beneath the nipple, which they then
perforate in multiple orifices. The anatomic
subdivision of the breast into lobes is not
apparent on gross dissection or histological sec-
tions of the breast. However, this functional
arrangement is relevant clinically, allowing some
benign conditions of the breast to be treated by
major duct excision, and some malignant pro-
cesses by quadrantectomy [37].

The fibrous stroma, its supporting structures,
and fatty tissue comprise the rest of the mam-
mary gland. The relative proportions of fat and
stroma vary greatly among individual women of
any age. In youth, the predominant tissues are
epithelium and stroma, which are replaced by fat
in the breasts of older women. Fatty tissue sur-
rounds the surface of the gland and occupies the
interval between its lobes. It usually exists in
considerable abundance, and determines the form
and size of the gland. There is no fat immediately
beneath the areola and nipple [36].

Breast Development and Physiology

Fetal mammary gland development is not
dependent on steroid hormones until beyond the
15th gestational week when breast structure
development takes place. In the last weeks of
gestation, the fetal breast is responsive to
maternal steroid hormones, which are manifested
in the neonatal period by the secretion of colos-
trum and palpable enlargement of the breast bud
[37]. This unilateral or bilateral breast enlarge-
ment and secretion of opaque fluid or “witches’
milk” occurs in about 60% of normal newborns.
However, both these findings resolve sponta-
neously during the first or second month after
birth due to disappearance of maternal hormones
from the infant’s bloodstream and do not require
treatment [46]. It can occur in both male and
female infants.

The development of the alveoli and their
surrounding supportive framework remains qui-
escent until puberty once the perinatal influence
of maternal hormones subsides. During child-
hood, breast tissue is dormant and mainly com-
posed of ducts lined with epithelium and
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surrounded by connective tissue. Before breast
development is completed, surgery around the
breast bud in young girls must be avoided or
exercised with great care to prevent injury and
potential growth disturbance [6].

Breast development (thelarche) is usually the
first sign of puberty. At this time, female breasts
change due to the influence of increasing levels
of estrogen, which controls stromal and ductal
development, as well as pigmentation and
increase in size of the areola [39, 46]. Proges-
terone promotes lobular development, alveolar
budding, and secretory growth of lobules and
alveoli. Prolactin, thyroxine, insulin, growth
hormone, and adrenal corticosteroids are also
implicated in breast growth and differentiation
[39, 46]. The average age for onset of thelarche is
11.2 years, with a range of 9.0–13.4 years [47].
In the United States, a recent cross-sectional
study demonstrated that girls are developing
pubertal characteristics at an earlier age than
currently used norms. At every age for each
characteristic, African-American girls were more
advanced than white girls. Mean ages for onset
of breast development in African-American and
white girls were 8.87 (SD, 1.93) and 9.96 (SD,
1.92), respectively [48]. Thus, the definition of
precocious puberty and delayed puberty may
vary from expert to expert. Once it ensues,
duration of breast maturation may range from
18 months to 9 years. Pubertal breast develop-
ment can be classified according to the Tanner
stages or Sexually Maturity Rating (SMR) stages
(Fig. 27.4). These five stages described by Tan-
ner in 1962 [49] were based on classic work by
Reynold and Wines in 1948 and Stratz in 1909
[50]. There is no breast development in stage 1, a
breast bud in stage 2, small breast appearance in
stage 3, double-contoured appearance in stage 4
(nipple-areola complex forms mound on top of
breast mound), and single-contour breast
appearance in stage 5.

Benign premature thelarche is defined as iso-
lated breast development in females from
6 months to 9 years of age [51]. The incidence of
premature thelarche in white female infants and
children up to 7 years old in the United States in
1980 was 20.8 per 100,000 [52]. Premature

thelarche may result from aberrant levels of
endogenous hormones, and serum estradiol is
typically elevated [53]. If pubic hair and accel-
erated bone growth are also present on physical
examination, precocious puberty must be exclu-
ded. If thelarche if isolated, treatment is reas-
surance and re-evaluation every 6–12 months.
Early onset of puberty is more common in girls
than boys, usually triggered by early activation of
the hypothalamic-pituitary-gonadal axis [51],
and may be central, peripheral, or incomplete.
Central precocious puberty is most commonly
idiopathic or caused by a pituitary hamartoma,
trauma, or central nervous system lesion. Treat-
ment is directed at the underlying etiology.
Peripheral precocious puberty is due to sex
steroid hormone secretion independent of gona-
dotropin release, as in McCune–Albright syn-
drome, administration of exogenous steroids or
circulation of endogenous steroids from an
ovarian or adrenal tumor [39, 46]. Sometimes
premature thelarche presents as a form of
incomplete precocious puberty, which is benign
and only requires reassurance and observation.
Histologically, the breast tissue in premature
thelarche resembles gynecomastia, because it is
characterized by epithelial hyperplasia in the duct
system with a solid and micropapillary configu-
ration [37].

After puberty and during adolescence, lobular
and stromal units develop and alveolar cells
mature into secretory cells under the influence of
cyclic hormonal changes related to ovulation.
These changes have clinical manifestations in the
form of breast size and texture changes. Cyclical
changes in breast volume involve parenchymal
growth as well as fluctuations in water content
[54]. During days 4–12 of the menstrual cycle,
edema fluid is minimal. However, breasts may
increase in size and volume by 50% during the
luteal phase of the cycle [39].

However, the most glandular differentiation
and breast growth occurs during pregnancy and
lactation in the female. During this time, under
the influence of estrogen and progesterone, the
alveolar ductal epithelium proliferates to form
numerous secretory alveoli. The breast lobules
expand greatly at the expense of interlobal
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adipose tissue. With progression of pregnancy
and accumulation of colostrum in the alveoli, the
alveolar and duct lumina become dilated. After
parturition, prolactin activity rises as circulating
estrogen and progesterone fall. This stimulates
milk production. In the lactating breast, the
alveoli are distended with milk, the interlobular
stromal tissue being reduced to thin septa
between the lobules. The alveoli are filled with
eosinophilic material containing clear vacuoles

representing lipid droplets. Milk production
proceeds for as long as suckling continues. This
process is mediated by a neuro-hormonal reflex,
which causes release of prolactin by nipple
stimulation. Another neuro-hormonal reflex
causes production of oxytocin, which causes
contraction of myoepithelial cells around alveoli
and ducts and leads to propelling of the milk into
the lactiferous ducts. During weaning, the suck-
ling stimulus ceases, resulting in regression of

IV V

I II III

Fig. 27.4 Tanner stages of breast development
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the lactating breast and resumption of the ovarian
cycle [55].
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28Paediatric and Adolescent Breast
Disorders

Clare M. Rees, Kokila Lakhoo and P.G. Roy

Breast disorders in children are usually benign
and self-limiting and require careful clinical
examination followed by reassurance only.
Rarely, investigations may be required and for a
few selected conditions surgical intervention may
be necessary. Presenting symptoms and signs can
include pain, nipple discharge, abnormal
enlargement, mass or asymmetrical growth. In
this chapter, we consider disorders of the paedi-
atric and adolescent breast.

Premature Thelarche

Normal thelarche occurs at about 10 years of age
in the UK [1] and earlier in the US (8.87 years in
African-American girls and 9.96 in white
American girls [2]). This is younger than previ-
ously described in the earlier literature (previ-
ously age 11 years in the UK [3]). If a girl has
not begun thelarche by age 13, investigation for
delayed development is warranted [4]. Breast
development was described by Tanner [3] in five

stages (Table 28.1) and usually occurs over a
period of about 4 years from thelarche. These
stages have typical ultrasound appearances which
help to confirm normal breast development if a
patient presents with asymmetry or a mass [5].

Premature thelarche may present at any age
from the neonatal period (Fig. 28.1), but is
commonest before the age of 2, with symmetrical
or asymmetrical breast development. It should be
noted that physiological breast tissue is palpable
in normal children in the first few years of life.
Premature breast development is usually an iso-
lated finding but may rarely be associated with
hypothyroidism [6]. It is differentiated from
precocious puberty by the absence of any other
signs of sexual maturation (e.g. pubic hair
development) [7] and normal growth. Hormonal
investigations include LH (often normal) and
FSH (FSH often raised in under 2 year olds [7]).
Children who present before age 2 are most
likely to undergo regression, with older girls
being more likely to have progression of symp-
toms or persistence of breast tissue [7]. In pre-
mature thelarche breast development does not
progress beyond Tanner stage 3.

In normal thelarche, one breast may starts
developing first (asynchronous thelarche), and
this may be mistaken for a breast lump. On
examination, normal breast tissue is palpated and
the patient can be reassured.

Precocious puberty (Fig. 28.2) is defined as
development of secondary sexual characteristics
earlier than would normally be expected [2]. This
condition warrants urgent investigation to
exclude lesions within the pituitary-endocrine
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system, as well as the reproductive organs (pi-
tuitary, thyroid, adrenal, ovary, testis, etc.). Pre-
cocious puberty encompasses breast and pubic
hair development, and concerns that children will
not reach their full adult height prompt investi-
gation and treatment with GnRH analogues in
younger children.

Congenital Anomalies

Amastia and Hypomastia

Amastia (congenital absence of the breast) is
rare, and may be associated with Poland’s syn-
drome (hypoplasia or absence of the pectoralis
muscle with ipsilateral syndactyly). Amastia may
be unilateral or bilateral and may occur in both
sexes. It is a condition where the nipple is present
but the breast does not develop. Athelia is a rare
condition in which breast tissue is present but the
nipple is absent [8].

Amastia and hypomastia may be acquired due
to iatrogenic damage to the developing breast
tissue in a child during central line insertion,
chest tube placement, thoracotomy, radiotherapy
or burns. Due to nipple complex development
only occurring in the eighth month of gestation,
premature infants are more susceptible to injury
to the developing breast during surgical inter-
vention of central line and thoracic tube
insertion.

Table 28.1 Tanner stages of breast development

Stage Characteristics

1 Pre-adolescent: Elevation of breast
papilla/nipple

2 Breast bud stage: Elevation of the breast and
papilla as small mound and enlargement of
areola

3 Further enlargement of breast and areola, with
no separation of contours

4 Projection of nipple and areola to form
secondary mound above the level of the breast

5 Mature stage: projection of papilla only due to
recession of the areola to the contour of the
breast

From [3], with permission

Fig. 28.1 Premature
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Lack of breast development may be associated
with delayed puberty, which would require
investigation of ovarian failure, hypothyroidism
or androgen-producing tumours.

Polymastia and Polythelia

Polythelia (accessory nipple) or polymastia (ac-
cessory breast) may occur in up to 2% of the
population and breast tissue may be found any-
where along the milk line from the axilla to the

groyne and very rarely in other anatomical sites
[8, 9]. It is common in girls and there is an
increased incidence in some geographical popu-
lations in America (black, white and Native
Americans), Japan and Israel and a decreased
incidence in white Europeans (0.2%) [9]. Some
cases are familial, with both autosomal dominant
and x-linked inheritance described. Accessory
breast tissue may be mistaken for other condi-
tions including lipoma, lymphatic disorders and
sebaceous cysts [9]. Other congenital anomalies,
especially urogenital anomalies are identified in

Fig. 28.2 Precocious
puberty
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up to 15% of patients. Surgical excision may be
indicated for cosmetic reasons or for symptoms
including cyclical pain.

Nipple Anomalies

Nipple inversion is a normal variant if present
since birth, but should be investigated if it
develops in later life as it may be a sign of
infection or underlying tumour. It is caused by
failure of eversion of the mammary pit in
embryonal development [8]. Nipple inversion is
susceptible to infection and can be prevented by
careful hygiene to the area. Other nipple
anomalies include bifid nipples and dysplastic
divided nipples. Surgery is not recommended for
correction of nipple anomalies in children as
invariable damage to the ducts may cause breast
feeding problems later in life.

Developmental Anomalies

Neonatal Breast Hypertrophy

Breast tissue is palpable in most babies (75%
male infants and 84% female infants [10]) and
commonly persists until 10 months of age or
longer, especially in breast-fed babies. The pal-
pable nodule is asymmetric in 63% [10], but
decreases in size with increasing age. This cor-
relates with the concept of a neonatal ‘mini-
puberty’ where endogenous gonadotrophins and
sex hormones are produced. Clear or milky fluid
nipple discharge may occur. This condition is
self-limiting and requires reassurance only.

Breast Asymmetry

Asymmetry is common, in normal development
one side usually appears first and may present as
a tender lump. Some degree of breast asymmetry
is normal in the adult population. Surgery to
augment or reduce the breast is not indicated
until breast development is complete after
puberty.

Macromastia and Breast Hypertrophy

Macromastia (excessively large breasts) may be
caused by juvenile hypertrophy, pregnancy,
tumours or excess endogenous or exogenous
oestrogen or progesterone [11]. Reduction
mammoplasty may be indicated after breast
development is complete.

Juvenile (virginal) breast hypertrophy is a rare
disorder of stromal hyperplasia [12] that may be
caused by increased end-organ sensitivity to
oestrogen [11]. It is usually symmetrical and may
be familial. It usually occurs at menarche and
may cause severe mastalgia. Breast growth may
be controlled with progesterone or
anti-oestrogens. Failure of medical management
allows for reduction mammoplasty in teens or
young adults when the breasts have achieved
maturity. Later in life this condition may affect
lactation but there is no risk for breast cancer.

Tubular Breast Deformity

This is a rare condition of skin deficiency at the
base of the breast resulting in decreased hori-
zontal and vertical breast growth [13]. The nipple
areola complex may become necrosed due to the
resulting breast deformity and the overlying skin
may be oedematous with venous congestion.
Appearance may raise concern for breast malig-
nancy. Therefore, this clinical finding requires
careful assessment and reassurance to parents.
Reconstructive surgery is indicated after puberty.

Gynaecomastia

Enlargement of the glandular breast tissue in
boys is termed gynaecomastia and can present at
any age but is commonest in adolescents. A full
discussion can be found elsewhere in this book.

Breast Infection

Infection of the breast or nipple may occur at any
age and presents with pain, pyrexia, localised
tenderness, erythema and induration (cellulitis)
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progressing to a fluctuant mass (abscess)
(Fig. 28.3). The aetiology may be skin infection,
nipple abrasion or mammary duct obstruction
[14]. Antibiotic therapy may be sufficient, but if
an abscess requires drainage, aspiration is rec-
ommended initially to prevent damage to the
developing breast. If a formal incision and drai-
nage is required, the incision should be as small
as possible. Common causative organisms
include Staphylococcus Aureus, beta-haemolytic
Streptococcus, E.Coli and Pseudomonas Aerug-
inosa [15].

Mastitis

Neonatal mastitis is uncommon but affects girls
more often than boys and commonly proceeds to
abscess formation [16]. Certain systemic condi-
tions such as diabetes mellitus, steroid therapy,
rheumatoid arthritis could predispose to
increased risk of infections. The most common

organism is Staphylococcus aureus, less com-
mon being Streptococci, gram-negative enteric
organisms such as E.coli, anaerobes. Aggressive
antibiotic therapy is successful in half of cases
and needle aspiration is as effective as formal
incision and drainage when required [16].

Periductal mastitis associated with mammary
duct ectasia presents with nipple discharge,
non-cyclical pain, nipple retraction or a tender
lump near the nipple [17]. It is managed with
antibiotics and does not usually require surgical
duct excision.

Nipple Discharge

Discharge may occur at any age, and is usually
associated with benign conditions. It should be
investigated if unilateral, persistent and associ-
ated with a single duct. Investigations include
microbiological culture of the discharge, ultra-
sound and very occasionally ductogram.

Fig. 28.3 Breast abscess

28 Paediatric and Adolescent Breast Disorders 381



Galactorrhoea

Galactorrhoea is a milky nipple discharge
(Fig. 28.4). In the neonate, it is a normal
response to the peak of prolactin at birth and will
resolve spontaneously. Other causes in children
include can be classified as endocrine (hypo or
hyperthyroidism), neurogenic (disorders of the
chest wall or thorax, including thoracotomy) [6],
hypothalamic or pituitary (prolactin-secreting
tumours such as prolactinoma), drug-induced
(e.g. dopamine receptor blockers) or idiopathic.
Investigations include tests of serum prolactin,
FSH, LH and thyroid function tests. Treatment of
the underlying disorder is required.

Bloody Discharge

A serosanguinous or bloody nipple discharge
may be caused by intraductal papilloma—a rare
benign condition which can be excised but may
recur. Other differential diagnoses include
mammary duct ectasia, nipple trauma, foreign
body [17] and chronic cystic mastitis. The dis-
charge should be sent for microbiological culture
and appropriate antibiotics started.

Mammary duct ectasia is an inflammatory
condition characterised by dilatation of the sub-
areolar ducts. Bacterial overgrowth in obstructed
ducts may cause abscesses. Ultrasound may
confirm tubular anechoic ducts filled with debris

Fig. 28.4 Galactorrhea
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[18]. This condition may resolve spontaneously
and surgical duct excision is rarely required.

Nipple Adenoma

Nipple adenoma is a very rare benign nipple
lesion, usually presenting in middle-aged women
(<500 cases reported), with a few case reports in
children described. It presents as an enlarging
nipple lesion with induration, ulceration or
bloody discharge [19]. The recommended treat-
ment is surgical excision, but some recommend
that this is deferred in asymptomatic cases until
after puberty to preserve developing breast
tissue.

Prepubertal Breast Masses

A breast lump in a prepubertal child should be
examined carefully and investigated if there are
atypical features. Atypical features include hard
craggy lump, lump with bloody discharge,
inverted nipple, skin changes, ulceration and
associated axillary lymph nodes Usually the
lump is benign and the child and parents can be
reassured, and a policy of watchful waiting is
appropriate. Children may present with prema-
ture or asynchronous thelarche or breast asym-
metry which is mistaken for a mass. Trauma,
such as from a seat-belt injury, can result in fat
necrosis which may present as a solid mass.
Other causes of breast lumps are described
below.

Haemangioma

Haemangioma in the breast region may present
as a lump. This can be diagnosed clinically and
with confirmation on ultrasound or MRI. If the
haemangioma grows rapidly it may require
treatment with steroids [20]; excision is not
usually necessary [14]. There may be associated
mammary hypoplasia if the developing breast
bud is involved in the haemangioma [14].

Lymphangioma

A lymphangioma is a benign congenital hamar-
toma or sequestration of the lymphatic system. It
most commonly arises in the neck or axilla and is
very rare in the breast. A few cases have been
described as painless enlarging breast lumps,
very rarely in children. Ultrasound may help with
diagnosis but usually the definitive diagnosis is
made on histological examination of a resected
lump, which is curative. In other sites scle-
rotherapy of large lesions (e.g. with OK432,
bleomycin) is used to reduce their size before
excision, and this may be useful in the breast to
preserve surrounding breast tissue [21].

Lipoma

Lipomas are benign adipose tumours which may
occur anywhere on the trunk, neck or limbs.
They present as a soft rubbery mass and are rare
in the breast in paediatric patients. One case of
lipoblastoma has been described in a male infant
[22].

