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Preface

In the context of the accelerated progress in endocrinology, addressing adrenal gland
pathology and the latest therapeutic developments in adrenal diseases presents a
significant challenge.

The adrenal gland is essential for survival and represents the primary endocrine
pathway for adapting to stress, making its pathology complex and with profound
implications for the entire body.

This book delves into the anatomy, physiology, and pathology of the adrenal glands,
striving to present the current state of knowledge in the field and new therapeutic
perspectives.

The first section of the book is dedicated to describing the embryology, anatomy,
and physiology of the adrenal glands, with a separate chapter detailing the hormones
secreted by the adrenals and their effects on the body.

The second section of the book extensively covers adrenal diseases with clinical
significance. From Cushing’s syndrome to primary aldosteronism, from congenital
adrenal hyperplasia to pheochromocytoma, each chapter in this section is like a
standalone volume, exploring diagnostic and therapeutic aspects that can be reviewed
and redefined, presented in detail, and complemented with new data.

Equally important are the interconnections that the adrenal gland has within the
human body, laying the groundwork for describing the intimate mechanisms that
lead to adrenal diseases affecting other tissues and organs, as well as strategic
considerations regarding treatment. Surgical treatment is discussed separately,
given the complexity of this therapy and the technical advancements accumulated in
recent years.

This book, addressing both practicing endocrinologists and specialists from

other medical fields, explores the mysteries of adrenal diseases and provides a
comprehensive overview of the current state of knowledge about this gland. It
offers an easy-to-follow format that focuses on the most significant advancements
in the etiopathogenesis, clinical and laboratory diagnosis, and treatment of these
conditions.



I would like to express my gratitude to all the chapter authors for their courage in
addressing this complex and fascinating pathology and for their support in this
endeavor.

Diana Loreta Paun

Department of Endocrinology,

“Carol Davila” University of Medicine and Pharmacy,
Bucharest, Romania

Pasquale Cianci and Enrico Restini
“Lorenzo Bonomo” Hospital-ASL BAT,
Department of Surgery and Traumatology,
Andria (Puglia), Italy
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Chapter1

The Development and Anatomy of
Adrenal Glands

Ravi Kant Narayan, Ashutosh Kumar and Manika Verma

Abstract

The retroperitoneal adrenals are situated in the epigastric region of the abdomen,
on the upper pole of either kidney. The glands are golden-yellow in color. The right
adrenal is triangular or pyramidal, and the left one is semi-circular or crescentic in
shape. The blood supply rate per gram of tissue for the adrenal gland is one of the
highest. The two parts of the gland are derived from two different embryological
tissues. This chapter discusses the normal macro- and microscopic anatomy of the
gland along with its embryological development.

Keywords: adrenal, glands, retroperitoneal, microscopic anatomy, embryology

1. Introduction

The kidneys’ fibrous capsule (renal fascia) wraps a wedged glandular and neu-
roendocrine tissue to its upper pole. These tissue masses are referred to as adrenal
glands [1]. The adrenal glands were initially described in detail by Italian anatomist
Bartolomeo Eustachi in 1563-1564. Adrenal is a Latin word where “ad” means “near”,
and “ren” means “kidney”. The paired structure was termed “suprarenal”, another
Latin word where “supra” means “above”, by Jean Riolan the Younger in 1629 [2].
These are endocrine glands, therefore, receive profuse blood supply via multiple
arteries. In gross appearance, these are yellowish [3].

Adrenal glands have two major parts: the cortex and the medulla. These two parts
share the similarity in their location, apart from which they differ in their ontogeny,
phylogeny, architecture, and function [4]. In this chapter, the adrenals are discussed
under the following headings:

1. Location, external features, & coverings

2. Gross appearance and microscopic architecture
3. Arterial supply, Venous & Lymphatic drainage
4.Nerve innervations

5.Development
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2. Location, external features, & coverings

The retroperitoneal adrenals are situated in the epigastric region of the abdomen, on
the upper pole of either kidney (Figure 1). The right adrenal being pyramidal in shape,
has an apex, a base, two surfaces (anterior and posterior), and three borders (medial and

Figure 1.

llustration of the adrenal/ suprarenal gland’s location on the upper pole of both kidneys and the blood supply

of the glands (IVC — inferior vena cava, IPA — inferior phrenic artery, CT — coeliac trunk, SMA - superior
mesenteric artery, SSA — superior suprarenal artery, MSA — middle suprarenal artery, ISA — inferior supravenal

artery).

ez Diaphragmatic fascia

Renal fascia

Perirenal fat
Kidney

Figure 2.
Sectional illustration of the renal fascia enveloping the kidney, and adrenal gland, extending to fuse with the

diaphragmatic fascia.
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lateral) [4]. The posteromedial surface is related to the diaphragm, and the inferior vena
cava is on the anteromedial surface. Different aspects of the liver are related to the right
adrenal; the right lobe of the liver lies anteriorly, while the bare area is located superior to
the gland. The right kidney’s upper pole is inferolateral to the endocrine structure. The
crescentic left adrenal has two ends (narrow upper end and rounded lower end), two
borders (medial and lateral), and two surfaces (anterior and posterior). The stomach lies
anteriorly, the diaphragm posteromedially, and the kidney inferolateral [1].

The adrenals are surrounded by two sheaths, a layer of loose areolar tissue directly
encapsulating the glands, and is composed of a significant quantity of fat. At the
same time, the outer layer is the continuation of renal fascia, which also forms a thin
septum separating the kidney from the adrenal above. An extension of the fascia con-
nects the adrenal capsule’s outer layer to the diaphragm’s underlying peritoneal layer,
which is attributed to the movement of the gland during respiration (Figure 2) [5].

3. Gross appearance and microscopic architecture

The size of the adrenal glands is around 5 cm long, 3 cm wide, and up to 1 cm
thick. They weigh about 7 and 10 grams together in an adult person. The glands are
golden-yellow in color (Figure 3) [3]. The right adrenal is triangular or pyramidal,
and the left one is semi-circular or crescentic in shape. The external yellow-gold
adrenal cortex and the inner brown-red adrenal medulla could easily be demarcated
by gross examination of the cut surface of the adrenal gland [1, 6].

Microscopically, the adrenal cortex can be divided into three separate zones
depending upon the arrangement of the cells (Figure 4). These are zona glomerulosa,
zona fasciculata and zona reticularis. Each zone produces specific hormones pouring
into the sinusoids running between the cells [7].

3.1Zona glomerulosa

This is the outermost zone of the cortex, located just underneath the fibrous cap-
sule. The cells are arranged in oval clusters giving the term “glomerulosa” Aldosterone

e IHi TEEE[TITEIIET II-II Ry R R R R AR AR
o S R S A W S

Figure 3.
Image of adrenal glands, anterior (left) and posterior (vight) surface, with scale for measuring length. Image
courtesy: Mikael Héiggstrom, MD. Public Domain (CCo 1.0).
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Figure 4.
Histological image of the adrenal showing different zones of the cortex and the medulla.

synthase, an enzyme, works primarily in this layer to produce the mineralocorticoid
aldosterone, which is crucial for controlling blood pressure and maintaining salt
concentration (Table1) [5].

3.2 Zona fasciculata

The cells in this zone are organized in columns, or tape-like arrangements (hence
the term ‘fasciculata’) radially orientated toward the medulla. It makes up around
80% of the cortex’s volume, making it the thickest of the three layers. The fasciculata
cells release glucocorticoids like cortisol, which regulates the metabolism of proteins,
fats, and sugars (Table1) [5].

3.3 Zonareticularis

The innermost layer of the adrenal cortex lies adjacent to the medulla. Here the
tiny cells are arranged in the form of irregular cords and clusters (hence the term
‘reticularis’). The capillaries and connective tissue can be found between these cords.
These cells produce androgens in humans (Table 1) [5].

The central part of the gland, the medulla, contains chromaffin cells. These cells are
the primary source of catecholamines, i.e., adrenaline and noradrenaline. The fight-
or-flight response is characterized by the effects of the catecholamines, which include
elevated heart rate and blood pressure, constriction of blood vessels in the skin and
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Zones of the Adrenal Hormones Hormonal effects Regulatory controls
gland secreted
Zona Glomerulosa Mineralocorticoids, Increases renal Mineralocorticoid secretion is
Aldosterone reabsorption of stimulated by the activation of
sodium and water. the renin-angiotensin system

It also increases

and is inhibited by hormones

urinary loss of opposing that system.
potassium.
Zona Fasciculata Glucocorticoids, Glucocorticoids Glucocorticoids secretion

Cortisol increase rates is stimulated by the
of glucose Adrenocorticotropic hormone
and glycogen (ACTH)
formation by the
liver.
Zona Reticularis Androgens Stimulates the Androgen secretion is
development of stimulated by ACTH
pubic hair in boys
and girls before
puberty
Adrenal Medulla Adrenaline And Increases cardiac Adrenaline and Noradrenaline
Noradrenaline activity, blood secretion are stimulated by
pressure, glycogen sympathetic preganglionic
breakdown, and fibers during sympathetic
blood glucose activation.
levels.
Table 1.

Secretions of adrenal gland zones, their effects, and their regulatory controls.

gastrointestinal tract, dilatation of smooth muscle (bronchioles and capillaries), and
increased metabolism (Table1) [5].

4. Arterial supply, venous & lymphatic drainage

The blood supply rate per gram of tissue for the adrenal gland is one of the highest.
This could only be achieved due to several arterial branches entering the gland, which
are derived from three major branches (Figure 1) [8-10]:

a.Superior suprarenal artery - a branch of the inferior phrenic artery

b.Middle suprarenal artery - a direct branch of the abdominal aorta

c.Inferior suprarenal artery - a branch of the renal artery

On the contrary, each gland is drained by a single vein, namely

a.Right suprarenal vein which drains directly into the inferior vena cava

b.Left suprarenal vein which drains into the left renal or inferior phrenic vein.
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The short cortical arteries form the subcapsular plexus branches. The plexus then
provides an anastomosing network of capillary sinusoids that constitute the cortex’s
vascular system. These sinusoids infiltrate between the cords of zona fasciculata
and then create the deep plexus in the zona reticularis, where they drain into minute
venules that confluence with the principal vein of the medulla [7].

The medulla receives blood from two sources, the arterial medullary arterioles and
the venous cortical sinusoidal capillaries, which have already fed the cortex and are
high in adrenocorticosteroids. Long cortical arteries drop through the cortex from the
subcapsular plexus and ramify into a dense network of dilated capillaries around the
medullary secretory cells. The medullary capillaries then drain into the central medul-
lary vein. Subsequently, the venous drainage of the cortex also supplies the medullary
cells while crossing through the medulla on their way to the central medullary vein.
The corticosteroids in the cortical venules are thought to significantly impact the
medulla’s ability to synthesize adrenaline [5, 7].

The lymph from the paired glands drains into lateral aortic nodes. The lymphatic
vessels have been observed in the capsule, the connective tissue around the larger
blood vessels, and the parenchyma of the adrenal medulla [11].

5. Nerve innervations

The adrenal is a neuroendocrine gland, i.e., the gland is regulated by both the
pituitary hormones and nerve innervations. The cortical part of the gland is under
the regulation of adrenocorticotrophic hormone released by the anterior lobe of the
pituitary [5].

The adrenal medulla is considered a modified sympathetic ganglion as it is inner-
vated by the myelinated pre-ganglionic sympathetic fibers coming from T5-T11
(splanchnic nerves) spinal levels and pours its secretion into the sinusoids, unlike
other sympathetic ganglions [5].

6. Development

Either part of the adrenal gland is derived from two different embryological
tissues. The adrenal cortex is derived from proliferated mesothelial cells around
5-6 weeks post-conception, while the medulla originates from the neural crest
(Figure 5). The foetal adrenal cortex surrounds the growing adrenal medulla, and the
entire gland is enclosed in a mesodermal layer that isolates it from the nearby devel-
oping gonad and kidney. The foetal adrenal cortex separates into two histologically
distinct zones at about 9 weeks gestation: the definitive and foetal zones. Between the
definitive and foetal zones, a third layer, the transitional zone, develops in the third
trimester. The zona glomerulosa, the adrenal cortex’s outer layer that generates min-
eralocorticoids, and the zona fasciculata, which produces glucocorticoids, are formed
by 6 months of age from the definitive and transitional zones. The foetal cortex
involutes throughout the first year of life, and the zona reticularis, which generates
androgens, develops as the adrenal cortex’s innermost layer. By 3 to 4 years, the zona
reticularis differentiates into a separate layer (Figure 6) [6, 12].

It is interesting to note that medullary and cortical tissues combine to form a single
organ in mammals, whereas they form into two separate organs in pre-vertebrates.
The migration of medullary cells into the cortex, which starts in the seventh week of
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Figure 5.
Illustration of magnified view of a foetal section showing the developmental tissues of the adrenal cortex and
medulla.

trimester
gestation

3-4
years

Medulla (M) —
Medulla (M) - Fetal Cortex (FC) —
Fetal Cortex (FC) - Zona Fasciculata (ZF) —

Definitive zone (DZ) Zona Glomerulosa (ZG)

Medulla (M) -
Fetal Cortex (FC)

Medulla (M) — Medulla (M)—
Fetal Cortex (FC)—
‘Transitional zone (T7) —

Definitive zone (D7)

Fona Reticularis (ZR) —
Z.ona Fasciculata (ZF) —
Zona Glomerulosa (ZG)

Figure 6.
llustration of the timeline for the development of the zones of the adrenal cortex and the medulla in a foetus.

pregnancy, allows the primitive medullary and cortical cells to unite to form the adre-

nal gland. By the second trimester, the foetal adrenal cortex surrounds the medulla,
and the entire gland is encased by a mesodermal layer, which isolates the adrenal
glands from the nearby retroperitoneal structures [6, 13, 14].
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Chapter 2

Adrenal Cortex Hormones
Ali Gamal Ahmed Al-kaf

Abstract

Over 50 different steroids, including precursors to other steroid hormones, are
secreted by the adrenal glands, which are located directly above the kidneys. Aldoste-
rone and hydrocortisone, however, are the two most significant hormonal steroids
created by the adrenal cortex. Since aldosterone is too expensive to produce commer-
cially, other semi-synthetic analogues are now used to treat Addison’s disease in its
place. Fludrocortisone, for example, greatly increases both salt retention and anti-
inflammatory activity when combined with hydrocortisone. The kidneys’ ability to
reabsorb sodium is increased by aldosterone. Increased blood volume will follow an
increase in plasma sodium concentration. Additionally, aldosterone boosts potassium
ion excretion. Addison’s disease is brought on by inconsistency. Glycogen storage
synthesis is induced by the synthesis of glycogen synthase, and gluconeogenesis (the
production of glucose from glucose) is induced in the liver.

Keywords: steroid hormones, adrenal glands, synthesis, metabolism,
structure-activity relationship, mechanism and activity

1. Introduction

Over 50 different steroids, including precursors to other steroid hormones, are
secreted by the adrenal glands, which are located directly above the kidneys. Aldoste-
rone and hydrocortisone, however, which are the most significant hormonal steroids
produced by the adrenal cortex, are only used to treat Addison’s disease [1]. An 11-OH
and an 18-CHO in the naturally occurring hormone aldosterone naturally bridge to
form a hemiacetal.

Because aldosterone is too expensive to produce commercially, other semi-
synthetic analogues are now used to treat Addison’s disease instead [1].

Fludrocortisone, for example, greatly increases both salt retention and anti-
inflammatory activity when added to hydrocortisone [2, 3].

They also secrete a number of vital hormones that are crucial for maintaining a
healthy immune system, metabolic rate, and salt and water balance in the body
(Tables 1-5).
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Group of hormones Double bond Substitutes
X1 X, R
Corticosteroids f;-4 » =0 —gH H 29 —OH
ien- 1, - _
o =0
----- OH
Gestogens en-4 =0 -H (I;H3
C=—0
|
Androgens en-4 =0 -H -OH
Estrogens Trien-1,3,5 (No C-19) -OH -H -OH
=0
Table 1.

Chemical structure of steroid hormones [3].

Medicinal Color of solution Florescence
substances
Dezoxycortone Yellow (after addition of water becomes Green-yellow color with red florescence
acetate violet) (after addition of ethanol)
Cortisone Red (after heating to 80-90°C becomes Yellow (within 5 minutes under UV lamp)
acetate orange) “within 2 minutes”
Hydrocortisone Yellow transferred into red (within Yellow green transferred into green (after
5 minutes) addition of water)
Prednisolone Green transferred into red Not available (absent)
Table 2.

Results of the reaction between corticosteroids with conc. H,SO, [3-5].

Medicinal substances Solvent Max. absorption (nm) Refractive index

Dezoxy cortone acetate Ethanol 241 430-450

Cortisone acetate Ethanol 238 390

Hydrocortisone acetate Ethanol 241 395

Prednisolone Methanol 242 400-430
Table 3.

Conditions of spectrophotometric determination of corticosteroids [3-5].
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Clinical antirheumatic enhancement factors

Functional group Factor Functional group Factor
1-Dehydro 2.8 16 a-Methyl 1.6
6-Dehydro 0.9 6 p-Methyl 13
6 a-Methyl 0.9 16 «, 17 a-Isopropylidenedioxy 0.6
6 a-Fluoro 19 17 a-Acetoxy 0.3
9 a-Fluoro 4.9 21-Deoxy 0.2
16 a-Hydroxy 0.3 21-Methyl 0.3
Table 4.

Effects of substituents on glucocorticoid activity.

Functional group Glycogen deposition Anti-inflammatory activity =~ Effects on urinary sodium

9 a-Fluoro 10 7-10 4+
9 a-Chloro 3-5 3 ++
9 a-Bromo 0.4 ¥
12 a-Fluoro 6-8 ++
12 a-Chloro 4
1-Dehydro 3-4 3-4 —
6-Dehydro 0.5-0.7 +
2 a-Methyl 3-6 1-4 + 4+
6 a-Methyl 2-3 1-2 —
16 a-Hydroxy 0.4-0.5 0.1-0.2 —
17 a-Hydroxy 1-2 4 —
Table 5.

Enhancement factors for various functional groups of corticosteroids.

2. Chemistry of steroid hormones

The general formula for the basic structure of the steroid compounds may be
represented as follows [3].
18 R 20-21-22-etc
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2.1 General steroid formula

In 1956, N.N. Suvoroviy with his colleagues (Allunion Scientific Research of

Chemical and Physical Institute) were shown the ability of obtaining cortisone from
solasodine from the plant Solanum [3, 4].

CHg

CHj,
CH3 cH, 6O
CH, o CHg
HO HO
Solasodine Pregnenolone
aviculare, family of Solanaceae.
g g
CHy £ 0 CHy £—°
HO
CHjy CH3
[0]
—
0 o
Progesterone 11- o -oxy progesterone
<|3H3 CH,OH
cH, 60 cH, E0
o o
CHs CHs
[0]
— —
o o -
11- dihydrocorticosterone
CH,0H
CH; £ 0
o -OH
CHs
—_——
Cortisone

Corticosteroids may be differentiated from each other by reaction on this or other
functional groups [3].
By heating on water bath, spiritus solutions of corticosteroids with

phenylhydrazine solution formed yellow color. This reaction occurred with ketonic
group, for example [3].
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NH—N
phenylhydrazine cortisone acetate phenylhydrazone cortisone acetate

Reaction for obtaining acetohydroxamic acid which reacts with iron salts (III)
formed compounds colored in dark cherry (cortisone acetate) or red-brown color
(dezoxycortone acetate) [3].

OH
NS
CH;
|
CH;,
+ /N_ﬁ/
HO )
Fe® + 3 HCl

3

Acetyl group may be detected after hydrolysis of cortisone and hydrocortisone
acetate in spiritus solution of hydroxid potassium and subsequent addition of conc.
Sulfuric acid which forms ethyl acetate with characteristic odor. For identification of
hydrocortisone acetate: [3].

f
OH
CH;,S
i _C. _O._ _CH,
“cHy ¢

I
0

KOH

2CHsCOOK + H,S0, 4+ 2C,HsOH

2CH;COOC,Hs + KoSO, + 2H,0

The adrenal glands (which lie just above the kidneys) secrete over 50 different steroids,
including precursors to other steroid hormones. However the most important hormonal
steroids produced by the adrenal cortex are aldosterone and hydrocortisone [6-11].