Galactocele

A galactocele is an uncommon cystic lesion
containing milk or viscous material, most com-
monly found in women after lactation. The cause
of galactocele in children is unknown [23]. It can
present in male and female children as a unilat-
eral non-tender breast lump or asymmetry.
Ultrasound may show a complex mass and
allows guided aspiration [18]. Aspiration of the
cyst contents may be curative [24], otherwise
surgical excision is recommended.

Juvenile Papillomatosis

Juvenile papillomatosis is a benign lesion that
presents with a nodular mass. On ultrasound a
poorly defined mass is detected. The treatment is
total excision of the mass with preservation of
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the normal breast. Histologically the character-
istics include cysts, epithelial hyperplasia,
papillomatosis, apocrine metaplasia and cyto-
logical atypia. Juvenile papillomatosis is a mar-
ker for increased frequency of breast cancer [4],
including juvenile secretory carcinoma.

Breast Masses in Adolescents

Cyclical breast pain and nodularity may occur
with fibrocystic change. This does not require
surgical treatment, as it is a normal variant.
Conservative management includes non-steroidal
anti-inflammatory medication, oral contraceptive
pill or evening primrose oil [20].

Scarring from trauma or after a breast abscess
may present as a breast lump and be mistaken for
a breast malignancy [25]. In children with a
family history of breast cancer the family may be
concerned that a lump represents breast cancer
and will require reassurance if an alternative
diagnosis is made. The role of breast self-
examination is adolescents is controversial.

Fibroadenoma

Fibroadenoma is the commonest cause of a
breast mass in adolescents but may also occur in
the prepubertal child. They consist of epithelial
and stromal components, formed due to stromal
hyperplasia, and are not true neoplasms. They
present as a well-defined, round, smooth and
mobile lump in the breast (also described as
‘breast mouse’). The mass is usually non-tender,
firm, discrete and mobile. It may be bilateral
(10%) or multiple (10–15%) [4], and is com-
moner in Afro-Caribbean girls. The commonest
site is the upper outer quadrant of the breast [14].
The mass arises from a single breast lobule and is
now considered a disorder of breast development
rather than a pathological entity [12]. If the mass
is larger than 5 cm it is regarded as a disease
process and termed a giant fibroadenoma (see
below).

The natural history of fibroadenomas is that
they slowly enlarge over time. About a third of

these regress spontaneously [14]. About 15%
patients have multiple fibroadenomas.

Most surgeons would recommend ultrasound
to confirm the diagnosis and then watchful
waiting, although if there are atypical features or
concern a fine needle aspiration (FNA) biopsy
may be warranted [26]. Clinical observation with
repeat ultrasound at 6 monthly or yearly intervals
is recommended [4]. On ultrasound, a well cir-
cumscribed, hypoechoic homogeneous mass [5]
is seen.

Indications for surgery include a symptomatic
mass, rapid growth or an atypical ultrasound
appearance. The mass should be approached via
a circumareolar incision. Normal breast tissue is
not excised, only the encapsulated fibroadenoma.
Most surgeons suggest surgery should be defer-
red until after puberty, and in older adolescents in
whom malignancy is suspected [17]. Histological
examination confirms epithelial and stromal
components [27] and excludes other diagnoses
such as phyllodes tumour.

Simple fibroadenomas are not associated with
an increased risk of future invasive breast cancer;
complex fibroadenomas (with features of cysts,
sclerosing adenosis, epithelial calcifications
and/or apocrine metaplasia) are associated with a
two-fold increased risk of malignancy for more
than 20 years after removal [27].

Juvenile (Giant) Fibroadenoma
These occur during puberty and are rapidly
growing tumours, reaching size more than 5 cm.
They should be differentiated from phyllodes
tumour by biopsy and treatment involves surgical
excision, and can be enucleated from infra-
mammary crease incision. The rapid growth of
these lesions often result in increased breast size
and asymmetry, however, surgical excision
would result in normalisation of the breast and
rarely needs any further intervention.

Phyllodes Tumours (Cystosarcoma
Phyllodes)

Phyllodes tumours (also known as cystosarcoma
phyllodes) are stromal tumours characterised by
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epithelial hyperplasia [13], which may be benign,
intermediate or malignant. They account for up
to 35% of adolescent breast tumours. Even his-
tologically benign lesions may metastasize (10%
haematogenous metastases) and up to 25% recur
locally [28]. Clinically they can be difficult to
distinguish from fibroadenomas; they are usually
large, non-tender and grow rapidly. There may
be a serosanguinous nipple discharge. On ultra-
sound there may be lobulations and a heteroge-
nous echo pattern without microcalcification
[20]. It is recommended that core needle biopsy
is performed for diagnosis and to assist surgical
planning. Treatment is by excision with a margin
of normal breast tissue if benign, or mastectomy
if malignant. The prognosis is more favourable in
children than adults [29]. The 5-year survival
rates for benign, borderline, and malignant
phyllodes tumours in adults are 96, 74 and 66%,
respectively.

Hamartoma

These are rare in children and adolescents. The
clinical presentation is similar to a fibroadenoma.
Hamartoma refers to presence of varying amount
of benign epithelial elements, fat and fibrous
tissue. They are usually benign and do not nec-
essarily need surgical excision.

Malignant Primary Breast Tumours

Primary breast cancer is very rare in children,
with fewer than 100 cases described worldwide.
Breast cancer in children accounts for less than
0.1% of all breast cancers and less than 1% of
paediatric cancers [28, 29]. The incidence is
estimated at 0.1–0.3 per 100,000 population [29,
30]. Primary breast tumours may be adenocar-
cinomas or sarcomas.

Breast Cancer Risk

It is important to assess the family history in
adolescents with breast cancer. About 5% of

breast cancers are linked to genetic predisposi-
tion. The following gene mutations are associ-
ated with breast cancer:

• BRCA mutation
• P53 mutation
• Ataxia Telangiectasia
• Cowden’s Syndrome

The other risk factor is radiation exposure:
Radiation exposure for girls during peak breast
development, typically 10–16 years of age, is
most harmful. Approximately 40% of girls trea-
ted with radiation for Hodgkin lymphoma will
develop breast cancer. For women exposed to
ionizing radiation before the age of 30 years,
annual MRI for screening of breast cancer
development is recommended from the age of
30 years or 8 years after first irradiation, which-
ever is later.

Breast Carcinoma

Breast carcinoma has been described in children
as young as 3 years of age, with a female pre-
dominance (92%) [31]. The commonest presen-
tation is with a enlarging, painless, firm,
immobile, poorly circumscribed breast lump but
nipple retraction and discharge are rare [31].
Ultrasound is useful in the investigation, but
mammography is not generally helpful in chil-
dren [32]. FNA may be helpful, although exci-
sion biopsy is usually required.

Due to its rarity, the treatment of primary
breast cancer in children remains controversial
[4, 29, 32]. Adjuvant therapy is considered for
metastatic disease.

Juvenile Secretory Carcinoma

Juvenile secretory carcinoma is a type of invasive
ductal carcinoma with good prognosis. It is com-
mon in girls and presents with an asymptomatic
breast lump with no nipple discharge. Histologi-
cally it is characterised by intra- and extra-cellular
eosinophilic secretion in cytoplasm and
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rudimentary ducts, is well demarcated but not
encapsulated and is locally invasive [33]. These
tumours may recur locally andmetastasize to local
lymph nodes or haematogenously. Patients have
been managed with local excision (but 25% have
local recurrence) [33], quadrantectomy or mas-
tectomy. Adjuvant therapy is not required, even in
the presence of axillary node metastases.

Ductal Carcinoma

Ductal carcinoma in situ (DCIS) is a premalig-
nant condition that may be detected on histo-
logical examination of an excised breast lump,
such as a fibroadenoma. It may occur secondary
to previous radiotherapy for other tumours such
as Hodgkin’s lymphoma [34].

Infiltrating ductal carcinoma is the commonest
subtype of primary breast carcinoma in some
childhood series, accounting for about 30% of
cases [29]. Other types identified include secre-
tory carcinoma, lobular carcinoma and mucinous
adenocarcinoma.

Secretory adenocarcinoma appears cystic on
ultrasound due to its thick-walled capsule.
Lymph node metastases may occur [29]. The
recommended treatment is modified radical
mastectomy with axillary lymph node dissection.
The prognosis is good.

Medullary and inflammatory carcinoma are
less common and more invasive with a poor
prognosis [31].

Rhabdomyosarcoma

Rhabdomyosarcoma is the commonest solid
malignancy in children and can occur in any part
of the body. Metastasis is haematogenous or
lymphatic and tumours are locally invasive.
Sarcomas of the breast are very rare, but have
occasionally been described as primary or
metastatic tumours in children [34, 35]. Imaging
includes ultrasound or MRI. Diagnosis is made

on FNA or tissue biopsy and lump excision or
radical mastectomy may be required.

Other sarcomas occasionally presenting with
primary breast tumours include fibrosarcoma,
malignant fibrous histiocytoma [20], leiomyosar-
coma and hemangiosarcoma [29].

Malignant Secondary Breast Tumours

Secondary breast tumours are commoner than
primary tumours in children. The primary can be
rhabdomyosarcoma, lymphoma (Hodgkin and
non-Hodgkin), melanoma, neuroblastoma, hepa-
tocellular carcinoma [14] or adenocarcinoma
[34]. FNA is required to make a cytological
diagnosis and incisional or excision biopsy may
be required, but mastectomy is not usually rec-
ommended. The prognosis depends on the pri-
mary tumour but is usually poor due to
generalised metastatic disease.

Girls who have received chest wall radio-
therapy for Hodgkin’s lymphoma have an 82
times increased risk of developing breast cancer
within 20 years [20].
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29Gynecomastia

Tim Goodacre and Gavin McCoubrey

Definition

The term gynaecomastia refers to the appearance
of breast-like tissue in males. It is caused by a
benign proliferation of the glandular component
of male breast tissue [1]. It is common in infancy,
adolescence, and in adulthood from middle age
onward [2]. Most commonly caused by increased
oestrogen, decreased androgen, or the use of
numerous medications, gynaecomastia can be
unilateral or bilateral and presents as a rubbery or
firm mass extending concentrically from beneath
the nipple–areolar complex [3–5]. Pseudogy-
naecomastia, often seen in obesity, refers to
accumulation of fat in the breast region without
the glandular proliferation [6].

The most important differential diagnosis
from either of these conditions is male breast
carcinoma. This is exceptionally rare, usually
unilateral, eccentric and hard in consistency. It
may be associated with skin dimpling, nipple
retraction or discharge, and axillary lym-
phadenopathy [7].

The appearance of male breast enlargement
requires accurate diagnosis and treatment. This is
not only to rule out a rare sinister cause, but
much more importantly the suggestion of a
feminine habitus may have major psychosocial
significance to the patient or parents in the case
of a child [8, 9].

Incidence

Gynaecomastia can occur in the male at any age.
However, it is more common at particular times
of life [1–4, 10–17]. Pre-pubertal gynaecomastia
is rare and should raise suspicion of a patho-
logical cause.

Neonatal 60–90% of newborns
Adolescense/pubertal Up to 65% of males
Middle age/elderly
(50–80 years)

25–65% of men affected

Aetiology

Physiological

Neonatal—This is thought to result from transpla-
cental transfer of maternal oestrogens [18]. Seen in
bothmales and females, it usually disappears after a
few weeks, and no treatment required.

Adolescent/Pubertal—This develops during
puberty (mean age 13) and is thought to be
caused by excess oestrogen and/or an oestrogen–
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androgen imbalance [19]. Despite the presumed
hormonal aetiology, the condition is frequently
asymmetrical. Unilateral nodular lesions in par-
ticular can be tender. The condition may regress
by the later teen years, but a considerable number
may persist into adulthood and present a per-
manent abnormality [20].

Pathological

Pathological causes are invariably related to
hormonal/endocrinological disorders.

Hypogonadism
(congenital/acquired)

Klinefelters, testicular
feminisation,orchitis,
hermaphroditism,
congenital anorchia,
trauma

Endocrine Hyperthyroidism
Metabolic Cirrhosis, starvation,

chronic renal failure
Neoplasia
(ectopic hCG)

Adrenal, pituitary,
testicular, bronchogenic,
thyroid

Pharmacological

Drugs can cause 10–25% of all cases of gynae-
comastia [21]. Some drugs act like oestrogens,
some enhance endogenous oestrogen formation,
some inhibit testosterone synthesis and action
and others act by an unknown mechanism. All
may induce gynaecomastia through hormonal
imbalance.

There is an extensive list of possible drug
related gynaecomastia. We have included the
most common therapies involved with examples
in Table 29.1.

Idiopathic/Pseudo/Obesity

Gynaecomastia developing in young adults and
beyond is often multifactorial. Body fat increases
relative to lean body mass as we age. Adipose

Table 29.1 Possible drug-related causes of
gynaecomastia

Hormones

Anti-androgens (Prostate Cancer)

Gonadotrophin releasing hormone

Oestrogenic Agonists (diethylstilbestrol)

Anabolic steroids

Anti-ulcer therapy

Histamine 2 receptor blockers (cimetidine)

Proton pump inhibitors (omeprazole, esomeprazole)

Cardiac agents

Calcium channel blockers (verapamil, nifedipine, diltiazem,
amlodipine)

Angiotensin Converting Enzyme inhibitors (captopril)

Cholesterol lowering agents (fenofibrate, simvastatin,
fluvastatin)

Digoxin

Spironolactone

Neuroleptics

Wide variety of neurotransmitter agonists, antagonists and
modulators

Tricyclic antdepressants

Diazepam

Phenothiazines

Antifungals

Ketoconazole

Cancer agents

Chemotheraputic agents

Alkylating agents

5 alpha reductase inhibitors

Antiretroviral therapy

Highly Active Antiretroviral Therapy (HAART)

Protease inhibitors

Nucleoside/non-nucleoside containing regimes

Recreational drugs

Alcohol

Cannabis

Heroin

Others

Methotrexate

Metronidazole

Metoclopramide

Phenytoin

Theophylline
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tissue is an active site of extraglandular aroma-
tization of testosterone to oestradiol and
androstenedione to oestrone. In addition, there
tends to be a gradual decrease in testosterone
production by the ageing testes and an increase in
sex hormone binding globulin, resulting in less
free testosterone and a reciprocal increase in
Luteinising hormone [22, 23]. These two factors
probably account for most idiopathic gynaeco-
mastia in the adult.

Obesity alone will also result in deposition of
fat in the area of the breast. This Pseudogynae-
comastia can be expected to reduce following
weight loss. However, excessive weight loss
following morbid obesity frequently leads to the
development of a redundant, ptotic, skin fold that
can only be corrected by surgery.

Familial

Aromatase excess syndrome is a rare autosomal
dominant disorder resulting in severe oestrogen
excess involving the p450 aromatase gene
(CYP19) [24, 25]. Aromatase inhibitors may be
effective in this disorder.

Differential Diagnosis

Male breast cancer, lipoma, neurofibroma,
lymphangioma and vascular malformations
(hamartomatous conditions), haematoma, der-
moid cyst.

Pathogenesis

Gynaecomastia may be caused by a decrease in
androgen production, an increase in oestrogen
production, or increased availability of oestrogen
precursors for peripheral conversion to oestro-
gen. The blockade of androgen receptors and
increased binding of androgen to sex hormone
binding globulin (SHBG) are other mechanisms
[2]. Thus the circulating concentration of SHBG,
the target cell response, and the extraglandular
conversion of androgens to oestrogens are factors

which might determine the development of
abnormal breast tissue in the male.

SHBG is found normally in the circulation,
binding the sex hormones tightly when compared
with the weakly binding protein albumin. SHBG
has a higher affinity for androgens than oestro-
gens; therefore oestrogens will be displaced more
easily if an excess of hormone is present [26, 27].

Extraglandular conversion of androgens
(testosterone and androstenedione) to oestrogen
occurs in the liver, skin, fat, muscle, bone, and
kidney. All these tissues contain an aromatase
enzyme, responsible for conversion. The
17-hydroxysteroid dehydrogenase enzyme has a
similar interconversion effect on androgens and
oestrogens in extra glandular tissues [28, 29].

Testes and ovaries each secrete both oestrogen
and androgen (testosterone). The production of
these steroids or their precursors also occurs in
the adrenal glands. An imbalance in the normal
ratio of oestrogen to androgen causes an increase
in glandular breast tissue [30].

There is no difference between the nature of
male and female breast tissue hormonal response,
which is individually led. By this, it is meant that
breast proliferation depends on a particular indi-
vidual’s hormonal constitution, and the duration,
sensitivity, and intensity of hormonal stimulation.

Oestrogen causes breast ductal epithelial
hyperplasia, ductal elongation and branching,
proliferation of periductal fibroblasts, and an
increase in vascularity. Separately, in females,
progesterone causes acinar development, not
seen in males [28].

The transient neonatal appearance of gynaeco-
mastia relates directly to elevated oestrogen levels
in the foetal circulation. The placenta transforms
dehydroepiandrosterone and dehydroepiandros-
terone sulphate to oestrone and oestradiol, stimu-
lating breast glandular proliferation.

Histopathology

Glandular proliferation in the breast depends
upon the intensity and duration of stimulation
and has the same histological appearance
regardless of aetiology.
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Firstly, there is extensive ductal epithelial
hyperplasia, proliferation and lengthening of the
ducts, an increase in the stromal and periductal
connective tissue, and proliferation of periductal
inflammatory cells and fibroblasts. This early
oedematous stage lasts for approximately
6 months and the breast can be painful or tender
to palpation [19].

With time (12 or more months) the inflam-
matory reaction subsides and discomfort usually
settles. There remains an increase in the more
dilated ducts with a commensurate increase in
stroma that may show frank histological fibrosis
at this later stage [31, 32].

This dense fibrous glandular tissue forms
directly beneath the nipple–areolar complex, and
is supported by a fibrofatty stroma peripherally
[33]. This stroma may develop further as the
BMI of the patient increases. Medical manage-
ment is much more effective in the early stages
before fibrosis has developed.

Diagnosis

All patients presenting with proliferation of tis-
sue in the breast area require a detailed history
and examination. Often this is all that is neces-
sary to obtain an accurate diagnosis.

The history should include duration of
symptoms, presence of discharge, pain, or skin
changes. The age of the patient, the pubertal
development, and presence of testicular masses
should also be queried. The past medical history
and general health is of great importance and
may reveal evidence of liver, kidney or thyroid
disease, and current medication including possi-
ble non-prescribed drugs are of considerable
relevance.

A careful and sympathetic psychosocial his-
tory should also be taken. The psychological
sequelae of male breast enlargement may be the
main reason for presentation in children over the
age of around 7–8 years, when ‘visible differ-
ence’ from peer groups becomes a source of
possible distress [9].

Examination is general and specific. BMI
calculation and the search for signs of liver,

kidney, and thyroid disease is mandatory.
Examination of the genitals for abnormalities and
development and palpation the regional lymph
nodes is also indicated.

The breast is observed for size, shape,
symmetry, and skin appearance. The patient is
asked to lie supine and place their hands
behind their head. The breasts are then exam-
ined with thumb and forefinger, gradually
moving the digits towards the nipple [1]. In
true gynaecomastia a rubbery or firm, mobile,
disc of tissue will be identified concentrically
beneath the nipple–areolar complex. This mass
can normally be detected when greater than
0.5 cm in diameter [34]. If no such mass is
palpated in the enlarged male breast then a
diagnosis of pseudogynaecomastia is con-
firmed. The presence of an eccentric, fixed,
hard, or unilateral growth requires differential
diagnostic consideration.

Laboratory testing, radiological studies and
FNA/Core biopsy are not required on adolescents
when idiopathic gynaecomastia is diagnosed.
Adult males presenting without an obvious cause
commonly undergo investigation. Radiological
imaging in these less frequent cases should
include ultrasound scan or mammogram and a
FNA or core biopsy to complete the ‘triple
assessment’, similar to the female with a breast
lump.

Laboratory tests include liver, kidney and
thyroid function tests. Hormonal testing mea-
sures levels of testosterone, oestradiol, prolactin,
luteinising hormone, and hCG. Results can direct
towards pituitary, gonadal, and extragonadal
causes [6].

Further investigations in the search for a more
sinister causative diagnosis can include testicular
ultrasound scan, abdominal CT scan (imaging
adrenal glands) or an MRI scan of the brain
(imaging the sella turcica) [34].

Classification

There have been numerous classification sys-
tems; therefore we have included this in
Table 29.2 [35]. In practice, clinical judgements
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are based on individual factors that include psy-
chosocial aspects.

Treatment

Neonatal

Most babies with neonatal gynaecomastia will be
identified in the immediate post natal examina-
tion, and the family reassured. Immediate
investigation in this age group is usually not
indicated unless the condition is accompanied by
other abnormal findings suggestive of a con-
genital anomaly or syndrome.

First Decade

Children presenting with gynaecomastia in the
first decade of life will usually have either
obesity related pseudogynaecomastia, or a more
specific cause (often pharmacologically
induced) which will be evident from knowledge
of the child’s other conditions. Presentation at
this age is most frequently to a General Practi-
tioner or Paediatrician, and requires a full
appraisal as described, with referral to a spe-
cialist paediatric endocrinologist in most cases if
the BMI is normal. Referral to a paediatric
general or plastic surgeon for an early opinion
may be indicated at this time. Even if surgery is
deferred until the adolescent period, careful
consideration should be given to the merits of
surgery to alleviate serious teasing and bullying
around the common school transfer age of 11.
Surgery in the first decade is uncommon, but in
severe cases may be the only means to address
a highly visible external deformity and be the
most valuable option for management. Surgical
management is described below.

Endocrine management of children in whom
gynaecomastia has been the presenting sign of a
more general condition is beyond the scope of
this chapter. However, the need for long-term
definitive management of hormonal or other
disorders should not preclude the use of surgical
intervention where it might prove to be the single

Table 29.2 Gynaecomastia classification systems

Authors Classification

Nydick
1961

Gland limited to retroareolar region

Gland extends to edge of areola

Gland extends beyond areola

Tanner
1971

1. Nipple prominence

2. Mammillary button stage; breast and
areola slightly swollen

3. Further swelling breast and areola

4. Protrusive areola and nipple above
the breast

5. Protrusion of nipple only after
retraction of the areola

Simon
1973

1. Small visible breast enlargement; no
skin redundancy

2a. Moderate breast enlargement
without skin redundancy

2b. Moderate breast enlargement with
skin redundancy

3. Marked breast enlargement and skin
redundancy (pendulous)

Deutinger
1986

1. Thoracic wall poor in flesh;
mammary tissue localised behind
nipple; no skin excess

2. Adipose thoracic wall; widespread
alterations, feminine breasts

3. Widespread alterations; excess
adipose tissue, skin redundancy
inframammary fold, ptosis

Cohen
1987

1. Glandular gynaecomastia

2. Glandular gynaecomastia with ptosis

3. Adipose gynaecomastia

4. Adipose gynaecomastia with slight
glandular component

Rohrich
2003

1. Minimal hypertrophy without ptosis

2. Moderate hypertrophy without ptosis

3. Severe hypertrophy with ptosis
grade 1

4. Severe hypertrophy with ptosis grade
2 or 3

Cordova
2004

1. Increase in diameter and protrusion
limited to areolar region

2. Areola–nipple complex above
inframammary fold

3. Areola–nipple complex at level of
inframammary fold

4. Areola–nipple complex below
inframammary fold
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most effective intervention in improving the
child’s overall health and well being.

Second Decade

Adolescents presenting with gynaecomastia fre-
quently seek help from diverse routes. Although
initial advice from a GP might be sought, many
such affected young people are already deeply
concerned about the developing condition and
avoid contact with familiar and more conven-
tional sources of help. Direct presentation to a
plastic surgeon is common, and the proliferation
of easily accessible sources of information from
the internet and mass media has served to facil-
itate this diversification of possible sources of
help. This is something of a mixed blessing;
information streams are of variable quality and
accuracy, and the commercial economy of much
global health provision offers potential for the
exploitation of vulnerable and inadequately
advised young people. Many affected teenage
boys become greatly distressed by what they
perceive as dismissive and unsympathetic first
consultations if they are merely advised that the
condition will disappear and they should simply
cope with their condition without skilled coun-
selling or psychological advice.

Those presenting conventionally should be
offered a sympathetic general assessment, and all
possible underlying causes considered and
excluded. The majority of adolescents with
gynaecomastia will not have such an underlying
cause. Those with painful, unilateral nodules
should be considered for relatively early exci-
sion, following a period of around a year to allow
the condition to either resolve or stabilise. Those
with more diffuse, usually bilateral, lesions,
should be offered advice on how best to approach
social situations that they find difficult and
embarrassing. Such advice is usually best deliv-
ered by clinical psychologists or counsellors with
specific experience and training in managing
young people with body image disorders or dis-
figurement; in the absence of such services,
specialists in adolescent plastic surgery or related

disorders may offer appropriate background
experience.

The use of medical management for adoles-
cent gynaecomastia is controversial. However,
the best evidence suggests that if it is to be
instigated that early referral for a specialist
opinion offers the best hope for resolution of the
developing condition. (See following paragraph)

Pseudogynaecomastia may simply require a
weight loss programme in the obese male. The
discontinuation of offending drugs may allow the
problem to resolve spontaneously in those
patients on medication or using cannabis.

Pharmacotherapy

Medical treatment options are generally more
effective during the early phase of gynaecomastia
before fibrotic changes to the tissues. The
physician should first stop any offending drug
causing gynaecomastia, once again more effec-
tive when halted in the proliferative phase.
Improvement will usually be apparent within
1 month of stopping the medication. If the cau-
sative agent cannot be discontinued, there are
several treatment options available.

The use of drugs in gynaecomastia treatment
is supported by a very low quality of evidence
due to very few randomised, double-blind, pla-
cebo controlled trials and limited long-term
follow-up data. For these reasons licensing is a
problem for their use in gynaecomastia
treatment.

Medical therapy may be attempted in the
proliferative phase. Most studies of drugs
including testosterone, dihydrotestosterone,
Danazol, clomiphene citrate, tamoxifen, ralox-
ifene and testolactone have been uncontrolled
and thus difficult to interpret as the condition
may resolve spontaneously [36–39].

Tamoxifen and raloxifene, both selective
oestrogen receptor modulators, may be most
effective for patients with painful or severe
gynaecomastia prior to surgery. Their use will
not result in complete regression of the gynae-
comastia but may relieve discomfort [40, 41].
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Clinical trials to date have not demonstrated
any clinical benefits in aromatase inhibitors
(anastrozole) in the treatment of pubertal
gynaecomastia [42].

Tamoxifen, anastrozole, and radiotherapy
have all been used to reduce the incidence and
extent of anti-androgen associated gynaecomas-
tia in men with prostate cancer, but have little
effect when the gynaecomastia is established in
these patients [43, 44]

Fortunately, 75–90% of adolescents experi-
ence spontaneous breast tissue regression over a
1–3 year period. However, if after this period of
observation there is no or insufficient regression,
medical treatment is unlikely to be effective due
to stromal fibrosis in long-standing gynaeco-
mastia [19].

Surgery

Surgical techniques for gynaecomastia correction
have been considerably modified in the past two
decades by the introduction of a variety of lipo-
suction methods. The value of liposuction has
been its relatively scarless involvement; the dis-
advantages, however, relate to the difficulty in
removing fibrous tissue, the incompleteness of
involved tissue excision, and the inability to
obtain tissue for histopathological examination.

Liposuction Alone

Liposuction can be considered a first choice
method for lesions which are very soft and
non-fibrous, and where complete excision is not
a major consideration—especially if surgical
scarring or other possible adverse effects of
excisional surgery are major concerns. This sit-
uation is rare in the adolescent case, with the
exception of obesity induced
pseudogynaecomastia.

Consent for liposuction includes the unpre-
dictable degree of correction, since even appar-
ently diffusely fatty breast fullness can prove to
be related to a densely fibrous lesion and be
remarkably resistant to liposuction. The

surrounding area will be bruised, and may
resolve with permanently uneven rippling or
waviness of the surface. Skin necrosis is rare, but
residual firmness beneath the nipple area is
almost invariable, and some alteration or loss of
sensation is common. Haematoma is less com-
mon than with excisional techniques, but several
small stab incision sites around the breast area
might be visible and (especially in the midline)
might give rise to long-standing hypertrophic
irritable scars.

The procedure is usually undertaken under
general anaesthetic in the adolescent, although
smaller areas are amenable to local anaesthetic
techniques in the cooperative patient. General
pre-operative assessment is all that is required,
and the procedure is often undertaken as day
surgery. Post-operative care involves the use of a
compression vest where the area treated is
extensive, and simple analgesia.

The breast area is prepared with infiltration of
saline with adrenaline and hyaluronidase. The
‘pre-tunnelling’ is especially necessary with fir-
mer gynaecomastia tissue, and should be thor-
ough and extensive. Suction itself is usually
undertaken with a shorter cannula using high
vacuum pressures (Fig. 29.1). Measurement of

Fig. 29.1 The breast area is prepared for liposuction
with infiltration of saline with adrenaline and hyaluroni-
dase. The ‘pre-tunnelling’ is especially necessary with
firmer gynaecomastia tissue, and should be thorough and
extensive. Suction itself is usually undertaken with a
shorter cannula using high vacuum pressures
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the aspirated volume of fat is helpful in main-
taining symmetry in bilateral cases.

Ultrasound-assisted liposuction is an addi-
tional technique functioning by emulsifying the
breast fat and permitting a more efficient removal
of fat in areas with a high density of fibrocon-
nective tissue. The equipment availability and
cost limits its use in many departments [45].

Excisional Surgery

Removal of the affected tissue remains the
mainstay of effective surgical management of
gynaecomastia. It can almost invariably be
undertaken through incisions which are confined
to the areolar circumference, with the major
benefit that permanent potentially embarrassing
scars outside the nipple area are avoided. There is
no indication for the use of transverse chest wall
incisions, or approaches similar to those used for
female breast reduction, in the first surgical
approach for such patients. If the breast is grossly
enlarged, a wide excision of as much tissue as
possible using a concentric ring technique should
be the first procedure, with the option for a sec-
ondary or further resection or ‘tidy up’ of the
residual chest fullness once the outcome can be
fully evaluated. The use of more scar inducing
and disfiguring total excisional techniques is
outmoded and unacceptable at this time; the
psychologically distressed adolescent and parents
are vulnerable to advice from those who might
proffer seemingly more direct and complete pri-
mary surgical procedures, but which deliver
permanent scars which adversely impact life for
many years in the future and can never be revised
or improved. The adolescent is in no position to
consider or understand fully the implications of
major scarring across the chest wall in full adult
life, and should never be put in the position of
making such decisions.

Nodular Excision

Consent for excision should include the unpre-
dictable degree of post-operative concavity or
irregularity of the site following removal of all
affected tissue. The child and/or parents should
understand that the tissue itself has taken up the
normal fatty layer beneath the nipple, and com-
plete removal frequently leaves a residual con-
cavity that can be difficult to address. The outer
borders of the excision site can also be somewhat
irregular, and liposuction as an adjunct can be
employed to ‘smooth’ these borders if the sur-
geon considers it advantageous. Other side
effects include loss of nipple sensation, very
rarely nipple necrosis, and the need for further
excision of any residual tissue following full
wound healing.

Simple local nodules (one or both sides) can be
excised using carefully placed incisions in the
inferior half of the circumareolar line (Fig. 29.2a).
Such surgery can again be undertaken under either
local or general anaesthesia, with most young
people preferring the latter for both comfort and
psychosocial reasons. The area is infiltrated with
local anaesthetic for both vasospastic and
hydrodissection effects around the circumference,
below the nodule, and immediately below the
nipple disc to facilitate transection of the tissue.
The incision is completed through dermis, and the
nipple then lifted free of the firm mass of tissue
below it (Fig. 29.2b, c). The depth of remaining
tissue beneath the nipple is subject to surgical
preference, but it is important to recognise that
there is usually no remaining ‘normal’ or
non-breast disc involved tissue between the nipple
and the pectoral fascial layer. If significant per-
manent long-term chest wall ‘dishing’ or concav-
ity is to be avoided, then judiciously leaving a
wafer offibrous tissue beneath the nipple is helpful
in preventing an abnormal appearance. The
remaining nodule of tissue is circumscribed by
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lifting the skin and subcutaneous fat away from its
upper surface. Care should be exercised here as
well to ensure that adequate normal subcutaneous

fat remains to prevent further ‘dishing’. The nod-
ule is then grasped with tissue forceps and dis-
sected free of the chest wall, starting at one

(a) (b)

(c)

Fig. 29.2 a Simple local nodules (one or both sides) can
be excised using carefully placed incisions in the inferior
half of the circumareolar line. b The area is infiltrated with
local anaesthetic for both vasospastic and hydrodissection
effects around the circumference, below the nodule, and

immediately below the nipple disc to facilitate transection
of the tissue. c The incision is completed through dermis,
and the nipple then lifted free of the firm mass of tissue
below it

29 Gynecomastia 397



Deepithelialized

Full skin excision

Deepithelialized
pedicle

Full thickness
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peripheral border. Full and careful haemostasis
throughout the procedure offers the best hope of
avoidance of post-operative haematoma formation
—one of the most commonly encountered adverse
sequelae of this site of surgery and encountered in
up to a third of patients treated conventionally.
Following excision, meticulous haemostasis, and
saline washout of the cavity, the incision is closed
with subcutaneous absorbable suture to avoid
external ‘tell tale’ suture marks. The cavity is fre-
quently drained and a small pressure dressing can
assist in preventing early post-operative seroma or
haematoma development.

Concentric Ring Approach for Larger
Excision

More major gynaecomastia requires better access
than can be provided by the circumareolar inci-
sion. A means of achieving this as well as
reducing some of the excess skin envelope is to
adopt an approach which mobilises the nipple–
areolar complex on a de-epithelialised pedicle of
skin around half of the circumference of a larger
‘ring’ of skin excision (Fig. 29.3a–e). This nipple
and its ‘carrier’ tissue is then lifted free of the
underlying breast tissue, and preserved through-
out the remaining excisional stage of the proce-
dure. The increased access that this approach

offers enables even a breast of considerable
volume to be completely removed from the chest
wall. Full haemostasis can be obtained under
direct vision, and the cavity washed out thor-
oughly before inserting vacuum drains and
closure.

Closure of this wound then involves matching
the outer, and wider, ring of the margin of skin
excision to the inner nipple–areolar ring
(Fig. 29.3d). The ‘mismatch’ in length of these
two rings is dealt with by ‘concertina-ing’ the
skin edges together, with the full knowledge that
the wrinkling or ‘pleating’ effect at the wound
edges will subsequently flatten and become
barely perceptible with time (Fig. 29.3e). The
huge advantage of this method is the complete
avoidance of any large transverse or inferior
scars across the chest wall, which carry such
stigma for the patient who then has to bear them
for the rest of his life. Using this method, the
senior author has never had to resort to the more
disfiguring approaches, even in massively
enlarged male breasts, and such severe scar
inducing techniques should be all but relegated to
the history books. Confirmation of the value and
success of such surgical methods is demonstrated
by the widespread adoption of similar procedures
for managing the female hypertrophied breast.

Psychosocial Considerations

Gynaecomastia is a breast disease with a strong
impact on men, especially during the pubertal
phase. There is a high prevalence and a need to
accurately identify the cause. Treatment varies
according to the cause, but correction of exces-
sive breast tissue is surgical.

Body deformities may cause limitations and
interfere in the emotional and social aspects of the
patient’s life. Surgical treatment can afford posi-
tive changes in patients’ lives but each case must
be considered, counselled, and consented preop-
eratively to ensure that expectations of what can
be achieved by surgery are realistic [8, 46].

b Fig. 29.3 More major gynaecomastia requires better
access than can be provided by the circumareolar incision.
a A means of achieving this as well as reducing some of
the excess skin envelope is to adopt an approach which
mobilises the nipple–areolar complex on a
de-epithelialised pedicle of skin around half of the
circumference of a larger ‘ring’ of skin excision. b and
c This nipple and its ‘carrier’ tissue is then lifted free of
the underlying breast tissue, and preserved throughout the
remaining excisional stage of the procedure. d Closure of
this wound then involves matching the outer, and wider,
ring of the margin of skin excision to the inner nipple–
areolar ring. e The ‘mismatch’ in length of these two rings
is dealt with by ‘concertina-ing’ the skin edges together,
with the full knowledge that the wrinkling or ‘pleating’
effect at the wound edges will subsequently flatten and
become barely perceptible with time
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30Multiple Endocrine Neoplasia Type 1
and Type 4

Gerard V. Walls

Multiple endocrine neoplasia (MEN) syndromes
are autosomal dominant disorders characterised by
the combined occurrence of tumours involving
two or more endocrine glands, and are categorised
into four types (Fig. 30.1). Multiple endocrine
neoplasia type 1 (MEN1 or Wermer) syndrome
patients develop synchronous or metachronous
neuroendocrine tumours (NETs) of the endocrine
pancreas and anterior pituitary, with parathyroid
and adrenocortical tumours [1, 2] due to germline
inactivating mutations of the MEN1 tumour sup-
pressor gene that encodes Menin [3]. Multiple
endocrine neoplasia type 2 (MEN2 or Sipple’s)
syndrome, is an autosomal dominant disorder
characterised by the combined occurrence of
medullary thyroid carcinoma (MTC) and adrenal
medullary pheochromocytomas [4], due to acti-
vating germline mutations of the RET
proto-oncogene that encodes a transmembrane
tyrosine kinase receptor [5, 6]. Although MEN1
and MEN2 usually occur as distinct syndromes,
tumours that are associated with both syndromes
may occasionally develop in some patients [7]. For
example, patients suffering from pancreatic NETs
and pheochromocytoma, or from acromegaly and
pheochromocytoma have been described, and
MEN in these patients may represent an “overlap”

syndrome. Recently, a new MEN syndrome was
identified, designated MEN type 4, in which
patients develop parathyroid and anterior pituitary
tumours due to mutations in the CDKN1B gene
that encodes p27, a cyclin-dependent kinase inhi-
bitor that regulates the transition of cells from G1

to S phase of the cell cycle [8]. To date, 13
germline CDKN1B mutations have been reported
in patients with anMEN1-like phenotype, but who
do not have MEN1 mutations [9–11]. Finally, the
Hyperparathyroidism-Jaw Tumour syndrome is
another possible autosomal dominant MEN syn-
drome that is characterised by the occurrence of
parathyroid adenomas and carcinomas, ossifying
jaw fibromas, uterine and renal tumours, and
associated tumours of the thyroid, testis and pan-
creas, due to inactivating mutations of the Cell
Division Cycle 73 (CDC73) gene that encodes
Parafibromin [12].