2.2 Mineralocorticoids

They are used only for treatment of Addison’s disease. The naturally occurring
hormone aldosterone has an 11 p-OH and an 18-CHO that naturally bridge to form a
hemiacetal [7-13].

Aldosterone is too expensive to produce commercially; therefore other semisyn-
thetic analogues have taken its place for treatment of Addison’s disease [12].

Adding a 9 a-halogen to hydrocortisone (e.g. Fludrocortisone) greatly increases
both salt retention and anti-inflammatory activity [2, 3].
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1- Mineralcorticoids (High Salt ion)

I
4 CHZOH (‘:HZOR c‘:uzoccn3
c,6=0°

[o]

Cc=0

Aldosterone
(not commercially available)

Deoxycorticosterone (R = H) Fludrocortisone Acetate

Esters available:
Deoxycorticosterone Acetate: R =COCH;
Deoxycorticosterone Pivalate: R = COC(CH;);

The following table summarizes the relative effect of various substituents on salt
retention and glucocorticoid activity. The salt-retaining actions are approximately
additive. For example, a 9 a-fluoro group’s + + + increase in salt retention can be
eliminated by 6 a-methyls - - - [2, 14-16].

2.3 Glucocorticoids with moderate to low salt retention

The glucocorticoids with moderate to low retention include cortisone, hydrocorti-
sone, and their 1-enes prednisolone and prednisone [2, 14-16].

Cortisone (R = H) Hydrocortisone (R = H)
(or Cortisol)
Ester available: Esters Available:
Cortisone Acetate: R = COCHj Hydrocortisone Acetate: R = COCH3
Hydrocortisone Cypionate: R = COCHICHZG

Salts Available:
Hydrocortisone Sodium Phosphate: R = PO3~ (Na*),
Hydrocortisone Sodium Succinate:

R = COCH,CH,COONa*

CH,O0R

Prednisolone (R = H)

Salts Available:
Prednisolone Sodium Phosphate: R = PO~ (Na*),
Prednisolone Sodium Succinate: R = COCH,CH,COONa*

Esters Available:

Prednisolone Acetate: R= Ac

Prednisolone Succinate: R = COCH,CH,COOH Prednisone
Prednisolone Tebutate: R = COCH,C(CHjy);

Fig... Natural and semisynthetic adrenal cortex hormones

18



Adprenal Cortex Hormones
DOI: http://dx.doi.org/10.5772 /intechopen.106785

An 11-OH maintains good topical anti-inflammatory activity, but 11-ones have
little or none [2, 3, 14-16].

The 1-ene of prednisolone and prednisone increases anti-inflammatory activity by
about a factor of 4 and somewhat decreases salt retention [2, 3, 14-16] (Figures 1-13).

The 11 B-OH of hydrocortisone is believed to be of major importance in binding to
the receptors. Cortisone may be reduced in vivo to yield hydrocortisone as the active
agent [2, 3, 14-16, 19-22].

Introduction of fluoro (F) to Céa and C9a positions increase both mineralocorti-
coid and glucocorticoid activity due to the electron-withdrawing inductive effect on
the 11p-OH making it more acidic, therefore, better able to form noncovalent bonds
with the receptor. A 9a-halo substituent also reduces oxidation of the 11 -OH to the
less active 11-one [2, 3, 14-16, 19-22].

(|2H20H
cH, 60

Betamethasone
(C10 B- methyl)

Adrenal cortex

Adrenal medulla —aﬁ\

Figure 1.
Structure of adrenal gland.

Zona Zona
fasciculata reticularis

Cells of the zona glomerulosa produce hormones The cortex sacretes three families of steroid
called mineralocorticoids because they affect salt hormones: mineralocorticoids, glucocorticoids, and

balance. Aldosterone is the most important. Among androgens. Note that each is produced by a
its functions are sodium retention and potassium different group of cells. The medulla secretes amine

aeyioun: bry: Sl Redthiegyey. hormones known as catecholamines.

Figure 2.

( qu‘tu) Cells of the zona glomerulosa produce hormones called mineralocorticoids because they affect salt balance.
Aldosterone is the most important. Among its functions are sodium retention and potassium excretion by the kidneys.
(Right) The cortex secretes three families of stevoid hormones: mineralocorticoids, glucocorticoids, and androgens. Note
that each is produced by a different group of cells. The medulla secretes amine hormones known as catecholamines.
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= "
Regulates the -
immune system Bt 4

B ” D
Immune system cells

Facilitates the stress response

i)

-

Cells of both zona fasciculata and zona reticularis Cells of both zona fasciculata and zona reticularis
produce a family of hormones called glucocorticoids also produce a family of hor called d
:Sme they regulate Smfﬂslc metabolism. Androgens are male sex hormones that include

s family includes cortisol, cortisone. and androstenedione and testosterone.
corticosterone.

= - " Active secretion at puberty in both sexes causes the
Only cortisol is secreted in significant amounts in

humans. In addition to regulating energy ea:lv gto_wu:h spurt and appearance of v and
metabolism, cortisol regulates the immune system pubic hair. Androgens are also responsible for sex

and facilitates the stress response. drive in females.

Figure 3.

(Left) Cells of both zona fasciculata and zona veticularis produce a family of hormones called glucocorticoids
because they regulate glucose metabolism. This family includes cortisol, cortisone, and corticosterone. Only
cortisol is secreted in significant amounts in humans. In addition to regulating energy metabolism, cortisol regulates
the immune system and facilitates the stress response. (Right) Cells of both zona fasciculate and zona reticularis
also produce a family of hormones called androgens. Androgens are male sex hormones that include
androstenedione and testosterone. Active secvetion at puberty in both sexes causes the early growth spurt and
appearance of axillary and pubic hair. Androgens ave also responsible for sex drive in females.
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Figure 4.
Functional anatomy and zonation.

2.4 Glucocorticoids with very little or no salt retention

They include 16 a-hydroxy (Triamcinolone); 16 a-, 17 a-ketal; (Amcinolone,
Desonide, Flunisolide, Triamcinolone acetonide, Flucinolone acetonide,
Flurandrenolide) [2, 14-16, 23].
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Previous Current
Common Name Form Form Gene

Cholesterol side-chain P450¢c CYP11A1 CYP11A1
cleavage enzyme

3B-Hydroxysteroid 3-HSD 3B-HSD 11 HSD3B2

dehydrogenase

| 7a-Hydroxylase P450c 7 CYP17 CYPy7
21-Hydroxylase P4505; CYP21A2 CYP21A2
11B-Hydroxylase P450¢,, CYP11B1 CYP11B1

Aldosterone synthase P450¢i1as CYP11B2 CYP11B2

Figure 5.
Synthesis of the adrenal cortical hormones.

Triamcinolone Triamcinolone Acetonide

Triamcinolone is converted to acetonide derivative (ketal) by reaction of acetone
in the presence of strong acid. The latter is used only locally (topically) [2, 14-16].

They include also 6 a-methyl (methyl prednisolone); 16 a-methyl (Dexametha-
sone, Alclomethasone, Flumethasone) and 16 B-methyl (Betamethasone, Diflorasone,
Paramethasone, Beclomethasone) [2, 3, 14-16, 23].

Other substituents have been found to significantly increase both glucocorticoid
and mineralocorticoid activities: 1-ene; 2 a-methyl; 9 a-fluoro; 9 a-chloro; and
21-hydroxy [2, 3, 14-16].

In every case a 16-hydroxy or methyl (to eliminate salt retention) has been
combined with another substituent to increase glucocorticoid or anti-inflammatory
activity [2, 3, 14-16].

A primary goal of these highly anti-inflammatory drugs has been to increase
topical potency [6, 7, 12].

2.5 Risk of systemic absorption

Except for fludrocortisones, the topical corticosteroids do not cause absorption
effects when used on small areas of intact skin [6, 7, 12].

The adrenocortical steroids are contraindicated or should be used with great cau-
tion in patients having: [2, 3, 6-8, 10-12, 24, 25].

1. Peptic ulcer (in which the steroids may cause hemorrhage)
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Figure 6.
The synthesis of steroids in the adrenal cortex.

2.Heart disease

3.Infections (the glucocorticoids suppress the body’s normal infection-fighting
processes)

4.Psychosis (since behavioral disturbances may occur during steroid therapy)

5.Diabetes (the glucocorticoids increase glucose production, so more insulin may
be needed)
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Ventral 5
hypothalamus 3

g

Anterior
/ pituitary
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Contisol feeds back to both the anterior pituitary
to inhibit secretion of ACTH, and to the ventral
hypothalamus to inhibit secretion of CRH.

Target gland

Figure 7.
Cortisol feeds back to both the anterior pituitary to inhibit secretion of ACTH, and to the ventral hypothalamus to
inhibit secretion of CRH.

6.Glaucoma
7.0Osteoporosis
8.Herpes simplex involving the cornea

When glucocorticoids are topically administrated, their anti-inflammatory action
can mask symptoms of infection.

If absolutely necessary to use the glucocorticoids topically during pregnancy, they
should be limited to small areas of intact skin and used for a limited time.

3. The adrenal glands
3.1 Introduction

Pyramid-shaped organs in pairs.

Placed on each kidney’s upper poles.

3-5 cm in length on average, weighing 1.5-2.5 gm.

The outer cortex, which is composed primarily of mesodermal tissue and makes
about 90% of the weight of the adrenals [26].

The inner medulla (derived from a subpopulation of neural crest).

The adrenal gland is made up of the cortex and medulla. The cortex produces
steroid hormones including glucocorticoids, mineralocorticoids, and adrenal
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Figure 8.
ACTH'’s primary effects on steroidogenesis.

androgens, and the medulla produces the catecholamines, epinephrine, and norepi-
nephrine [26].

The body’s adaptive response to stress is regulated by the adrenal glands’ role in
maintaining homeostasis in maintaining the balance of Na and K in the body’s water
blood pressure regulation [26].

3.2 The main hormones
1. The hormones called steroid (glucocorticoids, mineralocorticoids, androgens).
2.Secondly, catecholamines (norepinephrine, epinephrine).

The two different embryologic origins of the AG have an impact on the mechanisms
that each of the two components uses to regulate the production of hormones [17, 26].
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Figure 9.
The impact of angiotensin II on the production of aldosterone.

3.3 Functional anatomy and zonation

Three histologically distinct zones can be found in the adrenal cortex, arranged
from outside to inside [27]:

* zona glomerulosa.

* zonafasciculata.

e zonareticularis.

The adrenal cortex secretes the following hormones:
* glucocorticoids.

¢ aldosterone.
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The adrenal medulla is a modified sympathetic
ganglion that produces a family of amine hormones
called catecholamines.

The two main hormones are epinephrine (E) and
norepinephrine (NE). Epinephrine is 4 - 5 times
more abundant than NE.

Figure 10.

The adrenal medulla is a modified sympathetic ganglion that produces a family of amine hormones called
catecholamines. The two main hormones are epinephrine (E) and norepinephrine (NE). Epinephrine is 4-5 times
more abundant than NE. The adrenal medulla [17, 18].

¢-Adrenergic mediated B-Adrenergic mediated
Vasoconstriction Vasodilation

Iris dilation Cardioacceleration

Intestinal relaxation Increased myocardial strength

Intestinal sphincter contraction Intestinal and bladder wall relaxation

Pilomotor contraction Uterus relaxation
Bladder sphincter contraction Bronchodilation
Bronchoconstriction Calorigenesis

Uterine smooth muscle contraction Glycogenolysis
Cardiac contractility Lipolysis
Hepatic glucose production

Figure 11.
Catecholamine physiologic effects [17, 18].
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Liver Stimulation of glycogenolysis
Stimulation of gluconeogenesis

Skeletal muscle Simulation of glycogenolysis

Adipose tissue Simulation of glycogenolysis

Stimulation of triglyceride lipolysis
Pancreatic islets [nhibition of insulin secretion by beta cells
Stimulation of glucagon secretion by alpha cells

Figure 12.
Catecholamine-mediated responses to hypoglycemia [17, 18].

ot | cpinephiine | _norepinephiine |

peripheral resistance - +++
systolic BP ++ 4+
diastolic BP 0- 4+
cardiac output ++ &
vasodilation - 0
glycogenolysis +++ F
lipolysis +++ +++
bronchodilation ++ 0

Figure 13.
Effects of epinephrine vs. norepinephrine [17, 18].
and “0” no effect.

« »

—” negative inhibitory effect; “+” positive stimulatory effect;

3.4 Zonation

The adrenal cortex’s zonafasciculata and zonareticularis are where the glucocorti-
coids cortisol and corticosterone, as well as the androgen dehydroepiandrosterone, are
synthesized [27].

The zonaglomerulosa of the adrenal cortex is where mineralocorticoid aldosterone
is made [27].

3.5 Synthesis of the adrenal cortical hormones

Four CYP enzymes (cytochrome P450 enzymes = a large family of oxidative
enzymes with a maximum 450 nm absorbance when complexed with carbon monox-
ide) convert cholesterol into adrenal steroid hormones [28]. Cholesterol esters stored
in the cells are used to synthesize the adrenal cortical hormones [28].

LDL particles in the blood are the main source of stored cholesterol, but the AG can
also produce it entirely from scratch using acetate [28].

27



Adrenal Glands — The Current Stage and New Perspectives of Diseases and Treatment

The first step in the synthesis of all adrenal steroids, which happens in each of the
three zones of the cortex, is the conversion of cholesterol to pregnenolone in mito-
chondria. Enzymes that produce steroids [28].

3.6 Genetic defects in adrenal steroidogenesis

Can result in either relative or absolute deficiencies in the enzymes necessary for
the biosynthesis of steroid hormones [29].

Changes in the types and quantities of steroid hormones secreted by the adrenal
cortex are the direct results of these defects. In the end, disease results [29].

The majority of steroidogenic enzyme-related genetic flaws hinder cortisol pro-
duction [29].

A decrease in blood cortisol levels prompts the release of ACTH, which has a
growth-promoting effect on the adrenal cortex, causing either congenital adrenal
hyperplasia or adrenal hypertrophy [29].

3.7 Transport of adrenal steroids in blood

A steroid hormone is prevented from being absorbed by cells or from being
excreted in the urine by binding to a circulating protein molecule [18].

The blood is cleared of circulating steroid hormone molecules that are not bound to
plasma proteins because they are free to interact with cell receptors [18].

Bound hormone separates from its binding protein and adds more free hormone to
the system [18].

The half-lives of adrenal steroid hormones in the body are very long (from many
minutes to hours) [18].

3.8 Metabolism of adrenal steroids

After being structurally altered to reduce their hormone activity and increase their
water solubility, adrenal steroid hormones are primarily excreted from the body
through the urine (primarily in the liver) [29]. Adrenal steroids are primarily metab-
olized in the liver where they are conjugated to glucuronic acid and eliminated in the
urine [29].

3.9 Control over the production of adrenal steroids

By increasing intracellular cAMP, ACTH increases glucocorticoid and androgen
synthesis in the zonafasciculata and zonareticularis of the adrenal cortex
(cAMPactivates protein kinase A, which phosphorylates proteins that regulate
steroidogenesis) [18].

On these cells, ACTH also has a trophic effect [18].

Angiotensin II increases cytosolic calcium and activates protein kinase C in the
cells of the zonaglomerulosa to stimulate aldosterone synthesis [18].

ACTH’s primary effects on steroidogenesis [18].

When ACTH binds to plasma membrane receptors, stimulatory G proteins connect
those receptors to adenylyl cyclase (AC) (Gs).

Protein kinase A (PKA) is activated by cAMP in the cells, which phosphorylates
specific proteins (PProteins). The expression of the genes for steroidogenic enzymes is
stimulated and steroidogenesis is presumably started by these proteins.
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The expression of the genes for steroidogenic enzymes is stimulated and steroido-
genesis is presumably started by these proteins [18].

The impact of angiotensin II on the production of aldosterone [18].

Angiotensin II (AII) binds to receptors on the plasma membrane of
zonaglomerulosa cells. Phospholipase C (PLC), which is connected to the angiotensin
II receptor by G proteins, is activated as a result (Gq) [18].

In the plasma, PLC hydrolyzes phosphatidylinositol 4,5 bisphosphate (PIP2)
membrane, resulting in the production of IP3 and diacylglycerol (DAG) [18].

3.10 Intracellularly bound Ca2 is moved by IP3

Protein kinase C (PKC) and calmodulin-dependent protein kinase are both acti-
vated by an increase in Ca2 and DAG (CMK) [18]. These enzymes phosphorylate the
proteins (P-Proteins) that start the synthesis of aldosterone [18].

4. Process of action

Target cells’ cytosol contains glucocorticoid receptors, which glucocorticoids bind
to [18]. The glucocorticoid-bound receptor moves to the nucleus where it attaches to
DNA glucocorticoid response elements to alter the transcription of particular genes
[18]. The body must have access to glucocorticoids in order to adjust to stress, injury,
and fasting [18].

Glucocorticoids

Very powerful and responsible for about 95% of all glucocorticoid activity is
cortisol [18].

About 4% of the total glucocorticoid activity is provided by corticosterone, which
is significantly less potent than cortisol [18].

Cortisone, which is nearly as potent as cortisol [18].

Synthetic, four times as potent as cortisol, prednisone [18].

Synthetic methylprednisone, which has five times the potency of cortisol [18]
(Synthetic, 30 times more potent than cortisol) Dexamethasone [18].

Glucocorticoids’ effects [18].

Catabolic, anti-anabolic, and diabetogenic effects on metabolism.

Glucocorticoids’ Anti-Inflammatory Properties.

The Immune System’s Impact.

Protection of the Norepinephrine-Induced Vascular Response.

Stress Glucocorticoids.

Glucocorticoid Secretion Control.

Glucocorticoids Are Involved in the Responses to Injury, Stress, and Fasting [18].

Effects of cortisol on the metabolism of carbohydrates: [18]

Stimulation of Gluconeogenesis - Cortisol increases the enzymes needed in the
liver cells to convert amino acids into glucose [18].

Cortisol causes the extrahepatic tissues, primarily muscle, to release amino
acids [18].

Cells’ Utilization of Glucose is Reduced [18].

“Adrenal Diabetes” and Increased Blood Glucose Concentration [18].

Cortisol’s Impact on Protein Metabolism [18].

Protein Cellular Reductionin.
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Plasma and Liver Protein Levels are Raised by Cortisol a rise in blood amino acids,
a decline in amino acid transport into extrahepatic cells, and an improvement in
transport into hepatic cells.

Cortisol’s Impact on Fat Metabolism [18].

Mobilization of Fatty Acids Excess Cortisol Leads to Obesity.

Cortisol Helps the Body Fight Stress and Inflammation.

Effects of High Cortisol Levels on Inflammation.

Cortisol Prevents the Development of Inflammation through Other Effects and
Lysosome Stabilization.

Cortisol Leads to Inflammation Healing.

The Inflammatory Response to Allergic Reactions is Blocked by Cortisol.

Effects of cortisol in reducing inflammation.

The lysosomal membranes are stabilized by cortisol.

Capillary permeability is lessened by cortisol.

White blood cell migration into the inflamed area and phagocytosis of the aged
cells are both decreased by cortisol.

Cortisol significantly reduces lymphocyte production by suppressing the immune
system.

Cortisol reduces interleukin-1 release from white blood cells, which is the primary
mechanism by which it lowers fever.

Mineralocorticoids [18].

Aldosterone (very potent, accounts for about 90 percent of all mineralocorticoid
activity).

Deoxycorticosterone (1/30 as powerful as aldosterone, but secreted in very small
amounts).

Corticosterone (slight mineralocorticoid activity).

9a-Fluorocortisol (synthetic, slightly more potent than aldosterone).

Cortisol (very slight mineralocorticoid activity, but large quantity secreted).

Cortisone (slight mineralocorticoid activity).

Mineralocorticoids’ effects [18].

Aldosterone stimulates sodium reabsorption in the kidneys by the distal tubule and
collecting duct of the nephron and promotes the excretion of potassium and hydrogen
ions, according to its physiological action.

Since potassium directly affects zona glomerulosa cells, an increase in the concen-
tration of potassium in extracellular fluid stimulates aldosterone secretion.

Aldosterone Secretion Control.

The extracellular fluid’s increased potassium ion concentration significantly boosts
aldosterone secretion.