Multiple Endocrine Neoplasia Type 1
(MEN1)

Clinical Features

Patients with MEN1 develop parathyroid (95%),
pancreatic islet (80%) and pituitary (30%) tumours
(Fig. 30.1) [7]. A number of other syndromic
tumours occur and include cutaneous angiofibro-
mas (88%) and collagenomas (72%), adrenal cor-
tical tumours (35%), multiple lipomas (33%),
foregut carcinoids (15%), meningiomas (<10%)
and facial ependymomas (<5%) [13, 14]. A pro-
gression of tumour development from hyperplasia
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to adenoma to carcinomas occurs inMEN1patients
[1]. The prevalence of MEN1 in the UK was esti-
mated to be *10 per 100,000 of the population,
with an equal sex distribution [15]. Amongst the
pancreatic NETs, over half are gastrinomas, a third
are insulinomas, and <5% are glucagonomas,
vasoactive intestinal peptide (VIP)-omas or pan-
creatic polypeptide (PP)-omas; and amongst the
pituitary NETs, two thirds are prolactinomas, a
quarter are somatotrophinomas, *5% are adreno-
corticotrophinomas, and*5%are non-functioning
adenomas [15]. MEN1 has a high degree of pene-
trance, such that >95% of patients develop clinical
symptoms by the fifth decade [15], and children as
young as 5 years old have been found to have
MEN1-associated tumours [16, 17]. However,
most MEN1-associated tumours develop after
10 years of age [18].

Diagnosis and Treatments
of MEN1-Associated Tumours

Parathyroid Tumours
Primary hyperparathyroidism is the commonest
and first manifestation of MEN1 and occurs

from *20 years of age in MEN1 patients [7].
Children with primary hyperparathyroidism
may often have MEN1 [19]. Patients have
hypercalcaemia, hypophosphataemia and a
raised or inappropriately normal parathyroid
hormone (PTH) level, with normal or increased
24 h urinary calcium excretion [1]. This is
often asymptomatic and discovered on bio-
chemical screening, but patients may also
present with nephrolithiasis, peptic ulceration,
polyuria, polydipsia, constipation and fatigue
[7]. Surgery is the treatment of choice for
primary hyperparathyroidism. Subtotal (leaving
half of the smallest parathyroid gland) or total
parathyroidectomy with transcervical near-total
thymectomy is the recommended treatment [3,
20]. Parathyroid autotransplantation may be
considered, but parathyroidectomy for hyper-
parathyroidism in MEN1 is associated with a
high failure rate, including an image-guided
approach in children with MEN1 [21], with
recurrent hypercalcaemia in *50% within a
decade of surgery [22]. Randomised controlled
trials in MEN1 patients are lacking and
guidelines are mainly based on expert opinion
[3].

Fig. 30.1 MEN syndromes and their associated tumours.
Multiple endocrine neoplasia type 1 (MEN1) is charac-
terised by the combined occurrence of anterior pituitary,
pancreatic islet and parathyroid tumours; MEN type 2A
(MEN2) by parathyroid, medullary thyroid and adrenal

medullary tumours; MEN type 2B (MEN3) by medullary
thyroid, adrenal medulla and neuroma tumours; and MEN
type 4 (MEN4) by anterior pituitary, gastroenteric
neuroendocrine and parathyroid tumours
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Pancreatic Islet Neuroendocrine
Tumours (Nets)
Pancreatic islet NETs are the second commonest
manifestation of MEN1, occurring in up to 80%
of patients [15]. These tumours are discussed in
detail in Chap. 13.

Anterior Pituitary NETs
Anterior pituitary tumours occur in 30–50% of
MEN1 patients, with a higher incidence in
female patients [23]. The clinical manifestations
are related to hypersecretion of anterior pituitary
hormones, or from compression of adjacent
structures by an enlarging tumour, such as
bitemporal hemianopia from compression of the
optic chiasm, or hypopituitarism from compres-
sion of adjacent normal pituitary. Prolactinomas
are the commonest pituitary tumour (*60% of
pituitary NETs in MEN1 patients) and the excess
prolactin secretion from lactotrophs results in
secondary amenorrhea, infertility and galactor-
rhoea in female patients, and impotence in male
patients [15]. Somatotrophinomas (*25%)
secrete growth hormone from somatotrophs
resulting in acromegaly. Least common amongst
pituitary NETs in MEN1 patients are
non-functioning adenomas (*5%) and adreno-
corticotrophinomas (*5%), which secrete
adrenocorticotrophic hormone (ACTH) and
cause Cushing’s disease [15]. Diagnosis relies on
biochemical testing for prolactin and insulin-like
growth factor-1 with magnetic resonance imag-
ing (MRI) of the pituitary fossa. Treatment of
pituitary NETs is often with dopamine agonists
such as bromocriptine or cabergoline for pro-
lactinomas, somatostatin analogues for soma-
totrophinomas [24] or transphenoidal
hypophysectomy for enlarging tumours causing
mass effects [25]. Radiotherapy is available for
inoperable or recurrent tumours.

Adrenal Cortical Tumours
Cortical adrenal tumours occur in 10–30% of
MEN1 patients [26]. Most adrenal tumours in
MEN1 patients are benign and non-functioning,
and since the prevalence of adrenal tumours is
*5% in the general population, only MEN1
patients with adrenal tumours >4 cm in diameter

should be assessed for adrenalectomy, as the risk
of malignant transformation increases with
adrenal size [14, 27]. Adrenal tumours in MEN1
may be hyperplastic, cystic, cortical adenomas,
or carcinomas [28]. However, functioning
adrenocortical tumours in patients with MEN1
cause hypercortisolaemia (Cushing’s syndrome)
and primary hyperaldosteronism (Conn’s syn-
drome), which necessitate adrenalectomy [14].

Thymic, Bronchopulmonary and Gastric
Nets
NETs of foregut origin occur in up to 15% of
MEN1 patients and are located in the thymus, the
respiratory tract and the upper gastrointestinal
tract [29]. Thymic NETs are particularly
aggressive in male MEN1 patients and account
for significantly increased mortality [23].
Tumours may be asymptomatic and metastases
may be associated with symptoms of the carci-
noid syndrome (facial flushing, bronchospasm
and intractable diarrhoea). Curative surgery,
where possible, is the treatment of choice for
thymic and bronchial carcinoid tumours. Where
disease is advanced and inoperable, additional
therapies include somatostatin analogues, radio-
therapy and chemotherapy, but prognosis
remains poor for advanced tumours [30].

Treatment of NETs in Patients
with MEN1 Versus NETs in Sporadic
Patients

Treatment for NETs in MEN1 patients, which
include pancreatic islet NETs, anterior pituitary
NETs and foregut carcinoids, is more difficult
than for equivalent tumours in non-MEN1 (spo-
radic) patients for several reasons [31]. First,
MEN1 tumours, with the exception of anterior
pituitary NETs, are multiple. For example, mul-
tiple submucosal duodenal and pancreatic gas-
trinomas develop in MEN1 patients, thereby
reducing surgical cure rates, such that at 5 years
*5% in MEN1 patients, compared to *40% in
non-MEN1 patients were disease free [32]. Sec-
ond, occult metastatic disease is more prevalent
in MEN1 patients with NETs than in patients
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with sporadic endocrine tumours. For example,
metastases are present in up to 50% of patients
with MEN1-associated insulinomas, whereas
<10% of non-MEN1 insulinomas metastasize
[33]. Third, the majority (*80%) of NETs have
low proliferation rates, with a Ki-67 index <2%,
and may not respond to chemotherapy or radio-
therapy. Fourth, NETs in MEN1 patients are
larger, more aggressive, and resistant to treat-
ment [31]. For example, *85% of anterior
pituitary NETs in MEN1 patients, as opposed to
64% in non-MEN1 patients are macroadenomas;
*30% of anterior pituitary NETs in MEN1
patients have invaded surrounding tissue, com-
pared to 10% in non-MEN1 patients [34]; and
>45% of anterior pituitary NETs in MEN1
patients had persistent hormonal over-secretion
following appropriate medical, surgical and
radiotherapy treatment, compared to 10–40% in
non-MEN1 patients [35]. Thus, there is a clinical
need for better and alternative treatments for
NETs in MEN1 patients.

Molecular Genetics of MEN1

MEN1-associated tumours have loss of
heterozygosity (LOH) for the MEN1 gene loca-
ted on chromosome 11q13 that encodes Menin
[36, 37]. Germline mutations of the MEN1 gene
coding region are present in the majority (>90%)
of patients with MEN1 and most of the MEN1
mutations are inactivating, consistent with a
tumour suppressor role for Menin [38]. The
mutations are scattered throughout the 1830
base-pair (bp) coding region and splice sites of
the MEN1 gene, and there appears to be no
genotype-phenotype correlation in MEN1, with
members of the same pedigree developing dif-
ferent MEN1-associated tumours. Menin is an
ubiquitously expressed nuclear protein that has
been shown to have roles in transcriptional reg-
ulation; genome stability; cell division; prolifer-
ation; cell cycle control; and apoptosis [39, 40].
More recently, the three-dimentional structure of
Menin has been solved and it has been shown

that Menin is a molecular adaptor coordinating
the functions of multiple proteins [41]. For
example, Menin has been shown to regulate the
expression of cyclin-dependent kinase inhibitors
(p27 and p18) via MLL-1, thereby reducing
cellular proliferation [42], and to induce caspase
8 expression that promotes apoptosis [39]. Thus,
loss of menin function leads to endocrine
tumourigenesis in MEN1 [1].

Mouse models with loss of Men1 alleles that
are representative of MEN1 in man have been
developed to understand the molecular basis of
tumourigenesis in MEN1 [43–45]. A conven-
tional heterozygous knockout mouse model for
MEN1 (Men1+/− knockout mice) [43] develops
parathyroid, pancreatic islet, anterior pituitary
and adrenal cortical tumours, associated with an
increased mortality of 30%. Accurate assessment
of proliferation and apoptosis rates in these
MEN1 knockout mice have been investigated to
understand MEN1-associated neuroendocrine
tumourigenesis [46]. Using this data, mathemat-
ical modelling of NET growth rates (proliferation
minus apoptotic rates) predicted that in Men1+/−

mice, only pancreatic b-cells, pituitary lac-
totrophs and somatotrophs could develop into
tumours within a murine lifespan. Men1+/−

tumours had low proliferation rates (<2%),
second-order growth kinetics, and the higher
occurrence of insulinomas, prolactinomas and
somatotrophinomas in MEN1 was consistent
with a mathematical model for NET proliferation
[46]. Translational studies of gene replacement
therapy in Men1+/− mice generated menin
expression in anterior pituitary tumours, and
significantly reduced tumour cellullar prolifera-
tion. It demonstrated proof of concept for MEN1
gene replacement therapy for inhibiting NET
growth in MEN1 [44]. The development of such
MEN1 gene therapy is likely to be of use in
MEN1 patients for the treatment of anterior
pituitary, pancreatic islet and thymic NETs.
Finally, evaluation of a new somatostatin ana-
logue, pasireotide, was shown in conditional
Men1+/− mice to have anti-proliferative and
pro-apoptotic effects in insulinomas [47] and in
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conventional Men1+/− mice increased survival by
*20%, inhibited tumour growth, and reduced
the number and volume of pancreatic islet and
anterior pituitary tumours, thereby indicating its
potential use to treat pancreatic and pituitary
NETs [48]. Thus, new treatments may be
developed for MEN1 patients following these
recent advances in pre-clinical science.

Multiple Endocrine Neoplasia Type 4

Clinical Features of the MEN4
Syndrome

MEN4 was only recently described, and patients
develop parathyroid (81%) and anterior pituitary
tumours (42%) [8, 9, 11, 49]. Patients may also
develop gastric and bronchial carcinoids or gas-
trinomas that cause Zollinger-Ellison syndrome
(Fig. 30.1). A recent case report described a
possible association with meningioma and pap-
illary thyroid carcinoma in a patient with a rare
CDKN1B gene variant [50]. MEN4 patients har-
bour heterozygous mutations in the CDKN1B
tumour suppressor gene that encodes a
cyclin-dependent kinase inhibitor, p27, which is
involved in cellular proliferation. Parathyroid
tumours have developed from 46 years of age,
and pituitary tumours from 30 years old in MEN4
patients. Cases in children may be identified in
known MEN4 families with genetic and bio-
chemical screening and radiological follow-up.

Diagnosis and Treatments
of MEN4-Associated Tumours

Parathyroid Tumours
Primary hyperparathyroidism occurred in 10 of
12 index MEN4 patients and parathyroidectomy
was curative. Standard pre-operative localisation
of symptomatic patients with concordant ses-
tamibi and ultrasound studies permited mini-
mally invasive parathyroidectomy in this
situation [51]. No evidance of parathyroid
malignancy has been described.

Anterior Pituitary NETs
In 5 of 12 index MEN4 cases, anterior pituitary
tumours developed. Two patients had clinical
features of acromegaly due to somatotrophino-
mas, one had a prolactinoma, one had Cushing’s
disease due to a corticotrophinoma, and one
patient had a non-functioning tumour.
Transsphenoidal surgery is the treatment of
choice for pituitary adenomas, but is not always
curative. Prolactinomas can be successfully
treated with dopamine agonists, and radiotherapy
may be used after surgical treatment in recurrent
disease. In one MEN4 patient with a soma-
totrophinoma, there was local invasion, cellular
atypia and a high mitotic index, indicating an
aggressive tumour. However, until more cases
are described, expert multidisciplinary team
management is recommended.

Molecular Genetics of MEN4

MEN4 patients have inactivating mutations in
the CDKN1B gene located on chromosome
12p13 and its 2 exons encodes a 196 amino acid
cyclin-dependent kinase inhibitor referred to as
p27 [8]. So far, 12 CDKN1B mutations have
been described that are located throughout the
gene and its promotor region. Furthermore,
somatic mutations of CDKN1B have been
reported in sporadic parathyroid adenomas [52].
P27 is an ubiquitously expressed nuclear protein
of the cyclin-dependent kinase inhibitor family.
It regulates cell cycle progression from G1 to S
phase by inactivating cyclin A/E
cyclin-dependent kinase (CDK) 2 complexes,
so that cell division is blocked. Phosphorylation
of p27 enables its export from the nucleus for
cytoplasmic ubiquitination and degradation by
the proteosome. Inactivating mutations of
CDKN1B in MEN4: reduce the cellular expres-
sion of p27; alter its intracellular location; or
disrupt its ability to interact with partners such as
CDK2. Syndromic tumours have reduction or
loss of p27 expression, indicating that loss of the
tumour suppressor function of p27 causes
tumourigenesis in MEN4 patients.
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Conclusions

In summary, MEN syndrome types 1 and 4 are
autosomal dominant disorders characterised by
different combinations of pancreatic islet, ante-
rior pituitary, parathyroid and adrenal tumours
due to germline mutations of the MEN1 and
CDKN1B genes, which encode Menin and p27,
respectively. Surgery is the principle treatment
for symptomatic tumours in MEN1 and MEN4
patients, and biochemical and genetic screening
of family members enables early detection of
tumours to optimise individual MEN patient
care.
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31Multiple Endocrine Neoplasia Type 2

Eduardo A. Perez and Michael Skinner

Multiple endocrine neoplasia (MEN) syndromes
are rare autosomal dominant conditions which
predispose affected individuals to benign and
malignant tumors of the pituitary, thyroid,
parathyroids, adrenals, endocrine pancreas,
paraganglia, or occasionally nonendocrine
organs. The classic MEN syndromes include
MEN type 1 (MEN1) and MEN type 2 (MEN2).

Historically, the clinical presentation of MEN
syndromes during childhood was rare and their
diagnosis was based on family history. Today,
thanks to advancements in genetic testing, MEN
syndromes are being diagnosed more commonly
in the pediatric population and may present
challenging clinical management questions. This
chapter will focus on the presentation and man-
agement of MEN2 in children.

Multiple endocrine neoplasia type 2 (MEN2)
is an autosomal dominant disorder with an esti-
mated prevalence of 2.5 per 100,000 in the
general population. Males and females are nearly
equally affected. MEN2 is often first suspected

when a patient is found to have one or more of
the uncommon tumors that are characteristic of
the syndrome, usually medullary thyroid cancer,
or when there is a family history of the same
tumors, or a family history of MEN2. MEN2 is
subclassified into three distinct syndromes:
Multiple endocrine neoplasia type 2A (MEN2A),
multiple endocrine neoplasia type 2B (MEN2B),
and familial medullary thyroid cancer (FMTC).
When a MEN2 kindred is identified, it is
important that all family members be screened
for early diagnosis, because medullary thyroid
cancer can be cured or prevented by early
thyroidectomy.

Multiple Endocrine Neoplasia 2A

Multiple endocrine neoplasia type 2A is a heritable
predisposition to medullary thyroid cancer
(MTC), pheochromocytoma (PHEO), and primary
parathyroid hyperplasia (PHPT). MEN2A is the
most common form of all MEN2 syndromes (55–
90%of all cases) [1].Over 90%of the patientswith
MEN2 develop medullary thyroid cancer,
approximately 40–50% develop pheochromocy-
toma, and 10–20% develop multigland parathy-
roid hyperplasia. MTC is usually the first tumor to
develop and is frequent in untreated children ages
10 years and younger [2, 3]. Most children with
MEN2Ahave an affected parent. However, having
a negative family history has to be interpreted with
caution because the diagnosis of MTC in family
members may be delayed until later in life [4].
Cutaneous lichen amyloidosis (CLA) is another
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component of the syndrome that has been descri-
bed in families with the disease [5]. It can be pre-
sent before the MTC, and the identification of this
skin lesion should prompt an evaluation for
MEN2A. Finally, a small number of families with
MEN2A also have a higher risk of Hirschsprung’s
disease (HD) [6, 7].

Multiple Endocrine Neoplasia 2B

MEN2B shares with MEN2A the inherited pre-
disposition to medullary thyroid cancer and
pheochromocytoma but clinically significant
parathyroid disease is absent. Other findings
include mucosal neuromas, intestinal gan-
glioneuromas, and marfanoid habitus. MEN2B is
the most uncommon form of MEN2 (5–10% of
all cases) [8].

Medullary thyroid cancer is the most common
feature of the MEN2B syndrome being present in
100% of patients. The MTC usually develops in
the first several years of life [9], and is more
aggressive than the MTC in MEN2A. For these
reasons, early diagnosis is critical to prevent
mortality and morbidity. Without prophylactic
thyroidectomy at a young age, most patients with
MEN2B develop metastatic MTC in childhood
or adolescence [10].

The neuromas present in the tongue, lips, and
eyelids with resulting characteristic facial fea-
tures including enlarged lips, a ‘‘bumpy’’ tongue,
and eversion of the eyelids [10]. The marfanoid
body habitus is accompanied by increased joint
mobility and decreased subcutaneous fat. Gan-
glioneuromatosis presents with thickening of the
corneal nerves or in the gastrointestinal tract,
resulting in abdominal distention, megacolon,
constipation, or diarrhea. All these physical traits
are usually evident in early childhood, and are
sometimes present at birth.

Familial Medullary Thyroid Cancer

Familial medullary thyroid cancer (FMTC) is
considered a type of MEN2A that has a strong
predisposition to medullary thyroid cancer,

without the other manifestations of the syn-
drome. It is the mildest variant of MEN2 and
represents about 35–40% of all cases [1]. It can
be hard to differentiate FMTC from MEN2A
even in large kindreds. This potential pitfall in
diagnosis is important because of the risk of
missing a pheochromocytoma in a patient with
MEN2 wrongly thought to have FMTC. There-
fore, rigorous and strict criteria have been
defined to identify a FMTC kindred [11]. These
include, (1) having more than 10 carriers in the
kindred, (2) multiple carriers or affected mem-
bers being over the age of 50 years, and (3) an
adequate medical history, particularly in older
family members. It remains unclear why patients
with FMTC do not develop pheochromocytomas
and hyperparathyroidism, especially since many
FMTC and MEN2A families carry identical RET
mutations. Therefore screening for PHEO and
PHPT should be done during the evaluation of
these patients, because genetic testing alone
cannot always predict the MEN2 phenotype and
risk of developing associated tumors. MTC in
FMTC families is usually less aggressive than
the other MEN2 subtypes and presents at an
older age [10].

Genetics

MEN2A, MEN2B, and FMTC are inherited in an
autosomal dominant pattern with very high
penetrance. The genetic defect in these disorders
involves the RET proto-oncogene, on chromo-
some 10q11.2 [12]. The RET gene codes for a
tyrosine kinase receptor that functions as a signal
transducer upon interaction with the glial-derived
neurotrophic factor family of ligands. Binding of
these ligands induces dimerization of RET
receptors, autophosphorylation of intracellular
tyrosine residues, and ultimately cell growth and
survival mediated by the mitogen-activated pro-
tein kinase intracellular signaling cascade [13].
Thus, all clinical manifestations of the MEN2
syndromes relate to a defect in transduction of
growth and differentiation signals in several
developing tissues that express RET, including
those derived from the neural crest [14]. So far,
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mutation analysis in MEN2 families has identi-
fied over 50 different mutations related to the
disease [15, 16].

Mutations causing FMTC and MEN2A occur
predominantly in the extracellular domain cys-
teine residues (codons 609, 611, 618, 620, and
634) and lead to ligand independent dimerization
of RET. Less common mutations occur in exon
13 (codons 790 and 791) [16, 17]. In contrast,
MEN2B-related mutations are almost always
located in the intracellular domain at codon 918
and lead to alteration of RET signal transduction
[18]. Germline mutations in codons 768 (exon
13), 804 (exon 14) and 891 (exon 15) are found
only in FMTC, but account for only a minority of
cases of this disorder.

Hirschsprung’s disease has been associated
with exon 10 RET mutations, especially codons
620 and 618 [6]. For patients to present with both
MEN2A and HD, simultaneous opposite genetic
effects (dual function) are required to take place
in the RET proto-oncogene, with ‘‘gain of func-
tion’’ mutations giving rise to MEN tumors and
HD resulting from “loss of function mutations”
[19]. Cutaneous lichen amyloidosis has been
associated only with mutations of codon 634.
Somatic RET mutations that occur later in life
and are limited to C cells are present in 40–50%
of sporadic MTCs [20].

Genotype–Phenotype Correlations

There are genotype–phenotype correlations
regarding clinical subtype, age at onset and
aggressiveness of MTC, and the presence other

endocrine tumors. These relationships may be
useful when planning the time for prophylactic
thyroidectomy and determining if and when
screening for pheochromocytoma or hyper-
parathyroidism is necessary (Table 31.1).
Another important use of these correlations is in
patients presenting with apparently sporadic
MTC. The presence of specific RET mutations in
these patients will impact their management.
Therefore, performing genetic testing is recom-
mended before surgical intervention in all chil-
dren diagnosed with MTC [10].

Based on the recommendations from the
American Thyroid Association [15] and the
International Workshop on Multiple Endocrine
Neoplasia [11], a risk-based stratification has
been developed for MEN2 patients [1]. As seen
Table 31.1, Group D patients with mutations in
codon 918 and 883 are at the highest risk, and for
this reason prophylactic thyroidectomy is rec-
ommended within the first months of life and
screening for pheochromocytoma should start at
age 8 years and continue annually. In contrast,
patients in group A present with MTC an at older
age and prophylactic thyroidectomy can be per-
formed later in life. In addition, for group A
patients screening for pheochromocytoma and
PTH should begin in adolescence.

Genetic Screening

Historically, the diagnosis of MTC in patients
with MEN2A or MEN2B depended on the
demonstration of elevated plasma calcitonin
levels either at baseline or after intravenous

Table 31.1 Risk-based stratification for MEN2 patients

ATA risk
level

RET mutation
codon(s)

MEN2
subtype

Prophylactic
thyroidectomy

Screening for PHEO Screening for PHPT

A 649, 768, 790,
791, 804, 891

FMTC When calcitonin
rises/5–10 years age

Start at 20 years age,
then periodically

Start at 20 years age,
then periodically

B 609, 611, 618,
620, 630, 631

FMTC and
MEN2A

Before 5 years age Start at 20 years age,
then annually

Start at 20 years age,
then annually

C 634 MEN2A Before 5 years age Start at 8 years age,
then annually

Start at 8 years age,
then annually

D 883, 918 MEN2B At diagnosis Start at 8 years age,
then annually

Not needed
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administration of the potent secretagogues cal-
cium or pentagastrin. Advances in the molecular
genetics underlying the MEN2 syndromes have
resulted in DNA testing becoming the optimal
test for their detection. Currently, genetic analy-
sis identifies more than 95% of responsible
mutations [21].

DNA testing for MEN2 is based on identifi-
cation of RET mutations, and is considered the
standard of care for newly identified MTC
patients, regardless of age at diagnosis or family
history[10]. Even in children with apparent spo-
radic MTC all exons should be sequenced and if
no mutation is found, tumor DNA can be ana-
lyzed. Early diagnosis by screening of family
members at risk in MEN2 kindreds is essential
because testing can identify family members who
are at risk for MTC and this life-threatening
disease can be cured or prevented by early thy-
roidectomy. Moreover, knowledge of genotype–
phenotype correlations may help estimate the
chances of developing additional endocrine
tumors, provide prognostic information, and plan
surgical management.

Genetic testing can be useful in 3 groups of
patients. First, in patients with histologically
proven MTC or C-cell hyperplasia it can help
differentiate between sporadic and hereditary
MTC. If patients have hereditary MTC then their
families should be screened. Next, in patients
with familial occurrence of MTC and/or
pheochromocytoma, genetic testing can differ-
entiate between the subtypes of MEN2, identify
the risk of developing other tumors, and deter-
mine when to start their screening. More
importantly, genetic testing in MEN2 patients
guides the timing for prophylactic thyroidectomy
[11, 22]. Lastly, in first degree family members
of MEN2 patients genetic testing can distinguish
gene carriers from non carriers. Documentation
that the RET mutation is not present eliminates
the need for ongoing screening for MEN2 tumors
and avoids unnecessary thyroidectomy in genet-
ically normal subjects in MEN2 families. It is
known from retrospective DNA testing, that such
subjects can have falsely positive calcitonin level
with pentagastrin stimulation that would suggest
they have MEN2 [11].

Diagnosis and Management

Medullary Thyroid Cancer

Approximately 5% of thyroid neoplasms in
children are medullary carcinomas, arising from
the parafollicular C cells. MTC is usually the first
tumor to develop in MEN2 patients and is the
most common cause of death in this group. The
malignant transformation of C cells starts early in
life and C-cell hyperplasia and micro-MTC can
be found as early as 2 months in some kindreds.
This is especially true in MEN2B, which typi-
cally has a more aggressive form of MTC [23].
As with other thyroid neoplasms, the clinical
diagnosis of MTC is often made with palpation
of a thyroid nodule or after there is significant
spread of the tumor to the adjacent cervical
lymph nodes or to distant sites (lung, liver and
bone) [24]. Also, diarrhea can be seen when there
is significant hypercalcitoninemia and is usually
a poor prognostic sign [25]. Less frequently, the
tumor can be recognized after the diagnosis of
pheochromocytoma or hyperparathyroidism.
Rarely, MTC has been shown to cause Cushing’s
syndrome due to ectopic production of
corticotropin (ACTH).

Calcitonin production is increased in C-cell
hyperplasia and MTC, and measurements of
plasma calcitonin are used as a tumor marker to
monitor the presence and progression of MTC.
Usually, serum calcitonin levels correlate with
tumor mass and tend to be high (>1000 pg/m) in
patients with a palpable tumor on exam. Like-
wise, elevated plasma calcitonin levels after
tumor resection suggests persistent or recurrent
disease [1].

The only effective treatment for MTC is sur-
gical resection, underscoring the importance of
early diagnosis and therapy before metastasis
occurs. For this reason, current management of
MTC in children from families having the MEN2
syndrome relies on the presymptomatic detection
of the RET proto-oncogene mutation responsible
for the disease. Affected children with MEN2A
should undergo total thyroidectomy at about the
age of 5 years, before the cancer spreads beyond
the thyroid gland [26]. Indeed, approximately
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80% of children who have thyroidectomy based
on the presence of the RET mutation will already
have foci of MTC within the thyroid gland [27].
As a matter of fact, almost all prophylactic thy-
roidectomies performed in recent years have
shown that various stages of C-cell disease are
present between 1 and 6 yr of age in patients of
MEN2 families. Owing to the increased viru-
lence of the MTC in children having MEN2B, it
may be preferable for their thyroid glands to be
removed in infancy. As discussed before, the
specific RET mutation can help determine the
timing of prophylactic thyroidectomy. Patients
with MTC should be evaluated for possible
pheochromocytoma before thyroidectomy and if
the diagnosis is made, adrenalectomy should be
performed first.

Because of the high incidence of bilateral
disease in MTC, complete removal of the thyroid
gland (total thyroidectomy) is the recommended
for surgical management of MTC in children
[28], as well as, for carriers of the mutation. The
extent of neck lymph node dissection and the
management of devascularized parathyroid
glands differ depending upon the patient’s MEN2
subtype, patient symptoms and whether the
intervention is prophylactic or therapeutic. Also,
the preoperative imaging may help determine
how extensive the lymph node dissection should
be. Usually, the dissection includes lymph nodes
in the central compartment of the neck, medial to
the carotid sheaths and between the hyoid bone
and the sternum. This central lymph node dis-
section may be unnecessary in patients with
MEN2A under the age of 11[29].

Single or combination chemotherapy has been
ineffective in the treatment of unresectable or
metastatic MTC. The antiangiogenesis and tyr-
osine kinase inhibitor drugs, such as combretas-
tatin and imatinib mesylate, have been observed
to have antineoplastic effects on MTC in vitro.
Clinical trials need to be performed to determine
the usefulness of these agents [21, 30–32].
Recent trials with VELF inhibitors have shown
some promise in arresting MTC progression in
patients with metastatic disease [33].

Palliative radiation therapy can also be used to
diminish the tumor burden in the neck and to

prevent local recurrence. Whether morbidity or
mortality is improved remains unclear [21].
High-dose 131iodine anticarcinoembryonic anti-
gen antibody treatment combined with post-
therapy autologous hematopoietic stem cell res-
cue has limited toxicity, but the antitumor effect
is unknown [34].

The postoperative management and monitor-
ing of patients with MTC in the setting of MEN2
includes periodic physical exams, serial moni-
toring of serum calcitonin concentrations and
neck ultrasound if the calcitonin is elevated.
Thyroid hormone replacement is used to main-
tain euthyroidism and calcium supplementation
is given when needed. After adolescence, yearly
biochemical screening for pheochromocytoma is
recommended.

Pheochromocytoma

Pheochromocytomas are rare catecholamine-
secreting tumors of the adrenal medulla. It
affects 40% of patients with MEN2A and
MEN2B, although there is large variability of its
penetrance among kindreds. In patients with
MEN2 it is rare for a pheochromocytoma to be
the initial manifestation and present before the
development of MTC, but it has been reported
[35]. Usually, pheochromocytomas become evi-
dent about 10 years after the diagnosis of C-cell
hyperplasia or MTC [36]. As with MTC, the
penetrance of pheochromocytoma among differ-
ent MEN 2 kindreds depends on specific RET
germline mutations [37].

In general, about 10% of children with
pheochromocytoma have familial disease [38,
39]. Because these familial cases may include
MEN2 with the risk of MCT, any child who
presents with a pheochromocytoma should be
screened for MEN2. Pheochromocytomas are
found in an extra-adrenal location in 30% of
children [39], but this is rare in MEN2 [37].

The signs and symptoms associated with
pheochromocytomas in patients with MEN2
include paroxysmal hypertension which can be
extreme and episodic. Also, orthostatic
hypotension, when present, is suggestive of
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MEN2. Occasionally, patients present with
catecholamine-induced cardiomyopathy and
hypertensive encephalopathy [40]. Laboratory
confirmation is similar to sporadic pheochromo-
cytomas, specifically the finding of increased
plasma metanephrine [41]. Once there is bio-
chemical confirmation of pheochromocytoma the
tumor should be localized and possibility of,
bilateral disease evaluated using MRI.

Pharmacologic blockade of excess cate-
cholamines is a critical part of preoperative
preparation of the patient with pheochromocy-
toma. The goals are to replete the intravascular
volume, treat severe hypertension, control car-
diac arrhythmias if present, and minimize the risk
of perioperative cardiovascular instability.

The definite treatment for pheochromocytoma
remains surgical removal of the lesion.
Pheochromocytomas can be extraordinarily
active for their size, and accurate preoperative
localization of the lesions is essential. In the
setting of bilateral disease, partial adrenalectomy
should be considered [42]. In a series reported by
Yip et al. [43], 65% of patients did not require
chronic corticosteroid replacement after partial
adrenalectomy in marked contrast to those who
underwent total bilateral adrenalectomy. They
also showed that the risk of recurrent pheochro-
mocytoma in the adrenal gland remnant after the
cortical-sparing procedure was about 10%.

Surgical management of unilateral disease is a
topic of controversy. Some advocate bilateral
adrenalectomy because about 30% of patients
undergoing unilateral surgery may eventually
develop pheochromocytoma in the remaining
adrenal gland and would require resection [44].
Nevertheless, this may not happen for many
years, and initial unilateral adrenalectomy would
avoid the need for steroid replacement in the
interval. Also favoring avoidance of initial
bilateral adrenalectomy is the observation that no
lethal complications from catecholamine crisis
and no metastatic disease occurred in patients
with MEN2 who underwent unilateral
adrenalectomy and then developed contralateral
disease [44].

Laparoscopic adrenalectomy is now the pre-
ferred approach for benign functioning adrenal

tumors, including pheochromocytoma [45, 46].
Normalization of the blood pressure should be
expected if all functioning pheochromocytoma
tissue is removed. Children who have had
resection of a pheochromocytoma should
undergo examination with blood pressure mea-
surements and urine catecholamine levels twice
per year to monitor for recurrence. Patients with
familial pheochromocytomas should be followed
especially carefully for the development of dis-
ease in the opposite gland [47, 48]. For additional
discussion of pheochromocytoma see Chap. 8.

Primary Hyperparathyroidism

PHPT in children is extremely rare with an
incidence of 2–5 per 100,000, with most cases
(80%) occurring during adolescence [49, 50]. In
large series of patients with MEN2 clinically
evident hyperparathyroidism was noted at a
median age of 38 years (ranging from 7 to
71 years) [51–53] but it has been described in a
patient as young as 5 years of age, who was
found to have a pathologic parathyroid gland at
time of his prophylactic total thyroidectomy [54].
In most MEN2 patients (75–80%) PHPT is
diagnosed at the same time as MTC or
pheochromocytoma and the rest are found at
follow up after thyroidectomy [11]. Less than 5%
of cases PHPT in MEN2 patients are diagnosed
before the presentation of MTC or pheochro-
mocytoma [53].

Different from the usual sporadic cases, PHPT
in patients with MEN 2A is characterized by
multigland hyperplasia and an increased inci-
dence of ectopic or supernumerary glands. Signs
and symptoms of hypercalcemia in PHPT tend to
be more severe in children than in adults and can
be associated with end-organ damage, making
early diagnosis critical.

Parathyroid disease seems to develop more
rarely in patients with MEN2A who undergo a
total thyroidectomy at an early age [55, 56].
Some theories attribute this phenomenon to
removal of normal parathyroid glands during
thyroidectomy. This could decrease the incidence
of parathyroid disease in two ways—either by
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reducing the number of parathyroid glands at
risk, or by removing the stimulus for parathyroid
growth after removal of C cells [55, 57].

The diagnosis of primary hyperparathy-
roidism is confirmed with the findings of
hypercalcemia and inappropriately high-serum
parathyroid hormone (PTH) concentrations. In a
patient with known or presumed MEN2A, the
indications for surgical intervention are similar to
those in patients with sporadic primary hyper-
parathyroidism [58].

Although the frequency of PHPT in MEN 2A
is not high, and the symptoms of hypercalcemia
tend to be milder, the surgical treatment options
are similar to those for patients with MEN1.
Most of these patients have multiple parathyroid
tumors, so bilateral exploration of previously
nonoperative patients should be planned regard-
less of the outcome of preoperative localization
studies. Such imaging studies may nonetheless
be anatomically helpful to the surgeon and can
therefore be indicated. These studies (ultra-
sonography, sestamibi imaging, or chest CT) are
certainly recommended before re-operation in
patients with recurrent or persistent disease.