Aldosterone secretion is also significantly increased by an increase in the extracel-
lular fluid’s angiotensin II concentration.

Aldosterone secretion is very slightly reduced when the extracellular fluid’s sodium
ion concentration rises.

Aldosterone secretion requires ACTH from the anterior pituitary gland, but it has
little impact on regulating the rate of secretion in most.

The catecholamines epinephrine (adrenaline) and norepinephrine
(noradrenaline).

Four adrenergic receptors (alpha 1, 2, beta 1, 2) interact with catecholamines to
mediate the effects of the hormones on cells.

Catecholamines have immediate and extensive effects.
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Catecholamines are released from the chromaffin cells as a result of impulses
generated in the cholinergic preganglionic fibers that innervate them by stimuli like
injury, rage, pain, cold, strenuous exercise, and hypoglycemia.

Catecholamines promote the production of glucose in the liver, the release of
lactate from muscle, and the breakdown of fat in adipose tissue to combat
hypoglycemia.

5. Conclusion

The body’s defense mechanisms depend heavily on the adrenal glands.

They trigger physiological adjustments that are required to combat changes in the
environment outside the body. They also secrete a number of vital hormones that are
crucial for maintaining a healthy immune system, metabolic rate, and salt and water
balance in the body. Additionally protecting the body from stress. High levels of
glucocorticosteroid production in response to stress can result in a 95 percent reduc-
tion in thymus gland size. It has not yet been completely determined how glucocorti-
coid stimulation protects against stress.
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Combination of High Prevalence
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to the Diagnosis of Cushing’s
Syndrome
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Abstract

Most of the clinical features of Cushing’s syndrome (CS) are nonspecific and could
be present in obesity, particularly when this condition is associated with metabolic
syndrome. Our objective was to evaluate the frequency of clinical manifestations and
changes in general laboratory tests, in patients with confirmed endogenous CS, to
identify diagnostic dyads. We evaluated in each patient the rate of coexistence of 2
elements either: symptoms, clinical signs, or laboratory alteration. The prevalence of a
combined pair of clinical features or dyad in over 30% of the cases, was considered
clinically significant. Fourteen dyads were identified as clinically relevant. Facies +
buffalo hump; facies + eosinopenia; buffalo hump + supraclavicular fat pads and
facies + supraclavicular fat pads, were present in over 50% of cases. Facies + muscular
atrophy; centripetal fat distribution + muscular atrophy and facies + striae were
present in 42-49%. Hirsutism/acne + eosinopenia; buffalo hump + eosinopenia; mus-
cular atrophy+ eosinopenia; eosinopenia + accelerated weight gain; buffalo hump +
muscular atrophy; hirsutism/acne + muscular atrophy and hirsutism/acne +
supraclavicular fat pads, were observed in 33-38% of patients. Its application will
facilitate the correct diagnosis of CS.

Keywords: Cushing, Cushing’s syndrome, Cushing’s syndrome/diagnosis, dyads,
eosinopenia, muscle weakness, muscle atrophy

1. Introduction

Classical manifestations of Cushing’s syndrome (CS) are related to cortisol excess.
Frequent physical signs are moon face and plethora, buffalo hump, supraclavicular
fat pads, central obesity, width and dark red striae, thin limbs, thin skin, hirsutism,
and acne. Frequent symptoms are accelerated weight gain, muscular weakness,
amenorrhea, pathological fractures/osteoporosis. In general laboratory tests,
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alterations secondary to hypercortisolism can be found (examples: hyperglycemia,
hypertriglyceridemia, hypokalemia, low eosinophils, and lymphocytes count.

Nevertheless, most of the clinical features of CS are nonspecific and could be found
in obesity, particularly, in association with metabolic syndrome. For this reason,
diagnosis is often overlooked, and treatment is delayed unless the evaluation is done
by an expert endocrinologist.

A meta-analysis published in 2020 (which included 44 studies) showed that mean
time delay to diagnosis CS was 34 months. This was shorter in ectopic CS (14 months)
compared with adrenal CS (30 months) and pituitary Cushing’s (38 months),
probably due to the more aggressive behavior of these neoplasms [1].

For this reason, it seems necessary to establish clinical features of suspicion of this
disorder that can be used by non-specialists.

More than fifty years ago, it was reported that in about 50% of patients with
suspected CS, the diagnosis could be confirmed or excluded using clinical or general
laboratory tests with greater accuracy than steroid screening [2].

Nevertheless, with the increasing prevalence of obesity and its associated meta-
bolic disorders, experts questioned the use of the classical clinical parameters and
validated only specific signs related to hypercortisolism (osteopenia, thin skin, and
proximal muscular weakness). When they are used to confirm or discard CS
diagnosis, the probability is 95% [3, 4].

Over decades, different authors have proposed methods to approach clinical diag-
nosis of this syndrome (Table 1). In the sixties, Nugent et al. studied the incidence of

Reference n° patients Discriminatory signs/ Parameter Estimated value for
symptoms diagnosis of CS

Nugent, 1964 38 CS/73 Non-CS  Weakness, ecchymoses, Probability 0.9to>0.99

[2] edema,

low serum potassium

Ross, 1982 [4] 70 CS/159 Non- Bruising, myopathy, Discriminant >2
Cs hypertension, plethora, index*
edema,

hirsutism, red striae

Schneider, 73 CS/369 Non- Recurrent infections, Discriminant >2
2013 [5] CS red striae, amenorrhea, index**
abdominal fat
distribution, plethora,
muscular weakness,

hirsutism
Ledn-Justel, 389 at risk of CS Muscular atrophy, ROC analysis 4
2016 [6] osteoporosis, score

dorsocervical fat pad

Loriaux, 2017 Estimated Thin skin, osteopenia, Probability*** 95%
[3] prevalence 0.2% ecchymoses

*Index calculated by dividing the prevalence of each feature in CS by its prevalence in reference [2] of 159 mostly obese
patients in whom the diagnosis of Cushing’s syndrome was suspected but not biochemically substantiated.

**Index calculated by dividing the prevalence in authors series with the prevalence reported in reference [4].
***Obtained using a probability of 0.2% and a likelihood ratio of 116 for thin skin, 18 for osteopenia, and 4 for
ecchymoses

Table 1.
Diagnostic models of Cushing syndrome based on prevalent signs and symptoms.
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different signs in patients with and without the syndrome. They reported that the
more significant findings were osteoporosis, central or generalize obesity, weakness,
plethora, leukocytosis (>11,000/pL), acne, striae (red or purple), diastolic hyperten-
sion (>105 mmHg), edema, hirsutism, ecchymoses, and low serum potassium (<3.6
mEq/L). These signs were used to calculate the probability of CS. The results
suggested that diagnosis could be confirmed or excluded with a high degree of confi-
dence in at least half of patients with suspected CS [2].

In the early 80s, another paper showed that bruising, muscle weakness, and
hypertension were the most discriminating features of CS (discriminant index
over 4) [5].

Other authors evaluated the prevalence of signs and symptoms in a series of 73
cases of CS and calculated a discriminant index. The signs and symptoms, with a
higher index (2 or greater) were recurrent infections, red striae, amenorrhea,
abdominal fat distribution, plethora, muscular weakness, and hirsutism [6].

Another group developed a risk score to predict CS in a population of over 300
subjects at-risk. They propose two models, one based on the assessment of clinical
symptoms and signs, and in the other, late-night salivary cortisol (LNSC) determina-
tion was added to the clinical features. The multivariate logistic regression analysis
showed that muscular atrophy, osteoporosis, and dorsal cervical fat pad remained
independent variables associated with CS. The ROC analysis showed that a score of 4
resulted in sensitivity and specificity of 96.2% and 82.9%, respectively. With this
cut-off value, 83% of subjects without CS were correctly identified and only one of
26 CS was missed. However, they reported several false positives, mainly related with
the LNSC level [7].

Applying technology, in a study of 20 patients with CS, a facial appearance classi-
fication software was tested to discriminate patients with Cushing from healthy con-
trols. The software correctly classified 85% of patients and 95% of controls, with a
total classification accuracy of 91.7%. Nevertheless, this study only evaluated women,
which limited its utility [8].

On the other hand, within general laboratory tests, impaired blood glucose and
abnormal lipid levels may be present in a high percentage of the obese population,
however, low potassium levels in absence of diuretic use and low eosinophil count
may be typical manifestations of hypercortisolism.

Eosinopenia is defined as a reduction of circulating eosinophils < 10/pL or < 0.1%
of total leukocyte count. In physiological conditions, during acute stress, eosinopenia
is mediated by adrenal glucocorticoids and epinephrine. In patients treated with
corticosteroids, eosinopenia would result from an impairment in the release of these
cells from the bone marrow and its sequestration of the blood pool [9]. Chronic
hypercortisolemia in CS can explain this typical finding which should be taken into
account when evaluating a suspected case.

Because laboratory tests performed to confirm the diagnosis of CS are not
routinary done and are not widely available, the selection of cases that requires
evaluation should be done by a specialist but given a large number of obese
patients, this is impracticable. For this reason, combinations of signs, symptoms,
and general laboratory tests could be a useful tool for clinicians when CS is
suspected.

Our objective was to evaluate the frequency of clinical signs, symptoms, and
biochemical alterations in patients treated in a single center with a confirmed endog-
enous CS and identify dyads of specific symptoms and/or signs.
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2. Methodology

This was a retrospective review of clinical records, laboratory tests, radiological
exams, and biopsies from patients treated in one university center in the period 1980-
2017. We excluded patients under corticosteroid therapy, those whose physical
examination was not performed by an endocrinologist and with incomplete records.
At least two of the following tests confirmed the diagnosis of CS: free urinary cortisol
(FUC), overnight 1 mg Dexamethasone suppression test (Nugent’s test), and LNSC.
The etiology of CS was confirmed by the following: plasma ACTH, hormonal func-
tional tests, and radiological exams. Operated patients had a confirmatory biopsy. This
protocol was approved by the local scientific Ethics Committee.

We determined patient characteristics, including age, gender, reason for consulta-
tion, features at physical examination, and general laboratory tests, establishing the
frequency for each parameter.