There is some disagreement regarding the
preferred surgical management with arguments
and challenges similar to those for patients with
hyperparathyroidism in the setting of MEN1 [52,
59, 60]. Because symptoms are milder and the
likelihood of recurrent HPT is lower than in
MEN1, Dotzenrath [59] and O’Riordain [60] both
recommend a conservative approach with exci-
sion of only enlarged glands without transcervical
thymectomy. This technique is associated with
low rate of persistent and recurrent PHPT, infer-
ring that it offers a better chance to avoid post-
operative hypoparathyroidism [56]. On the other
hand, it may be wise to concomitantly undertake
cervical thymectomy at the initial surgery
especially in patients with multiple gland
involvement. For patients with more severe
hypercalcemia, however, a more aggressive
approach may be employed. Some surgeons rec-
ommend three and one-half-gland parathy-
roidectomy, (or all but one-half gland, if
supernumerary glands are found), together
with thymectomy, and with subtotal

parathyroidectomy being repeated if the patient
has a recurrence [60, 61]. On the other hand,
others prefer to remove all the glands and
heterotopically transplant some tissue into the
nondominant forearm [62]. The latter approach
has the advantage of avoiding repeated neck
exploration if hyperparathyroidism should recur,
and has been shown to be safe in infants and
children [27, 63, 64]. Moreover, total parathy-
roidectomy with heterotopic autotransplantation
has been shown to result in improved survival in
infants with severe hypercalcemia [62]. As noted
previously, patients with total parathyroidectomy
and autotransplantation require a short period of
vitamin D and calcium supplementation until the
heterotopic tissue begins to function. If, however,
the autograft does not function the patient may
have permanent hypoparathyroidism.

Overall cure rates can be expected to be as
high as 95%. Patients with MEN2 should have
annual screening for hyperparathyroidism by
serum calcium and intact parathyroid hormone
level measurements.

Hirschsprung’s Disease

RET mutations are responsible for up to 50% of
familial cases of Hirschsprung’s Disease (HD)
and may also be seen in sporadic HD cases
[65]. Interestingly, the clinical association
between aganglionic megacolon, megaloureter,
pheochromocytoma, and neuromatosis [66] was
actually reported before the first MEN descrip-
tions [65].

There are multiple publications noting the
correlation of MEN2A and HD. HD was found in
57% of children in families with a C620 mutation
in exon 10 with a low penetrance [67–69]. The
later, as well as mutations in C618 position are the
most likely to predispose toHD [69]. Even though,
MEN2A and HD arise from the same gene, they
act through different pathways to activate RET
kinase. They arise from variations on different
parts of the gene, and have both extra and intra-
cellular targets of protein transformation [70].

The true incidence of MEN 2A in familial HD
is unknown. Decker and Peacock found the HD
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phenotype in at least one family member in
approximately 17% of their MEN2A kindreds
[71]. Furthermore, 7 out of 12 patients with
MEN2A and HD in their series had classic short
segment disease and the rest had long segment
aganglionosis indicating that the level of agan-
glionosis is not a reliable marker of the risk of
MEN2A and need for genetic testing. They rec-
ommend MEN2A patients that are considering
pregnancy be counseled about the potential risk
of HD in their offspring and they also recom-
mended alerting physicians caring for children in
MEN2A families about the risk of HD and its
possible occurrence in the newborn period.
Finally, they recommended that all children with
familial HD be considered for genetic screening
for MEN2A and that children with sporadic HD
have a family history inquiry for MTC [71].

In children from kindreds with the C620
mutations, symptoms of HD should be sought,
and if present then rectal biopsy should be per-
formed. It is recommended that children with HD
plus RET abnormalities undergo prophylactic
thyroidectomy in accordance with their risk
profile as previously discussed in Sect. 33.5 [72].

Cutaneous Lichen Amyloidosis

Cutaneous lichen amyloidosis (CLA) occurs
sporadically and as a familial disease. The
hereditary forms are transmitted in an autosomal
dominant fashion, and it has been reported in
association with few syndromes. The most fre-
quent association is with MEN2A [73]. The CLA
skin lesion is usually described as intensely
pruritic, red-brown hyperkeratotic papules most
commonly seen in the interscapular region or on
the extensor surfaces of the extremities. The first
symptom is usually pruritus. The amyloid depo-
sition is seen later and is thought to be secondary
to repeated scratching. There are several different
RET codon 634 mutations that have been docu-
mented in MEN2A/CLA families [55, 73, 74].
As noted previously these same mutations are
common in MEN2A families who present with-
out CLA. This implies the presence of other

factors, in conjunction with the RET mutation, in
the expression of the CLA phenotype.
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32Pituitary Gland Embryology,
Anatomy and Physiology

Vaitsa Tziaferi and Mehul T. Dattani

The pituitary gland, also known as the hypophysis
cerebri, is a small protrusion at the base of the brain
largely encased by the sphenoid bone. Together
with the immediately adjacent hypothalamus the
pituitary forms the hypothalamic-pituitary system
that is the body’s main regulator of hormone pro-
duction and is therefore intimately involved in
human growth, development, reproduction, par-
turition, lactation, metabolism, response to stress
and osmotic balance.

The pituitary gland consists of two distinct
parts, the anterior pituitary, or adenohypophysis,
and the posterior pituitary, or neurohypophysis.
The two parts differ in origin, structure and
function. The anterior pituitary derives from the
oral ectoderm and produces growth hormone,
prolactin, adrenocorticotropic hormone (ACTH),
melanocyte-stimulating hormone (MSH),
thyroid-stimulating hormone (TSH), and the
gonadotrophins—follicle-stimulating hormone
(FSH) and luteinising hormone (LH). The pos-
terior pituitary originates from the neural ecto-

derm and consists of neurons projecting from the
hypothalamus that produce antidiuretic hormone
and oxytocin.

Anatomy of the Pituitary Gland

The pituitary gland is a red-grey ovoid structure
that protrudes from the base of the brain. In
adults it is roughly 12 mm in the transverse
diameter and 8 mm in anterior-posterior diameter
and it usually weighs from 500 to 1000 mg. The
pituitary gland is comprised of two distinct
regions or lobes, the anterior pituitary, or ade-
nohypophysis, and the posterior pituitary, or
neurohypophysis.

The pituitary lies within the sella turcica, the
hypophyseal fossa of the sphenoid bone, which is
located in the centre of the skull base [1]
(Fig. 32.1a and c). The location of the pituitary
gland within this fossa of the sphenoid bone
permits the most common surgical approach to
the pituitary to be transphenoidal. The transphe-
noidal approach is easier in adults than children
because of the greater pneumatisation of the
sphenoid bone [2] (Fig. 32.1a–d).

The pituitary gland is covered superiorly and
largely separated from the brain by a circular fold
of dura mater known as the diaphragmatic sella.
The diaphragmatic sella has a central opening, or
aperture, for the infundibular stalk, which con-
nects the pituitary to the brain. Anteriorly, the
diaphragmatic sella separates the anterior part of
the pituitary from the optic chiasm, which lies
roughly 10 mm above the diaphragmatic sella
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[3]. The proximity of the pituitary to the optic
chiasm accounts for the visual field loss that is
often associated with large pituitary tumours.

When viewed from above the diaphragmatic
sella may be concave, flat or convex and ranges
in width from 5 to 11 mm in adults. The aperture
of the sella varies in size and, if wide enough, can

result in herniation of the arachnoid mater, or
membrane, into the sella turcica. This herniation
of the arachnoid membrane into the sella turcica
enlarges the chiasmatic cistern, the subarachnoid
space below the optic chiasm, and flattens the
pituitary. This condition is known as the empty
sella [4]. Herniation of the arachnoid membrane

(a) (b)

(c) (d)

Fig. 32.1 a Midline sagittal section of brain MRI
depicting the gross anatomical relations of anterior
pituitary in a 2.5 year old infant. b Midline sagittal
section of brain MRI in an adolescent male with Rathke’s
pouch cyst abutting the optic chiasm. c Coronal section of
brain MRI at the level of pituitary. d Midline sagittal
section of brain MRI in an adolescent female with
enlarged pituitary gland. The gland appears to be
moulding the optic chiasm. Follow-up MRI after

4 months showed resolution of the enlargement. This
type of enlargement is not uncommon during adolescence.
Sphenoid sinus is fully developed in this age rendering
transphenoidal approach easier. AP anterior pituitary; CC
corpus callosum; ICA internal carotid artery; M Medulla
oblongata; MB midbrain; NP nasopharynx; OC optic
chiasm; ON optic nerve; P pons; PG pituitary gland; PP
posterior pituitary; PS pituitary stalk; S sphenoid sinus;
T thalamus
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into the sella turcica increases the risk of injury to
the membrane during pituitary surgery and sub-
sequent cerebrospinal fluid (CSF) leak [2].

The walls of the sella turcica are formed by
the folds of dura mater, which also form the
medial walls of the cavernous sinuses, the space
lateral to pituitary filled with thin walled veins
[2]. The oculomotor, trochlear and the first two
branches of the trigeminal nerve run in the lateral
walls of the cavernous sinuses and the abducens
nerve, a portion of the internal carotid artery and
the sympathetic plexus are contained within the
sinuses [2]. The pituitary gland is separated
inferiorly from the floor of the sella turcica by a
venous sinus that communicates with the circular
sinus, the veins in the spaces anterior and pos-
terior to the sella turcica that connect the two
lateral cavernous sinuses [1].

Anterior Pituitary

The anterior pituitary consists of epithelial cells
that derive from the oral ectoderm [5]. It consists
of the pars anterior (or pars distalis), which is
the anterior or distal part of the anterior pituitary,
the pars intermedia which is the intermediate part
of the pituitary between the anterior and posterior
pituitary, and pars tuberalis which surrounds the
infundibular stem of the posterior pituitary. The
pars anterior and intermedia are separated by a
cleft, which is a remnant of Rathke’s pouch from
which the anterior pituitary develops (see section
on Embryology). Pathologic enlargement of the
cleft may lead to a cyst known as a Rathke’s cleft
cyst (Fig. 32.1b). In humans, in contrast to the
mouse, the pars intermedia largely disappears
during embryogenesis and is rudimentary and
ill-defined in the adult pituitary [6].
Melanocyte-stimulating hormone (MSH) is tra-
ditionally thought to be generated in the pars
intermedia; however, it may actually be produced
in the pars anterior [7].

Histologically distinct cells found in the ante-
rior pituitary include chromophil cells, chromo-
phobe cells, and folliculostellate cells.
Folliculostellate cells do not produce hormones
while the chromophil and chromophobe cells

produce hormones. The hormone producing cells
are named for the hormone(s) they produce. The
anterior pituitary produces six different peptide
hormones: (1) growth hormone (GH) or soma-
totrophin, (2) prolactin (PRL) or mammotrophin,
(3) adrenocorticotropic hormone (ACTH) or cor-
ticotrophin, (4) thyroid-stimulating hormone
(TSH) or thyrotrophin, (5) follicle-stimulating
hormone (FSH), and (6) luteinising hormone (LH).

The chromophobe cells comprise the majority
of the cells of the anterior pituitary making up
about 50% of the epithelial cells. These cells are
small and do not react to routine staining. This
population comprises different cell types such as
degranulated secretory cells and stem cells.

The chromophil cells are either acidophils or
basophils. Acidophils, also known as a-cells,
include somatotrophs (producing GH), mam-
motrophs or lactotrophs (producing prolactin),
and somatomammotrophs (producing both GH
and prolactin). Basophils, also known as b-cells,
include corticotrophs (producing ACTH), thy-
rotrophs (producing TSH), and gonadotrophs
(producing LH and FSH). Pituitary tumours are
often characterised as basophil or acidophil
depending upon the dominant cell type. The
somatotrophs are the largest and most abundant
making up approximately 50% of the chromophil
cells in the anterior pituitary. The thyrotroph cells
make up 6–10% of the chromophil cells [8].
Corticotrophs in humans are distinguished by
300 nm secretory granules [8], and account for
10% of the chromophil cells. Gonadotrophs make
up another 10–15% of the chromophil cells. They
are located throughout the anterior pituitary, often
in close proximity to mammotrophs [6]. The
majority of gonadotroph cells have granules of
200 nm but often larger—500 nm—granules are
seen. All cells that produce glycoproteins (thy-
rotrophs and gonadotrophs) stain PAS (periodic
acid-Schiff) positive [8].

The folliculostellate cells constitute the sup-
porting and trophic network of the hormone
producing cells and contain peptides with growth
factor or cytokine activity. Basic fibroblast
growth factor is produced in folliculostellate cells
and is implicated in the control of the production
of pituitary hormones in a paracrine manner.
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Posterior Pituitary

The posterior pituitary arises from the dien-
cephalon (the posterior forebrain located between
the midbrain and the cerebrum) and consists
primarily of axons from supraoptic and par-
aventricular nuclei of the hypothalamus. These
neurons secrete vasopressin (or antidiuretic hor-
mone, ADH) and oxytocin. The posterior pitu-
itary includes the median eminence at the base of
the infundibular stalk, the infundibular stalk (or
infundibulum, or stalk) and the pars posterior (or
posterior lobe, or neural lobe). The infundibulum
of the pituitary is a conical process originating
from the tuber cinereum of the hypothalamus that
connects the posterior pituitary to brain. In the
infundibulum the thin non-myelinated axons are
ensheathed by typical astrocytes [1]. As the
axons continue into the posterior lobe, the
astrocytes are replaced by pituicytes, which are
dendritic in origin.

Blood Supply of the Pituitary

The pituitary gland receives arterial supply by a
single inferior and several superior hypophyseal
arteries, which arise from the internal carotid
artery. Branches of these arteries supply the
posterior pituitary directly and supply the ante-
rior pituitary indirectly via the hypophyseal
portal venous system [1].

The inferior hypophyseal artery originates
from the cavernous part of the internal carotid
artery and divides into medial and lateral bran-
ches. These branches anastomose and form a ring
around the infundibulum. Branches from this
circular anastomosis enter the posterior lobe to
supply its capillary bed [1]. The median eminence
and the upper part of the infundibulum receive an
arterial supply from the superior hypophyseal
arteries which arise from the supraclinoid part of
the internal carotid artery and the anterior and
posterior cerebral arteries [1]. The lower part of
the infundibulum and pars posterior receives its
supply directly from the inferior hypophyseal
artery and indirectly from the superior hypophy-
seal artery via the trabecular arteries [1].

The hypophyseal portal system that supplies
the anterior lobe consists of long and short portal
vessels. The long vessels arise from the external
capillary plexus and the posterior part of the
internal capillary plexus of the median eminence.
The two plexi form a continuum with the
infundibular capillary plexus which drains into
the long portal veins [1]. The long portal veins
allow secretions from the median eminence to
reach the anterior pituitary directly. The short
portal vessels come from the capillary net of the
lower infundibulum. The portal system is
essential for the endocrine function of the ante-
rior pituitary, since hormone releasing and
inhibiting factors secreted from the hypothalamic
nuclei collect in the median eminence and
infundibulum and are transferred directly to the
anterior pituitary without the dilution and meta-
bolism that would occur if they were transported
via systemic venous drainage to the heart and
arterial supply back to the anterior pituitary.

The venous drainage of the anterior pituitary
is restricted and only a few efferent vessels
connect directly to the systemic veins of the
cavernous sinuses. Venous drainage of the pos-
terior pituitary is via the inferior hypophyseal
vein to the dural sinuses, via the long and short
portal veins to the anterior pituitary, and via
capillaries passing through the median eminence
to the hypothalamus.

Embryology of the Pituitary

Studies in different species have demonstrated
that pituitary development is highly conserved
from lower vertebrates through to higher mam-
mals [9]. The mature pituitary gland has a dual
embryonic origin—the anterior and intermediate
lobes of the pituitary derive from the oral ecto-
derm, while the posterior pituitary derives from
the neural ectoderm.

The pituitary or adenohypophyseal placode
originates from the midline of the anterior neural
ridge which is the most anterior part of the neural
plate in the embryo and forms the boundary
between the anterior part of the ectoderm and the
neuroectoderm [10]. The pituitary placode is
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immediately adjacent to the neural plate cells that
give rise to the telencephalon, hypothalamus and
posterior pituitary.

The pituitary placode is the site of an
invagination of the oral ectoderm called Rathke’s
pouch which will give rise to the anterior and
intermediate lobes of the pituitary (Fig. 32.2). In
humans, the oral ectoderm containing the pitu-
itary placode is formed by the third week of
gestation. A week later Rathke’s pouch begins to
develop and by the end of the sixth gestational
week the initial invagination completely discon-
nects from the oral ectoderm.

Pituitary development has been extensively
studied in mice and the detailed description that
follows refers to this species. Anterior pituitary
development occurs in four stages: (1) formation
of the pituitary placode, (2) development of a
rudimentary Rathke’s pouch, (3) formation of the
definitive Rathke’s pouch, and (4) terminal dif-
ferentiation of various cell types [9].

At 7.5 dpc, the pituitary placode develops as a
thickening of the ectoderm at the roof of the
primitive oral cavity. The pituitary placode
makes contact with the floor of the ventral
diencephalon and this is a critical event in the

development of the pituitary. At approximately 9
dpc, the oral ectoderm invaginates to form a
rudimentary Rathke’s pouch, the primordium of
the anterior pituitary while the ventral dien-
cephalon evaginates to form the infundibulum
and the posterior pituitary (Fig. 32.2). Subse-
quently, the definitive Rathke’s pouch is formed
and the spatial and temporal differentiation of the
various cell types within the mature anterior
pituitary gland takes place [11]. At approxi-
mately 12.5 dpc, differentiated corticotrophs
appear in the ventral region of the pouch and
thyrotrophs on 13.5 dpc. Differentiated melan-
otrophs appear in the intermediate lobe a day
later, and somatotroph, lactotroph and gonado-
troph cells arise temporally between 15.5 and
16 days. By 17.5 dpc all hormone-secreting cell
types have undergone terminal differentiation
and are organised into distinct spatial networks
within the gland [11].

The juxtaposition of the oral ectoderm form-
ing Rathke’s pouch and the neural ectoderm of
the diencephalon which later develops into the
hypothalamus is maintained in the early stages of
pituitary organogenesis [11]. Inductive tissue
interactions resulting from this contact and

Fig. 32.2 Mouse pituitary development in sagittal sec-
tion. Stages of development are indicated in dpc. AL
Anterior lobe, AN anterior neural pore, DI diencephalon,
F forebrain, H heart, HB hindbrain, I infundibulum, IL
intermediate lobe, MB midbrain, N notochord, NP neural

plate, O oral cavity, OC optic chiasm, OM oral mem-
brane, P pontine flexure, PL posterior lobe, P pons, PP
prechordal plate, RP Rathke’s pouch, SC sphenoid
cartilage. Adapted from Sheng and Westphal [21], with
permission from Elsevier
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extrinsic signalling from the neuroectoderm of
the infundibulum are critical for the initial
development of the pituitary gland [12]. A cas-
cade of signalling molecules and transcription
factors play crucial roles in organ commitment,
cell proliferation, cell patterning and terminal
differentiation events within the developing
pituitary.