We evaluated the rate of coexistence of two features either: symptoms, clinical
signs, or laboratory alterations in each patient. A prevalence of a combined pair or
dyad in over 30% of the cases was considered clinically relevant. Finally, according to
expert endocrinologist opinion and based on scientific literature on the subject, we
selected diagnostic dyads with the more specific features of hypercortisolism. Statis-
tical analysis was performed using STATA SE v 15.0 software (StataCorp LLC).

2.1 Definitions of some specific signs of hypercortisolism
¢ Accelerated weight gain: weight increase over 7-10% in less than 3 months.

* Changes in fat distribution: Increase of thoracoabdominal fat (centripetal fat
depot) and decrease in buttocks and limbs.

* Buffalo hump: fat accumulation in dorsocervical region.
* Supraclavicular fat pads: fat accumulation in supraclavicular hollows.

* Striae: dark red or violet, > 1 cm width, mainly in abdomen (paraumbilical and
flanks), inner thighs, and arms.

* Thin skin/Ecchymoses: translucent appearance, frail / 3 or more ecchymoses.

* Muscular atrophy: decrease in quadriceps, buttocks, and biceps muscle mass on
palpation.

* Hirsutism: characteristics and distribution of body hair according to Ferriman
Gallwey score [10].

* Eosinopenia: eosinophils count < 10/pL or < 0.1% of total leukocyte count.

3. Results

In the analyzed period, 102 patients, 89 women (87.2%), 36.9 £ 13 years old (15-72
yo), had confirmed CS.
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The etiology of CS was pituitary (68%), adrenal (23%), and ectopic ACTH (9%).

Clinical characteristics are shown in Table 2. The more frequent clinical symptoms
were accelerated weight increase (57.3%), hirsutism and/or acne (23%), and muscular
weakness (22%). At physical examination, the most frequent signs were moon face
(90%), centripetal fat depot (78.4%), buffalo hump (65.7%), supraclavicular fat pads
(53.9%), hirsutism and/or acne (mainly in women) (65%), systolic and/or diastolic
hypertension (60%), muscular atrophy (52%) and striae (42%). At the laboratory
tests, we found eosinophils count < 0.1% of total leukocytes in 84.2%.

From 520 combinations of data pairs, we obtained 18 dyads present in over 30% of
cases (Table 3). From these, we selected 14 dyads which feature combinations were
considered more specific to hypercortisolism. Facies + buffalo hump; facies +
eosinopenia; buffalo hump + supraclavicular fat pads and facies + supraclavicular fat
pads, were present in over 50% of cases. Facies + muscular atrophy; centripetal fat
distribution + muscular atrophy and facies + striae were present in 42-49%. Hirsut-
ism/acne + eosinopenia; buffalo hump + eosinopenia; muscular atrophy+ eosinopenia;
eosinopenia + accelerated weight gain; buffalo hump + muscular atrophy; hirsutism/
acne + muscular atrophy and hirsutism/acne + supraclavicular fat pads, were observed
in 33-38% of patients.

4. Discussion

Cushing’s Syndrome represents a clinical challenge even for specialists. As we
mentioned before, many features related to hypercortisolism could be found in other
clinical conditions. Some of them correspond to pseudo-Cushing’s states. This condi-
tion shares clinical signs of CS and equivocal evidence of hypercortisolism in labora-
tory tests [11]. One study disclosed that obesity (BMI>30 kg/m?) was significantly
more frequent in pseudo-Cushing than in CS and only ecchymoses and osteoporosis
were more frequent in CS [12]. Another study showed that obesity, moon face, and
buffalo hump were present in over 50% of pseudo-Cushing’s patients [13].

Nonetheless, even in this condition, a meticulous clinical evaluation could improve
diagnostic accuracy and the finding of combination of frequent signs, symptoms,
and biochemical tests could be the best approach to continue with more specific
evaluations.

Interestingly, classical signs of hypercortisolism were present in a high proportion
of our cases, as is shown in Table 2. Accelerated weight gain and change in body fat
distribution were frequent causes of consultation and feature at physical examination
(58% and 78% respectively).

In vitro and in vivo studies have shown that glucocorticoids (GCs) increase hypo-
thalamic endocannabinoids. GCs and cannabinoids have been shown to increase
hypothalamic adenine monophosphate protein kinase-A (AMPK) activity, resulting in
increased appetite. Moreover, GCs have been shown to upregulate gene expression of
orexigenic peptides such as Y neuropeptide (NPY) and agouti-related peptides. This
could explain cravings for fat and carbohydrates observed in endogenous GCs excess
states as Cushing’s disease [14].

Some studies in human healthy controls or subjects with inflammatory conditions
evaluated the effect of short-term use of oral GCs on energy intake, body weight,
body composition, or appetite but, results have not been conclusive [15].

Still, more studies are necessary to establish the effects of long-term use of oral
GCs and endogenous hypercortisolism, on appetite and dietary intake.
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N

102 (%)

Age (yr)

36.9 +£13.0

Gender: Females
Males

89 (87.3%)
13 (12.7%)

Reason for consultation

Accelerated weight gain/changes in
fat distribution

59 (57.3%)

Muscular weakness

23 (22.1%)

Menstrual disorders

10 (9.7%)

Hirsutism/acne 24 (23.3%)
Hypertension 10 (9.7%)
Hyperglycemia/diabetes/dislipidemia 8 (7.8%)
Osteoporosis/fractures 5 (4.9%)
Skin alterations 8 (7.8%)
Edema 7 (6.8%)
Neuropsyquiatric 5 (4.9%)
Other 12 (11.7%)

Physical examination

Moon Face 91 (89.2%)
Hirsutism/acne 60 (58.8%)
Buffalo hump 67 (65.7%)

Supraclavicular fat pads

55 (53.9%)

Acanthosis

32 (31.4%)

Centripetal fat distribution

80 (78.4%)

Muscular atrophy

53 (52.0%)

Thin skin/ecchymoses

30 (29.4%)

Striae

43 (42.2%)

Hyperpigmentation

13 (12.7%)

Systolic blood pressure > 140 mm/Hg

62 (62.0%)

Diastolic blood pressure > 90 mm/Hg

57 (57%)

BMI (kg/m?)

26-29 26 (26.8%)
30-35 27 (27.8%)
>35 17 (17.5%)

General Laboratory

Eosinophil count <10/pL or <0.1% of
total leukocyte count

64 (84.2%)

Lymphocytes < 1000/pL

12 (18.5%)

Hyperglycemia

43 (50.0%)
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N 102 (%)

Hypertriglyceridemia 22 (55.5%)

Hypokalemia 28 (31.1%)
Table 2.

Clinical featuves in patients with Cushing’s syndrome.

Facies + buffalo hump 60.7%
Facies + eosinopenia 54.9%
Buffalo hump + supraclavicular fat pads 52.9%
Facies + supraclavicular fat pads 50.9%
Facies + muscular atrophy 49.0%
Centripetal fat distribution+ muscular atrophy 43.1%
Facies + striae 42.1%
Hirsutism/acne + buffalo hump 38.2%
Hirsutism/acne + eosinopenia 38.2%
Buffalo hump + eosinopenia 36.2%
Systolic hypertension + eosinopenia 35.2%
Muscular atrophy+ eosinopenia 34.3%
Eosinopenia + accelerated weight gain 34.3%
Buffalo hump + muscular atrophy 33.3%
Diastolic hypertension + eosinopenia 33.3%
Muscular atrophy + systolic hypertension 32.3%
Hirsutism/acne + muscular atrophy 31.3%
Hirsutism/acne + supraclavicular fat pads 30.3%
Table 3.

Diagnostic dyads.

On the other hand, changes in fat redistribution are determined by chronic
hypercortisolism, leading to an increase in centripetal adiposity and visceral abdomi-
nal fat. Regulation of adipose tissue mass is complex and involved mechanisms are
multiple and still not completely understood. In general, the effects of GCs on adipose
tissue depend on the duration of the exposure to GCs and on the type of adipose tissue
considered (subcutaneous or visceral) [16]. Visceral fat would be differentially
responsive to GCs than subcutaneous fat. In experimental models, GCs induce the
differentiation of preadipocytes, specific to visceral fat, but not for subcutaneous fat.
Glucocorticoid receptor expression is higher in visceral than in peripheral subcutane-
ous fat. Chronic corticoid exposure increases lipogenesis in visceral adipose compart-
ment and increases lipolysis in subcutaneous adipose tissue [17]. Also, there is a higher
cortisol production in visceral adipose tissue, due to an increased expression of GC
receptors and 11B-hydroxysteroid dehydrogenase type 1 (11BHSD1) enzymatic activ-
ity. The 11BHSD1 is widely expressed throughout the body, including liver, visceral
and subcutaneous fat, and promotes the conversion of inactive cortisone to
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cortisol. These mechanisms among others, explain the characteristic phenotype of
Cs [18].

Another relevant clinical feature is muscle involvement. In our case series, muscle
atrophy was present in 52% of cases. In previous reports, the prevalence of muscle
weakness or atrophy was 20-45% [6, 7, 12]. Chronic hypercortisolism generally has a
more prominent effect on the proximal muscles. GC-induced muscle atrophy affects
mainly fast-twitch or type II fibers with less or no impact on type I or slow-twitch
fibers. This explains the characteristic findings at physical examination of thin limbs
with loss of muscle mass.

GCs reduce skeletal muscle mass both by inhibiting protein synthesis and by
increasing the rate of protein degradation. GCs stimulate myostatin, an inhibitory
growth factor that downregulates protein synthesis and also, proliferation and differ-
entiation of muscle satellite cells, precursors of skeletal muscle cells. GCs inhibit the
transport of amino acids into the muscle and interfere with the stimulatory action of
insulin and Insulin-like Growth Factor 1 (IGF1) on the protein synthesis pathways.
Moreover, GCs inhibit the production of IGF1 in muscle, which contributes to muscle
proteolysis and apoptosis [18]. On the other side, GCs can indirectly affect skeletal
muscle by downregulating gonadal function and reducing the expression of the
androgen receptor. This would explain the authors’ finding of high frequency of
myopathy in males compared with females (65% vs 45%) [19].

Recently, some researchers compared muscle mass and muscle function in patients
with CS and matched obese controls. The CS group showed a significant decrease in
muscle function tests (chair rising time and hand grip strength) versus the obese non-
CS group. Interestingly, both groups did not show differences in muscle mass, fat
mass and waist-to-hip ratio, suggesting that CS could be associated with impaired
muscle quality and functional alterations more than in trophic effects [20]. Functional
tests could be other clinical tool to objectify the diagnosis of CS.