HESX1, PROP1, POUIF1/PIT1, LHX3,
LHX4, TBX19 (TPIT), PITX1, PITX2, SF1,
SOX3 and SOX2 are transcription factors
implicated in pituitary organogenesis (Fig. 32.3)
and mutations in these factors in humans are
associated with septo-optic dysplasia, combined

pituitary hormone deficiency, isolated growth
hormone deficiency, or isolated adrenocorti-
cotropic hormone deficiency (Table 32.1). This
is not an exhaustive list and the roles of other
transcription factors are being defined. Tran-
scription factors act as activators or repressors
and play a significant role in the cell type spec-
ification and cell fate within the pituitary gland.

Signalling molecules implicated in pituitary
development are either intrinsic, emanating from
the oral ectoderm such as sonic hedgehog (Shh),
or extrinsic from the neuroectoderm such as
Fibroblast growth factors (FGFs) and bone
morphogenetic factors (BMPs) [5] (Fig. 32.3).

Fig. 32.3 Schematic representation of the developmental
cascade of genes implicated in human pituitary development
with particular reference to pituitary cell differentiation.

From Kelberman et al. [5], with permission from The
Endocrine Society
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These molecules may activate or repress tran-
scription factors such as Hesx1, Lhx3 and Lhx4.
They may also act as morphogens and create the
appropriate environment for cell differentiation
thus playing a critical role in cell fate. Such
signalling molecules include members of the Shh
family, FGFs, transforming growth factors
(Tgfs), Bmps, Wingless (Wnts) and molecules in
the Notch pathway to mention a few. To date, not
many pituitary phenotypes have been reported in
association with mutations in these signalling
molecules (Table 32.1). However it appears that
they may be implicated in pituitary tumorigenesis
such as in the case of the Wnt signalling pathway
[13]. A number of microarray studies have
identified altered expression of Wnt inhibitors in
pituitary tumours and there is clear evidence that
the Wnt/b catenin pathway is involved in the

pathogenesis of craniopharyngioma, a rare
tumour in the hypothalamic-pituitary region.

Physiology of the Pituitary

The hypothalamic-pituitary system is the central
regulator of hormone production in the body.
The anterior pituitary secretes the following
hormones:

(i) growth hormone (GH) or somatotropin
(ii) prolactin (PRL)
(iii) adrenocorticotropic hormone (ACTH) or

corticotrophin
(iv) melanocyte-stimulating hormone

(MSH) which is also produced by the
intermediate lobe

Table 32.1 Transcription factors and signalling molecules implicated in pituitary abnormalities and associated
phenotypes

Gene Phenotype Inheritance

HESX1 Variable: SOD, CPHD, IGHD with EPP. APH or absent; PP: ectopic or
eutopic

AD or AR

OTX2 Anophthalmia, APH, EPP, absent infundibulum Het:
haploinsufficiency

SOX2 Bilateral anophthalmia/microphthalmia, IHH, APH, Hypothalamic hamartoma,
abnormal CC, Esophageal atresia, SNHL

De novo
haploinsufficiency

SOX3 IGHD with LD, CPHD, APH, infundibular hypoplasia, persistent
craniopharyngeal canal, EPP, midline abnormalities

X-linked recessive

GLI2 HPE, CPHD, craniofacial abnormalities, polydactyly Haploinsufficiency

LHX3 CPHD, short rigid cervical spine, SNHL, APH or enlarged AP AR

LHX4 CPHD, persistent craniopharyngeal canal, abnormal cerebellar tonsils, APH,
EPP, absent infundibulum

AR; AD;
haploinsufficiency

PROP1 CPHD, enlarged pituitary with later involution AR

POU1F1
(PIT1)

CPHD, APH AD or AR

TBX19/
TPIT

Isolated ACTHD AR

SHH HPE, cleft lip/palate AD

FGF8 Variable: IHH, KS, cleft lip/palate, HPE AD or AR

ARNT2 CPHD – ACTH, TSH and GHD with DI, CAKUT, progressive microcephaly
with LD

AR

ACTHD ACTH deficiency, APH anterior pituitary hypoplasia, CAKUT Congenital abnormalities of the kidney and
urinary tract, CPHD combined pituitary hormone deficiencies, EPP ectopic posterior pituitary, HPE holoprosencephaly,
IGHD isolated GH deficiency, IHH isolated hypogonadotrophic hypogonadism, KS Kallmann syndrome, LD learning
difficulties, PP posterior pituitary, SNHL sensorineural hearing loss, SOD septo-optic dysplasia
Features described here are not always present but have been variably described
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(v) thyroid-stimulating hormone (TSH) or
thyrotrophin

(vi) gonadotrophins: follicle-stimulating hor-
mone (FSH) and luteinising hormone (LH)

GH and PRL are single peptides, ACTH and
MSH are peptides deriving from a single pre-
cursor and TSH and the gonadotrophins are
glycoproteins composed of a common a-peptide
chain (89 residues) and a variable b-peptide
chain.

The posterior pituitary gland secretes vaso-
pressin or antidiuretic hormone (ADH) or AVP
(arginine–vasopressin) and oxytocin. The syn-
thesis of ADH and oxytocin takes place in the
supraoptic and paraventricular hypothalamic
nuclei. ADH and oxytocin reach the posterior
pituitary lobe via axons of the hypothalamic
neurons which project to the posterior pituitary
and are secreted in the capillaries in response to
hypothalamic stimuli. ADH and oxytocin share a
high degree of sequence homology. ADH is
activated by hyperosmolar stimuli and acts on the
collecting ducts of the kidneys to facilitate water
reabsorption. Oxytocin is produced at the late
stage of labour both in the mother and in the
baby resulting in smooth muscle contraction in
the uterus and in the mammary gland.

The production of anterior pituitary hormones
is regulated by a cascade system that is charac-
terised by signal amplification and negative
feedback inhibition [14]. The negative feedback
systems operate when sufficient amounts of the
ultimate hormone have been reached in the cir-
culation. There are three negative feedback sys-
tems (1) long feedback; i.e. the ultimate hormone
produced in the periphery back to the pituitary or
brain, (2) short feedback; i.e. the anterior pitu-
itary hormone back to the hypothalamus, and
(3) ultra-short feedback; i.e. the hypothalamic
releasing factor back to the hypothalamus [14].

Puberty (Fig. 32.1d) and pregnancy are two
periods in human lifespan characterised by
physiological enlargement of the pituitary, pre-
sumably because of the increased activity of the

gland [15]. In childhood, conditions charac-
terised by abnormal secretion of pituitary hor-
mones are usually congenital deficiencies/
insufficiencies (Table 32.2).

Growth Hormone (GH)

GH is a 22 kda peptide of 191 amino acid resi-
dues secreted by somatotroph cells. Its main
effects are promotion of growth and metabolism.
GH is an anabolic hormone promoting protein
synthesis and an important counter-regulatory
hormone to hypoglycaemia. The last action is
mediated via the increase in plasma glucose
concentration (diabetogenic action) and the
release of free fatty acids that can serve as an
alternative energy source.

The promotion of growth is largely medi-
ated via GH stimulation of the liver production
of Insulin-like growth factor (IGF) 1. IGF-1
acts on bone growth plates to promote linear
growth. GH also has some direct action on the
growth plate. Clinically, it is useful to measure
IGF-1 as a surrogate marker of GH secretion or
GH replacement for individuals on GH
treatment.

GH is secreted in the pituitary gland following
stimulation by GH-releasing hormone (GHRH)
from the hypothalamus. GH production is
inhibited by the hypothalamic peptide somato-
statin. GH is normally secreted in a pulsatile
manner. Peak levels of GH coincide with peak
levels of GHRH. Trough levels of GH coincide
with peak levels of somatostatin. In childhood,
GH is secreted in a circadian pattern with GH
peaks occurring every 1–2 h. Insufficiency of
GH production is usually diagnosed using GH
stimulation tests that include insulin tolerance
test, glucagon provocation, exercise, dopamine,
etc. However, the diagnosis of GH insufficiency
is challenging as no test is perfect and the diag-
nosis is therefore based upon a combination of
auxological (or growth), biochemical and neu-
roradiological data.
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Prolactin (PRL)

Prolactin is a peptide of 198 amino acid residues
produced by lactotroph cells. It has considerable
structural homology to GH. The classic endo-
crine action of this hormone is the promotion of
growth and maturation of the mammary gland
during pregnancy in order to achieve lactation.
The exact mechanism of the mammotrophic
effect of PRL in humans is largely unknown and
our knowledge is based on animal studies.

Apart from its classic endocrine action, PRL
has other autocrine–paracrine actions as a growth
factor, neurotransmitter, and immunoregulator
[16]. In males of most animal species, PRL
stimulates testicular function [16]. Other actions
ascribed to PRL include effects on metabolism,

salt and water balance, sexual function and
reproduction, and brain and behaviour.

The mechanism of PRL secretion is largely
unknown and it is thought to be under the
influence of a PRL-releasing factor that is not
well defined and a PRL-inhibiting factor, also not
well defined but it may be dopamine or a peptide
controlled by dopamine [14]. Additionally,
hypothalamic thyrotrophin releasing hormone
(TRH) may stimulate PRL production.

Adrenocorticotropic Hormone (ACTH)

ACTH is a relatively small peptide of only 39
amino acid residues which derives along with
a-MSH, b-lipotropin and b-endorphin from a

Table 32.2 Conditions with abnormal secretion of pituitary hormones

Hormone Secretion Causes

ACTH Insufficiency Congenital
Isolated ACTHD (TBX19/TPIT mutations), CPHD, may be evolving (PROP1
mutations)
Acquired: tumour, surgery, trauma, radiotherapy, infiltration, autoimmune,
post-infectious

Excess Cushing disease

TSH Insufficiency Congenital: Isolated (TRHR mutations, TSHb mutations, IGSF1 mutations),
CPHD
Acquired: tumour, surgery, trauma, radiotherapy, infiltration, autoimmune,
post-infectious

Gonadotrophins Insufficiency Congenital: HH (mutations in GPR54, GnRHR), KS (mutations in FGFR1,
FGF8, KAL1, PROK2, PROKR2, CHD7, WDR11, NELF); congenital forms
may rarely present in adulthood
Acquired: tumour, surgery, trauma, radiotherapy, infiltration, autoimmune,
post-infectious

GH Insufficiency Congenital: IGHD (GHRH-R, GH1 mutations), CPHD
Acquired: tumour, surgery, trauma, radiotherapy, infiltration, autoimmune,
post-infectious

Excess Adenoma: gigantism in childhood, acromegaly in adulthood

PRL Excess Prolactinoma

ADH Insufficiency Congenital: Isolated or CPHD
Acquired: tumour, surgery, trauma, radiotherapy, infiltration, autoimmune,
post-infectious

Excess SIADH –(transient) either from pituitary secretion of ADH or from ectopic
production

Oxytocin Insufficiency CPHD, unknown clinical significance outside parturition/lactation

CPHD combined pituitary hormone deficiencies, IGHD isolated GH deficiency, HH Hypogonadotrophic
Hypogonadism, KS Kallmann syndrome, SIADH syndrome of inappropriate antidiuretic hormone
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single common precursor, the pre-pro-
opiomelanocortin. ACTH regulates the produc-
tion of glucocorticoids. Cortisol is the major
glucocorticoid in humans and is released in the
circulation both in a circadian and in a pulsatile
manner. Circadian secretion of cortisol is subject
to the circadian production of corticotrophin
releasing hormone (CRH) by the hypothalamus.
The highest ACTH production is at 0800 in the
morning.

Glucocorticoid secretion in response to stress
is crucial for homeostasis and deficiency of
ACTH is life-threatening. ACTH binds to the
melanocortin 2 receptors (MC2-R) which are
widely distributed throughout the body [17].
Additionally, ACTH regulates the production of
adrenal androgens androstenedione and dehy-
droepiandrosterone by the zona reticularis of the
adrenal cortex. Glucocorticoids inhibit the pro-
duction of ACTH in a classic model of hormonal
negative feedback.

Melanocyte-Stimulating Hormone
(MSH)

MSH derives from the same precursor as ACTH.
Its action in humans is unclear but it may have a
role in skin pigmentation. ACTH has some MSH
activity that is evident by the increased skin
pigmentation often seen in patients with high
ACTH levels including those with Addison’s
disease. However, MSH does not appear to exert
any ACTH-like action.

Thyroid-Stimulating Hormone (TSH)

TSH is a 28 kda glycoprotein which regulates the
production of thyroxine and triiodothyronine by
thyroid follicular cells [8]. TSH secretion is
stimulated by hypothalamic thyrotropin-releasing
hormone (TRH). There is a negative feedback
mechanism with thyroxine (T4) and triiodothy-
ronine (T3) suppressing TSH secretion. Thyroid
hormones exhibit complex metabolic effects with
the increased thyroid hormone concentrations in
hyperthyroidism causing an increase in the basal

metabolic rate, tachycardia, excess growth,
sweating, poor concentration and weight loss.
Low concentrations of thyroid hormone in
hypothyroidism are classically associated with
poor growth and short stature, weight gain, fati-
gue, lethargy and bradycardia. Features of
hypothyroidism may be subtle in childhood.

Gonadotrophins—Follicle-Stimulating
Hormone (FSH) and Luteinising
Hormone (LH)

The gonadotrophins are glycoproteins consisting
of a and b subunits. The b subunit confers
specific biological activity and consists of 121
amino acids in LH and 118 amino acids in FSH.
Gonadotrophin production is stimulated when
hypothalamic gonadotrophin releasing hormone
(GnRH) binds to specific receptors on the
gonadotroph cells of the anterior pituitary. LH
and FSH produced by the anterior pituitary bind
to their receptors in the gonads stimulating
steroidogenesis and gametogenesis, respectively.
The synthesis of LH and FSH is dependent on
the pattern of GnRH secretion such that an
increased frequency of pulsatile hypothalamic
GnRH release favours LH b gene transcription
over FSH b gene transcription while a decreased
frequency of pulsatile GnRH release, such as
occurs in the luteal and early follicular phase of
the female menstrual cycle, favours FSH b gene
transcription [18].

Sex steroids feed back to the hypothalamus
and pituitary suppressing the production of
GnRH and LH and FSH, respectively, and form a
classic negative feedback circuit. However, by
some poorly understood mechanism, in females
prior to ovulation the feedback is positive instead
of negative and the result is a surge in LH
resulting in ovulation [19].

Before birth, the hypothalamic–pituitary–go-
nadal (HPG) axis is hyperactive in a sexually
dimorphic manner that is essential for the sexual
differentiation of the brain [20]. This activity
gradually declines over a period of 3–4 months
postnatally and a long period of inactivity fol-
lows until adolescence.
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Lack of gonadotrophins due to either GnRH
deficiency or reduced action leads to hypogo-
nadotrophic hypogonadism, with delayed or
absent puberty and impaired fertility (Table 32.2).
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33Surgical Considerations
of the Pituitary

Toba Niazi and Samuel R. Browd

Pituitary surgery includes the excisional treat-
ment of lesions within or adjacent to the sella
turcica, the hypophyseal or pituitary fossa of the
sphenoid bone which contains the pituitary
gland. These pituitary lesions are not rare in
children and include a variety of tumors, the most
common of which are craniopharyngiomas. This
chapter reviews the evaluation of and the surgical
approach to pituitary lesions.

Pituitary Lesions

In the pediatric population almost 90% of lesions
in the sellar and parasellar region are cranio-
pharyngiomas. The remaining 10% include a
variety of other pathological entities including
pituitary adenomas, Rathke’s cleft cysts, germi-
nomas, hamartomas, lipomas, teratomas, der-
moid cysts, epidermoid cysts, lymphocytic
hypophysitis, and Langerhans cell histiocytosis
[1–5]. Craniopharyngiomas are slow-growing,
biologically benign tumors that arise from the

primitive pituitary epithelium of Rathke’s pouch.
Craniopharyngiomas have a bimodal age distri-
bution with the adamantinomatous variant typi-
cally presenting in the first and second decade of
life and the papillary variant typically presenting
in the fifth decade [6]. Although craniopharyn-
giomas are histologically benign and do not
spread to other body areas their location at the
base of the brain and close proximity to critical
structures present formidable treatment chal-
lenges (Fig. 33.1).

Pituitary adenomas are the second most
common lesion in the sellar and parasellar region
in children and account for 3% of the total.
Prolactinomas and adrenocorticotropic hormone
(ACTH) secreting tumors are the most common
pituitary adenomas requiring treatment and non-
secretory adenomas are less frequent [4, 7] (see
Fig. 33.2).

Preoperative Evaluation

Except in emergency cases of pituitary apoplexy
with visual compromise or cases of acute
obstructive hydrocephalus, a complete medical
evaluation by a multidisciplinary team is per-
formed before surgical intervention. Specifically,
detailed endocrine and ophthalmological evalu-
ation must be performed.

Preoperative endocrine evaluation should
include measurement of prolactin, growth hor-
mone, thyroid stimulating hormone (TSH), fol-
licle stimulating hormone (FSH), leutinizing
hormone (LH), cortisol, triiodothyrinone (T3),
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and thyroxine (T4). This evaluation will reveal
secretory lesions such as prolactinomas that
might be amenable to medical therapy. In addi-
tion, baseline hormonal deficits that could cause

perioperative problems will be identified and
replacement therapy can be instituted. Mild
hyperprolactinemia (<200 ng/mL) may occur
with suprasellar lesions that do not secrete pro-
lactin but only compress the pituitary stalk (the
“stalk effect”) [8, 9].

Baseline ophthalmological evaluation is nec-
essary to assess for preoperative vision deficits
that may be caused by the tumors. Although a
major goal of pituitary surgery is to preserve
vision, sometimes transsphenoidal and transcra-
nial procedures may adversely affect visual acu-
ity. The careful preoperative and postoperative
assessment of vision allows for appropriate
counseling of patients and families [8, 9].

All patients with sellar pathology typically
undergo computed tomography (CT) and should
also undergo magnetic resonance imaging
(MRI) with and without contrast. The CT helps
to define pneumatization of the sinuses and
determines if special instrumentation is required
to access the sellar region through the nonpneu-
matized sinuses. CT also delineates the anatomy
of the sphenoid sinus including the septa that
may be present and their relationship to the car-
otid impression on either side of the sella.

Fig. 33.1 a and b Suprasellar craniopharyngioma (sagit-
tal and axial projections) demonstrating the common
appearance of this lesion with solid and cystic

components. CT imaging (not shown here) commonly
demonstrates peripheral calcification

Fig. 33.2 Macroadenoma with suprasellar extension.
Classic “snowman” appearance on imaging as the lesson
violates the diaphrama sella superiorly. Laterally, the
lesion appears to have cavernous sinus invasion with
tumor around the carotid arteries bilaterally
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Recognition of these relationships is important to
help avoid injury to the carotid arteries. MRI
provides better definition of the neural structures
and the relationship of the tumor to the optic
chiasm, optic nerves, carotid arteries, and the
cavernous sinus. The degree of tumor extension
into surrounding regions is assessed and can
determine which nares is used for transsphe-
noidal access or from which side of the head the
tumor is approached during transcranial resec-
tion. High resolution MRI may also better iden-
tify the sphenoid septa and their relationship to
the cavernous carotid arteries than CT. Identifi-
cation of the carotid arteries is critical because
some patients have paramedian or “kissing”
cavernous carotid arteries that prevent the
transsphenoidal approach [10]. Not recognizing
this variant on preoperative imaging could lead
to vascular injury, severe neurovascular mor-
bidity and even mortality.