It is interesting that skin manifestations were not observed with high frequency in
our cases (only 29%), as has been reported previously [21]. In that report, they used a
caliper to measure the skinfold over the proximal phalanx of the middle finger of the
nondominant hand. Our diagnosis was based on observation only. Also, we must
consider that our patients have different ethnic backgrounds.

Another issue observed in CS patients is metabolic complications, as hyperglyce-
mia, dyslipidemia and higher cardiovascular risk. These are due to several GCs related
actions on the liver, skeletal muscle, pancreas, and adipose tissue [see Ref. 22]. In
omental, but not in subcutaneous adipocytes, GCs induce insulin resistance by
increasing free fatty acid, inducing deregulation in adipokines secretion, and increas-
ing leptin and resistin levels. IL6 and TNFa receptor 1 are also increased in CS patients
compared to BMI-matched controls. In some series, a prevalence of diabetes between
15-45% was reported [6, 7, 12, 19] and 46% of dyslipidemia [7]. In our series, 50% had
hyperglycemia and hypertriglyceridemia. It should be mentioned that not all cases
had a glucose tolerance test, so this probably underestimated the frequency of
hyperglycemic disorders.

A remarkable finding observed, is a decrease in eosinophil count. Eosinopenia/
aneosinophilia determined by excess of GCs. has been described for more than 6
decades. Patients with CS may present leukocytosis and neutrophilia and a low lym-
phocyte and eosinophil count or eosinopenia [9, 23, 24]. In the absence of exogenous
corticosteroid use, eosinopenia would be the most specific laboratory finding. Patients
with pseudo-Cushing, present various clinical signs and even altered laboratory tests
such as FUC or Nugent’s test, but do not have eosinopenia [11]. We found an
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eosinophil count < 0.1% of total leukocyte count in over 80% of cases, unlike
lymphopenia, observed only in 18% of patients. Then, we consider eosinopenia a
significant diagnostic element.

The association of eosinopenia with signs such as hypertension or hirsutism, which
are observed commonly in other pathologies with similar characteristics to CS, like
polycystic ovary syndrome (PCOS), leads toward the diagnosis of Cushing’s. The
combination of hirsutism/acne + eosinopenia and systolic hypertension + eosinopenia
were prevalent in CS (38% and 35%).

Decreased bone mass density was frequent in other series [7, 12]. But, in our
patients we found osteoporosis only in 5%. However, it should be noted that this was
due to the fact that bone densitometry was performed in a minority of cases. Then,
this sign was underestimated in our cases and always should be considered if it is
present together with any of the diagnostic dyads.

5. Conclusion

We present a casuistry with a large number of patients with a confirmed Cushing’s
syndrome which makes our findings very significant. The combinations of high-risk
clinical pairs or dyads associated with determined disease have been used for the
identification of patients at risk of other pathology such as acromegaly [25].

The presence of dyad combinations of clinical features may be a useful tool in a
practical clinical setting, to assist physicians in identifying patients at risk of CS,
without requiring complex or expensive tests.

With training, that allows recognizing the specific signs of hypercortisolism and
general laboratory tests, the use of these sign/symptom dyads (shown in Table 3), will
facilitate that the correct diagnosis of CS can be reached with high certainty.

An early diagnosis and treatment of Cushing syndrome, most probably will reduce
the severe comorbidities associated with this condition and will improve the prognosis
of these patients.
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Chapter 4

Primary Hyperaldosteronism:
The Role of the General Surgeons
in Diagnosis and Treatment

Thawatchai Tullavardhana

Abstract

Primary hyperaldosteronism (PA) is the cause of endocrine hypertension, which
commonly occurs in young patients with uncontrolled hypertension that leads to
worsening cardiovascular-related mortality. Patients suspected of developing PA
should have their plasma aldosterone concentration and plasma renin activity (PRA)
assessed for screening purposes. After verifying the diagnosis of PA, adrenal venous
sample (AVS) is the gold standard diagnostic technique for differentiating unilateral
from bilateral disease. Since adrenalectomy may benefit patients with unilateral
disease, laparoscopic adrenalectomy, a minimally invasive surgical approach that
provides better postoperative outcomes than open surgery, has become the standard
treatment for unilateral PA. Laparoscopic adrenalectomy resulted in a 53% cure rate
of hypertension after surgery, as well as all patients had improved hypertension
control, including the remission of hypokalemia. The conventional laparoscopic
adrenalectomy approaches are transperitoneal and retroperitoneal, with similar
postoperative outcomes. However, for general surgeons with limited laparoscopic
adrenalectomy experience, the transperitoneal technique may offer an advantage over
the retroperitoneal approach in terms of faster learning curve time, better surgical
anatomy view, and the ability to resect adrenal tumors larger than 5 cm. This chapter
focuses on the diagnosis and treatment of PA from the general surgeon’s perspective.

Keywords: primary hyperaldosteronism, hypertension, adrenalectomy, minimally
invasive surgery, transabdominal approach

1. Introduction

Primary hyperaldosteronism (PA) is a leading cause of endocrine hypertension
attributable to the autonomous secretion of aldosterone by the adrenal gland, which
inhibits the renin-angiotensin system, resulting in sodium retention, potassium
diuresis, and volume overload. PA was reported as 5-11% patients with hyperten-
sion are related to 20% of drug-resistant hypertension [1-3]. In addition, patients
may experience hypokalemia symptoms, such as proximal muscular weakness,
muscle cramps, and palpitations. This chapter focused on the diagnosis process and
the proper minimally invasive surgical treatment of PA from the general surgeon’s
perspective.
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2. Prevalence

The PA was classified into two subtypes, which are as follows: 1) unilateral adrenal
gland involvement (adrenal adenoma) in 33-95% of patients, and 2) bilateral adrenal
gland involvement (adrenal gland hyperplasia) in 5-60% of patients, according to
certain studies. Thus, in patients with unilateral gland involvement, the goal of nor-
malizing aldosterone levels by surgical management may be advantageous in contrast
to the patients having bilateral adrenal involvement, these were more susceptible to
medical treatment [4, 5].

Excessive aldosterone secretion may damage the cardiovascular system, increasing
the risk of myocardial infarction, heart failure, cardiac arrhythmias (atrial fibrilla-
tion), stroke, renal function impairment, and consequences to increase cardiovascu-
lar-related mortality [6, 7].

The following were the indications for PA screening in hypertensive patients: 1)
hypertension in young adults (age < 40 years), 2) severe/treatment-resistant hyper-
tension (blood pressure > 160/100 mmHg), 3) sleep apnea, 4) hypokalemia, 5) atrial
fibrillation without structural cardiac diseases, 6) first degree relative with PA, and 6)
incidentaloma [8].

3. Screening test
3.1 Plasma aldosterone concentration and plasma renin activity

The plasma aldosterone concentration (PAC) is greater than 15 ng/dL, and the
plasma renin activity (PRA) is less than 1 ng/mL/hour. This is the cut-off result for
screening tests and was used to diagnose PA. Nonetheless, there are various methods
for evaluating aldosterone levels in clinical settings, such as immunological assays
and liquid chromatography-tandem MS/MS (LC-MS/MS), which may influence the
cut-off values of each test.

As a result, aldosterone to renin ratio (ARR) greater than 30 ng/dL per ng/mL/h
is more accepted in determining positive screening tests for PA with a sensitivity of
68-94%. To prevent a false negative result, antihypertensive medications, particularly
angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor block-
ers (ARB), should be discontinued between 4 and 6 weeks prior to the screening is
recommended [9, 10].

4. Confirmatory test

Almost all patients who had positive screening test results needed a confirmation
test to access dynamic aldosterone hypersecretion that affects the imbalance of the
renin-angiotensin-aldosterone system to confirm the diagnosis of PA. However, the
confirmation test may not be required in patients with the following conditions: 1)
PAC levels larger than 20 ng/dL and 2) spontaneous hypokalemia.

4.1 Oral sodium loading test

After achieving good blood pressure control and collecting hypokalemia, the
patients were required to intake 5000 milligrams (mg) of sodium (equal to 12.8 grams
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of sodium chloride) for 3 days. After 3 days of the high sodium diet, 24-hour urine
samples were collected for sodium and aldosterone measurements. The diagnosis of
PA was confirmed by: 1) 24-hour urinary sodium excretion greater than 200 mEq,
and 2) 24-hour urinary aldosterone excretion greater than 12 micrograms. The
sensitivity and specificity of the oral sodium loading test for the diagnosis of PA were
reported as 96% and 93%, respectively [11, 12].

4.2 Intravenous saline infusion test

In order to reduce aldosterone production, this approach involves intravenous
delivery of normal saline solution (0.9% sodium chloride) at a rate of 2 liters every
4 hours following an overnight fast. For PAC assessment, a blood sample was obtained
after a complete saline infusion. In normal patients, the PAC level might be decreased
to less than 5 ng/dL, however, a PAC level greater than 10 ng/dL is consistent with the
diagnosis of PA with high sensitivity and specificity of 87% and 94%, respectively [13].

4.3 Fludrocortisone suppression test (FST)

Patients are given 0.1 mg of fludrocortisone orally every 6 hours for 4 days, along
with potassium chloride and sodium chloride (6 gram/day) supplements to maintain
serum potassium level greater than 4 mmol/L and 24-hour urine sodium excretion
greater than 200 mEq. Blood samples were obtained at 7 AM to assess plasma cortisol,
and at 10 AM to assess PAC, PRA, and cortisol levels. The diagnosis of PA was con-
firmed by: 1) a PAC level greater than 6 ng/dL, 2) a PRA level less than 1 ng/mL/h,
and 3) a cortisol level at 10:00 AM that was lower than at 7:00 AM. In comparison
with the saline infusion test, both tests were reliable, but FST seems to be more
expensive and complex in the diagnosis of PA after a positive screening test [14].