Redo transsphenoidal surgical procedures
require a precise preoperative definition of anat-
omy since the normal landmarks that allow safe
access through this trajectory are no longer pre-
sent and the risk of injury to the cavernous car-
otid is higher. This imaging is essential for the
computer-assisted, image-guided techniques that
are especially valuable in redo cases to allow for
a safe operative approach.

Surgical Goals

The aims of surgical resection of sellar and
parasellar masses are to relieve compression on
surrounding structures, such as the optic chiasm,
to attain gross total resection to minimize recur-
rence and eliminate hormonal hypersecretion, to
minimize brain retraction, and to preserve pitu-
itary function [8]. The majority of children with
sellar lesions present to medical attention with
acute hydrocephalus due obstruction of third and
lateral ventricular outflow tracts [2, 11, 12].
Resection of the mass relieves the obstruction
and in some cases may obviate the need for
long-term CSF diversion by either ventricu-
loperitoneal shunting and or endoscopic third
ventriculostomy. Lesions with rapid growth,

necrosis, or hemorrhage may compress the optic
chiasm causing precipitous loss of vision and
may also impair the blood supply to the pituitary
causing “pituitary apoplexy” with loss of normal
hormonal function [13–15]. Emergent medical
evaluation and surgical decompression is essen-
tial to preserve visual acuity and prevent the
ensuing hormonal deficiencies such as acute
adrenal insufficiency [13–15].

Failure of pharmacologic management of
sellar masses with continued growth and mass
effect, specifically pituitary adenomas such as
prolactinomas warrants surgical intervention
[16]. In addition, some patients do not tolerate
medical management of their sellar masses and
may need surgical intervention. Recurrence of
disease after prior radiation and medical man-
agement is also an indication for surgical extir-
pation to prevent further disease progression and
neurological decline [15–19].

History of Surgical Treatment
of Sellar Tumors

In 1866, Pierre Marie described two adult
patients with acromegaly and an enlarged sella
and sparked investigations into neuroen-
docrinology and surgical treatment of pituitary
lesions [20]. Initially, the surgical approaches
were transcranial, but high mortality rates from
infection in the era before antibiotics led sur-
geons to pursue extracranial access to the sella
turcica [21–26]. In 1907, Schloffer performed the
first successful transsphenoidal resection of a
pituitary lesion without complication [27].
Cushing later used the transnasal transsphenoidal
approach to resect 231 pituitary tumors with a
5.6% mortality rate [28]. Cushing later aban-
doned the transsphenoidal procedures and advo-
cated transcranial approaches to the pituitary, but
Dott and Guiot continued to champion the
transsphenoidal route [29] The morbidity and
mortality rates of patients undergoing transnasal
transsphenoidal surgery continued to decrease
with advances in anesthesia, medical support,
and surgical instrumentation [30]. A major
advance was the introduction of the surgical
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microscope in 1971 by Hardy which markedly
improved visualization and the precision of
excision through the small access corridor [31].

Surgical Approaches to the Pituitary

The choice of transsphenoidal or transcranial
approaches to pituitary lesions is influenced by
the extent of tumor invasion within the
suprasellar and parasellar space as defined by
preoperative neuroimaging and by the experience
of the surgeon [9, 32]. The transnasal
transsphenoidal is usually the preferred route and
is the mainstay of surgical treatment of lesions of
the sella turcica [8, 15, 16, 19, 32–35]. Techno-
logical advancements such as computer-assisted,
image-guided surgery, frameless stereotaxy,
fluoroscopy, endoscopy, and extended
transsphenoidal approaches allow for less inva-
sive methods to access and attain complete tumor
resection. Many series of transnasal transsphe-
noidal resections report mortality rates of less
than 1% [17, 18, 34, 36, 37].

However, some sellar and parasellar masses
are not amenable to the transsphenoidal approach

due to the intimate association with neurovas-
cular structures, the optic apparatus, and the
hypothalamus. Such lesions require transcranial
approaches for safe gross total resection.
Transsphenoidal resections in children may be
more challenging than similar resections in adults
because of the lack of pneumatization of the
sphenoid sinus and the smaller size of the nares
and operative corridor. In these circumstances,
surgeon experience is of paramount importance
for optimal outcomes.

Transsphenoidal Approaches

Transsphenoidal resection of sellar tumors spaces
may be done via sublabial or transnasal, also
known as endonasal, approaches (Fig. 33.3). In
1910, Harvey Cushing was the first neurosurgeon
to adopt the sublabial transsphenoidal approach
to the sella [28]. Typically the patient is supine
with the face parallel to the ceiling and the head
approximately 15° above the heart to encourage
venous drainage. Flexion of the head can allow
for visualization of lesions that extend inferiorly
along the clivus while extension of the head

Sella
turcica Anterior

pituitary

Optic
chiasm

Posterior
pituitary

Pituitary stalk

Hypothalamus

Sphenoid
sinus

Sphenoid
sinus

Palate

Clivus

Transnasal
Sublabial

Fig. 33.3 The transphenoidal approach to the suprasellar
region is accomplished through either a transnasal or
sublabial trajectory. In young children, the translabial

approach is preferred as it offers a larger working channel
to access the sellar region
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allows better visualization of lesions with
suprasellar extension. The patient’s head is
placed on a horseshoe or Mayfield three point
fixation if frameless stereotaxy and intraoperative
navigation is used. The endotracheal tube is
gently placed to the left of midline and the
oropharynx is packed to prevent aspiration of
blood. The thigh or the abdomen is also prepared
as a donor site for possible fat and fascia grafts.
Topical and injection of lidocaine with epi-
nephrine promotes hemostasis and shrinks the
nasal turbinates. The upper lip is everted and a
sublabial incision is made from one canine fossa
to the other down to the maxilla and a subpe-
riosteal dissection superiorly exposes the piri-
form aperture and rostrum of the maxilla. The
floor of the nasal cavity is identified and the
mucosa is dissected from the floor with great care
along the mesial aspect and carried posteriorly
and superiorly to free the mucosa from side of
the nasal septum. The quadrangular cartilage is
visualized and disarticulated from the vomer and
perpendicular plate and mobilized away from the
midline. The rostrum and ostia of the sphenoid
sinus is identified. The ostia of the sphenoid
sinus mark the superior extent of bone removal.
A self-retaining Hardy speculum is inserted into
this opening in the sphenoid and the operative
microscope is brought in. The rostrum or face of
the sphenoid is then removed with a combination
of ronguers and kerosene punches until the
sphenoid septa and mucosa are well visualized.
The mucosa is removed to help with hemostasis
and prevent postoperative mucocele formation.
In children whose sinus is not pneumatized, the
bone must be drilled out and intraoperative
navigation or fluoroscopy will be necessary to
gain access through the sphenoid bone and to the
sella.

Once the sella is identified, the sellar floor is
removed posterosuperiorly with microronguers
or a drill. Often times, the tumor has already
eroded through the floor of the sella and dura
may be readily appreciated. The boundaries of
the bony removal of the sella are marked by the
cavernous sinus laterally and the circular sinus
superiorly. The dura is then incised and the mass
is resected in a methodical fashion with

microinstuments, starting with the floor of the
sella first, followed by the lateral extent of the
sella. This sequence of resection allows the
superior most portion of the tumor to drop into
the operative field, driven by pulsations of the
intact arachnoid. Care must be taken with
resection of the lateral regions of tumor to avoid
carotid artery injury. It is important to understand
the relationship between the tumor, the normal
pituitary gland, and suprasellar arachnoid in
order to minimize the risk of a cerebrospinal fluid
(CSF) leak and long-term CSF fistula. If a CSF
leak with violation of the arachnoid is identified,
an autologous fat and fascia graft is harvested
from either the abdomen or leg and the fascia
graft is placed against the dural opening and the
sphenoid sinus is packed with fat to hold the
fascia graft in position. A Valsalva maneuver is
used to ensure that the graft is in good position.
The sublabial incision is then closed with plain
catgut sutures, nasal tampons are inserted to aid
with hemostasis, and a mustache dressing is
applied.

The sublabial approach offers a wider expo-
sure for direct view of the sella and medial
portion of both cavernous sinuses [38, 39] while
maintaining normal nasal anatomy with reten-
tion of the fully intact nasal mucosa and middle
turbinates [40, 41]. This can be especially
important in Cushing’s disease when extensive
inspection of the entire sella may be required to
find the typical causative microadenoma [38,
39]. Children also have smaller nasal apertures
and the sublabial route provides a wider corri-
dor to access the sella than through the endo-
nasal route [38, 39]. Great caution must be
taken opening the Hardy nasal speculum within
the sphenoid sinus in children because the thin
surrounding bone and narrowness of the sphe-
noid sinus makes the carotid arteries more
vulnerable to injury [2, 9]. Depending on the
degree of mucosal injury and the extent of bony
resection, there can be postoperative perfora-
tions within the nares and associated cosmetic
concerns such as a saddle nose-deformity. The
biggest disadvantage of the sublabial approach
is the resulting paresthesia of the upper lip and
incisors [39].
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Due to the associated paresthesias experi-
enced with the sublabial approach, the endonasal
transsphenoidal approach has been used with
greater frequency in those patients whose nares
will allow placement of an endonasal speculum
[9, 17, 39]. An incision in the posterior nasal
septum or a relaxing alar incision may be made
in the floor of the nasal cavity to allow easier
introduction of the nasal speculum [17]. The
patient is positioned and prepped as previously
described. A handheld speculum is placed in the
nares and the microscope is brought in. The floor
of the nasal cavity, the inferior turbinate, and the
middle turbinate are identified. An incision is
made in the mucosa medial to the middle turbi-
nate abutting the nasal septum and the nasal
septum is disarticulated and retracted laterally.
A submucosal dissection is then performed on
either side of the keel of the nasal septum until
the superior sphenoid ostia are identified. The
Hardy speculum is then inserted into the nare and
the face of the sphenoid is removed along with
the mucosa with microronguers and kerosene
punches. The remainder of the tumor resection
proceeds as previously described.

The endonasal approach has gained wide-
spread favor because it reduces the incidence of
numbness of the upper teeth associated with the
sublabial approach and avoids potential scarring
of the vestibule [17, 39]. The major limitation of
this approach is reduced exposure which is a
more common issue in children because of their
small size [9, 17]. The relaxing alar incision used
to gain adequate exposure can cause postopera-
tive bleeding and mucosal irregularity which can
bother the patient. This endonasal approach may
also result in septal perforations and deviation of
the bony septum [9, 17].

Improvements in neuroimaging and intraop-
erative navigation coupled with technological
advances in operative instrumentation allow
access to regions of the skull base such as the
cavernous sinus, suprasellar cistern, and clivus
that were once thought to be accessible only by
transcranial approaches. These “extended”
transsphenoidal approaches are only useful in
patients who have small tumors with limited
intradural extension [9, 17]. The rich network of

perforators that reside in this region increase the
risk of bleeding for larger tumors due to the lack
of proximal control and direct visualization [17,
18, 32, 42–50].

Bushe and Halves first reported the use of the
endoscope in transsphenoidal surgery in 1978
[51]; however, this technique did not gain
widespread acceptance until the mid-1990s when
it was used extensively by otolaryngologists in
sinus surgery [52]. This approach typically
involves only one nostril. The endoscope can be
held by either an assistant or can be held in the
surgeon’s nondominant hand, and surgical
instruments can be held in the surgeon’s domi-
nant hand [53]. Once the anterior sphenoidec-
tomy is performed the endoscope is introduced,
or it can be introduced to perform the sphe-
noidectomy depending on the surgeon’s prefer-
ence. At this point the endoscope is mounted
freeing both hands of the surgeon to proceed
ahead with resection of the tumor. Others intro-
duce the microscope when tumor resection
ensues. The endonasal endoscopic approach also
offers a less traumatic route for the resection of
sellar and parasellar lesions, especially in the
pediatric population [2, 52]. The microscope
offers stereoscopic three-dimensional visualiza-
tion, illumination, and magnification of the
operative field. Endoscopy allows for a larger
and closer view of the surgical field, particularly
providing better anatomical detail and visualiza-
tion of any residual pathology, and a lower
complication rate. The microscope and endo-
scope can be used to complement each other to
provide superior results than either method alone.
The use of the endoscope is technically chal-
lenging, especially in the pediatric population
with a small pituitary fossa and the absence of
sphenoid sinus aeration. This technique provides
a narrower working corridor and avoids the
resection of the nasal turbinates and septum.
Transcranial Approaches.

Although Cushing was a pioneer in
transsphenoidal surgery, he later preferred tran-
scranial approaches and his influence made this a
common approach through the 1950s [54, 55].
As transsphenoidal approaches came into favor
later in the twentieth century, indications for
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transcranial approaches to the sellar region
became limited. Cases where the transsphenoidal
approach is contraindicated include presence of
sphenoid sinusitis and paramedian carotid arter-
ies. Patients who have extensive suprasellar and
parasellar extension of tumor are also good
candidates for transcranial approaches that
reduce the risk of injury and associated morbidity
[56]. The two most common transcranial
approaches to gain access to the sellar, parasellar,
and suprasellar regions are the pterional
(fronto-temporal) and the anterior subfrontal
approach.

The pterional approach was first described by
Yasargil [57] as the ideal approach to access the
circle of Willis for treating anterior circulation
aneurysms. This approach allows for the shortest
transcranial trajectory to the suprasellar cistern [9].
It involves a craniotomy of the fronto-temporal
bones and entails resection of the sphenoid wing
and provides excellent visualization of the
parasellar structures with minimal brain retraction.
This is the favored approach for removing sellar
masses that extend into the parasellar and
suprasellar compartments [9]. This method also
allows access to and resection of tumors adjacent
to an optic chiasm that is not immediately above
the pituitary, i.e., a prefixed optic chiasm. It also
allows for the direct visualization of the pituitary
stalk [11, 56]. Occasionally an extension of the
pterional approach, the orbitozygomatic approach,
is used where the orbital bar and part of the
zygoma are removed in addition to the frontal and
temporal regions in order to gain a better trajec-
tory superiorly to gain access to lesions that
extend above the suprasellar regions and into the
ventricular system [58, 59].

An alternative to gaining access to the sellar,
parasellar, and suprasellar regions described by
Suzuki [60–62] and Shibuya [63] is the fronto-
basal interhemispheric approach. This approach
minimizes brain retraction, and the major vessels
on the surface of the exposed brain in the frontal
and basal regions, specifically on the medial sur-
face of the frontal lobe and over the corpus callo-
sum can be spared [12, 60, 61, 63]. This approach
also allows for a straight frontal trajectory with
direct visualization of the tumor as it is being

removed between the optic nerves. This approach,
however, is contraindicated in those patients with
a prefixed chiasm [12, 56, 60, 61, 63]. The surgical
technique is complex and postoperative psycho-
logical problems due to bilateral frontal lobe
retraction and olfactory tract damage have been
reported [12, 56, 60, 61, 63]. Violation of the
frontal sinus is also possible and could result in
CSF leak and mucocele formation [12].

Some sellar and suprasellar tumors pose
unique challenges for neurosurgeon to achieve
optimal resection of tumor while limiting the
neurologic complications. This is particularly
true in patients who have retrochiasmatic cran-
iopharyngiomas [11, 56]. Retrochiasmatic cran-
iopharyngiomas are often hidden behind the
optic chiasm and may extend upward into the
third ventricle or down in front of the brainstem.
Hakuba and colleagues in 1985 first described
the use of the transpetrosal-transtentorial
approach now known as the posterior petrosal
approach, to expose and remove retrochiasmatic
craniopharyngiomas in five adult patients [64]. It
was further modified by Al-Mefty and applied
specifically to children [65–68]. This approach
involves a more extensive craniotomy and
exposes the retroclival area, the lower surface of
the chiasm, the floor of the third ventricle, the
tuber cinereum, pituitary stalk, and the interpe-
duncular cistern. This approach allows for
mobilization of the sigmoid sinus medially, and
allows an upward projection which facilitates
dissection of the tumor under direct visualization
with a wide exposure extending from the pitu-
itary stalk and hypothalamus up to the third
ventricle, so that a the tumor can be removed
from below [56, 65–68]. In experienced hands,
this method has the advantage of maintaining the
integrity of the hypothalamus. This approach
requires a mastoidectomy to gain access to the
presigmoid space and there was initial concern
that this would limit its utility in children because
the mastoid sinus is not fully developed and
pneumatized. However, Al-Mefty used the tech-
nique successfully in two children with lack of
pneumatization of the mastoid to successfully
expose and resect large retrochiasmatic
craniopharyngiomas.

33 Surgical Considerations of the Pituitary 445



Complications

In addition to the previously mentioned compli-
cations that are specific to each surgical
approach, there are complications that can occur
with all the approaches. Most notably, there can
be significant morbidity that results from trauma
to surrounding brain, especially the hypothala-
mus. The hypothalamus is an important regulator
not only allowing the linkage of the central ner-
vous system to the endocrine axis via the pitu-
itary gland, but also by regulating key metabolic
processes and other activities of the autonomic
nervous system. The hypothalamus is exceed-
ingly sensitive to manipulation and even minor
surgical maneuvers can disrupt its homeostasis.
Hyperphagia is a significant postoperative con-
cern in these patients, not only because of
long-term health consequences but also because
of the significant social implications that can in
turn affect the patient’s mental well-being.
Temperature regulation may also be a problem
postoperatively. In addition, significant damage
or manipulation of the hypothalamus can result
in prolonged or even permanent impairment of a
patient’s level of alertness. The exact mechanism
that is responsible for the disruption of arousal
not fully understood but revolves around dis-
ruption of the major input and output of the
reticular activating system. This interference with
arousal is usually the result of bilateral injury to
the hypothalamus.

As previously noted, rapid correction of the
compression of the optic nerves and optic chiasm
produced by sellar masses can result in a catas-
trophic loss of vision. The normal vascular
homeostasis is altered with the presence of the
mass and autoregulation is disrupted. Abrupt
decompression disrupts this newfound vascular
homeostasis and can significantly alter blood
flow to the optic nerves and can cause irre-
versible loss of vision. Endocrine abnormalities
are common after resection of sellar tumors.
Anterior pituitary dysfunction can range from
minor hormonal deficits to complete loss of
function of all hormonal output necessitating
postoperative hormone replacement therapy.

Posterior pituitary dysfunction, such as diabetes
insipidus is also common and must be anticipated
and treated to prevent catastrophic dehydration
with resultant venous sinus thrombosis.
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