4.4 Captopril challenge test

After 1 hour of the patients remaining in a sitting or standing position, captopril
25-50 mg was administered orally. Blood samples were taken to access PAC and
PRA at 0, 1, and 2 hours after the medication was administered. The diagnosis of PA
was confirmed by: 1) a decrease in PAC of more than 30% at 2 hours, 2) inability to
suppress PAC to less than 11 ng/dL, and 3) an ARR of 20 ng/dL per ng/mL per hour.
Furthermore, an ARR greater than 30 ng/dL per ng/mL per hour after ingesting
captopril is strongly indicated for the diagnosis of PA [15, 16].

5. Radiologic imaging
5.1 Computed tomography scan (CT scan)

Contrast-enhanced CT scan is the first step in radiologic imaging in a PA patient
for subtype evaluation, which is useful in distinguishing unilateral adrenal adenoma
from bilateral adrenal hyperplasia, particularly in tumor sizes greater than 1-2
centimeters (cm). The CT scan detected unilateral adrenal involvement with 100%
accuracy in a patient under the age of 35 with hypokalemia and a PAC greater than
30 ng/dL. The accuracy rate of CT scan declined in the patients over the age of 35,
which is attributed to the high prevalence of bilateral disease and the limitations of
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Figure 1.
Computed tomography (CT) shows a well-defined left adrenal nodule (arrow) of size 1.3 cm. (18 HF on
noncontrast CT) compatible with adrenal adenoma: (A) Sagittal view, and (B) coronal view.

the CT scan in differentiating the normal appearing adrenal gland from microadeno-
mas (size lessthan 1 cm).

There are no CT criteria for differentiating adenoma from bilateral adrenal
hyperplasia in terms of size and Hounsfield units. Nevertheless, the study by Lingam
et al., demonstrates that an adrenal limb greater than 3 millimeters is beneficial in
the diagnosis of adrenal hyperplasia with 100% sensitivity and specificity [17, 18].
Figure 1 illustrates CT scan-detected left aldosterone-producing adenoma.

5.2 Magnetic resonance imaging (MRI)

High-resolution MRI, including T1 and T2 weight images, has the same detec-
tion rate for unilateral adrenal adenoma as CT and should be used as a diagnostic
adjunct in patients with strong clinical indications of PA and negative or equivo-
cal CT findings. Furthermore, the diagnostic value of MRI for bilateral adrenal
hyperplasia is limited in patients older than 40 years, with 68% sensitivity and
57% specificity [19, 20].

6. Role of lateralization with adrenal venous sampling (AVS)

Adrenal venous sampling is the gold standard diagnostic tool for differentiating
unilateral from bilateral disease in PA patients. Aldosterone hypersecretion was dis-
covered in the absence of an enlarged adrenal gland or a nodule. Thus, AVS improves
the accuracy of the diagnosis of PA by 20-38% when compared to CT or MRI imag-
ing, which can guide proper management and minimize unnecessary adrenalectomy
in 20% of patients using the imaged-base technique.

The current guidelines for PA care are determined based on AVS findings. An
interventional radiologist used percutaneous femoral vein access to perform this
procedure. Blood samples were taken from the veins in the adrenal glands and the
inferior vena cava (IVC).

The unilateral lateral disease was diagnosed when the ratio of normalized aldo-
sterone to cortisol between the dominant and nondominant adrenal glands (later-
alization index) was at least 4.0 and the ratio of aldosterone normalized to cortisol
between the nondominant adrenal gland and peripheral blood (suppression ratio)
was equal or less than 1.0.
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Figure 2.
Angiographic imaging of adrenal venous sampling via the left adrenal vein.

Furthermore, AVS-based decision-making was found to be superior to image-
based decision-making in unilateral pathology, resulting in hypokalemia correction
and improved blood pressure control with 35-60% requiring no further antihyper-
tensive drugs [21-23]. Figure 2 illustrates adrenal venous sampling in patients with
left primary hyperaldosteronism.

7. Role of surgical management in primary hyperaldosteronism

Patients with bilateral disease were considered for medical treatment with miner-
alocorticoid receptor antagonists, such as spironolactone or eplerenone, in conjunc-
tion with potassium chloride supplementation. In contrast, surgical adrenalectomy
may reduce aldosterone levels to normal in unilateral hyper-aldosterone-producing
adenoma. Adrenalectomy can cure hypertension among 30-60% of patients and
completely correct hypokalemia, resulting in a decreased incidence of atrial fibrilla-
tion and cardiovascular-related mortality in PA patients [24, 25].

7.1 Open surgery versus minimally invasive surgery

Historically, open adrenalectomy was the treatment of choice for functioning
adrenal adenoma. After the development of minimally invasive surgical techniques,
Gagner et al. first described laparoscopic adrenalectomy in 1992 for the management
of Cushing’s syndrome and pheochromocytoma [26].
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Laparoscopic adrenalectomy provides an advantage over open surgery in terms
of decreased intraoperative blood loss, less postoperative complications, shorter
return to diet time, shorter length of hospital stays, and faster return to normal
activity [27].

Laparoscopic adrenalectomy is beneficial for long-term blood pressure control
and correction of hypokalemia in patients with PA. The cure rate for hypertension
was 51%, with conversion to open surgery and postoperative morbidity rates of 3.2%
and 8.0%, respectively [28]. Currently, laparoscopic adrenalectomy is considered the
standard treatment for unilateral aldosterone-producing adenoma.

7.2 Transperitoneal versus retroperitoneal approach

The transperitoneal and retroperitoneal approaches are used for standard lapa-
roscopic adrenalectomy techniques. The retroperitoneal technique is advantageous
in cases of previous extensive abdominal surgery to avoid visceral organ injury, but
it should be avoided in adrenal tumors greater than 7 cm in size, since this may limit
anatomical landmarks in the retroperitoneal space. Previous research indicates that
both procedures are comparable in terms of operating time, intraoperative blood loss,
hospital stay, and postoperative complications [29, 30].

Attributed to the reason that the author’s institution is a medium-sized university
hospital, general surgeons must play an important role in the minimally invasive
surgical management of patients with functional adrenal tumors, particularly pheo-
chromocytoma and primary hyperaldosteronism.

Transperitoneal approach appears to be an appropriate surgical technique for
general surgeons with limited experience in laparoscopic adrenalectomy because of 1)
shorter learning curve time, 2) superior surgical view through the use of laparoscopy,
3) comfort with intraperitoneal anatomical landmarks over retroperitoneal space, and
4) ability to resect adrenal tumors larger than 5 cm. The retroperitoneal technique is
appropriate for experienced surgeons who have conducted at least 20 procedures and
also have a tumor size of less than 5 cm [31-32].

8. Operative techniques for laparoscopic transperitoneal
adrenalectomy

8.1 Right adrenalectomy
8.1.1 Patient position

The operation was performed under general anesthesia and the patients were
placed in a left lateral decubitus position, and the surgical table was flexed between
100 and 120 degrees at an umbilical level to enhance the distance between the costal
margin and the iliac crest [33-36].
8.1.2 Trocays site placement

A 12 mm trocar was introduced into the peritoneal cavity using an open method

at 3 cm below the right costal margin at the anterior axillary. Under laparoscopic
guidance, two 5 mm working trocars were placed in the posterior axillary line and
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mid-clavicular line. The author preferred to add a 5 mm trocar at the subxiphoid for a
fan-shaped liver retractor.

8.1.3 Operative technique

After carbon dioxide insufflation, pneumoperitoneum is created with a pressure
of 10-12 mmHg. The triangular ligament was divided and the right lobe of the liver
was lifted upward with a fan-shaped liver retractor. The posterior peritoneum was
dissected with an electrocautery hook or harmonic scalpel (Ethicon Endo-Surgery
INC - Johnson & Johnson, NJ, USA) to expose the right kidney, right adrenal gland,
and inferior vena cava (IVC).

The first and most crucial step in right adrenalectomy is vascular control. Thus,
the superomedial aspect of the adrenal gland, which is located between the conflu-
ence of the IVC and the right renal vein, was meticulously dissected to identify the
right adrenal vein.

The right adrenal vein was clipped with nonabsorbable polymer clips (hem-o-
lock(R), Teleflex Medical, Durham, NC, USA) and divided by a laparoscopic scissor
or harmonic scalpel. The author recommended the use of double clips on the IVC site
to avoid clip slippage, which could result in exsanguinate bleeding.

Following control of the right adrenal vein, the adrenal gland was raised up with
an atraumatic grasper, and dissection should be extended to the posterior and lateral
aspects to complete adrenal gland removal.

The gland is placed in a sterile bag before being retrieved via a 12 mm trocar
incision that can be extended as needed. Before closing the skin incision, complete

S

.
Adrenal tumor
(e

-

Figure 3.

Laparoscopic transperitoneal vight adrenalectomy: (A) Position of the patient and placement of the trocars; (B)
identification of the right adrenal vein; (C) clips control of the right adrenal vein; and (D) after removal of the
right adrenal tumor.
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hemostasis was confirmed, and routine drainage was not recommended. Figure 3
illustrates the surgical technique for laparoscopic transperitoneal right adrenalectomy.

8.2 Left adrenalectomy
8.2.1 Patient position

The patients were placed in the right lateral decubitus position and the operating
table was flexed, as described in right adrenalectomy.

8.2.2 Trocars site placement

An open 12 mm trocar was introduced into the peritoneal cavity 3 cm below the left
costal margin at the anterior axillary line. Two 5 mm and 12 mm working trocars were
placed at the subxiphoid and mid-clavicular lines, respectively. An extra 5 mm trocar
can be placed in the posterior axillary line as necessary for the fan-shaped retractor.

8.2.3 Operative technique

The procedure for creating pneumoperitoneum is the same as that described in
right adrenalectomy. The splenic flexure colon and spleen were mobilized initially by
dissecting the splenocolic, splenorenal, and lienorenal ligaments through the dia-
phragm for adequate exposure of the left adrenal gland.

The upper pole of Gerota’s fascia serves as a landmark for identifying the left adre-
nal gland during dissection. The dissection was carried out medially close to the level
of the left renal vein. Meticulous dissection was required to locate the left adrenal
vein, which was subsequently clipped and separated from the left renal vein using
nonabsorbable polymer clips (hem-o-lock(R), Teleflex Medical, Durham, NC, USA).

The adrenal gland’s medial aspect was carefully dissected, and the small arterial
branches from the aorta that supply the left adrenal gland were clipped and divided.
Completer gland removal was accomplished by continuing dissection to the upper por-
tion of the gland while avoiding harm to the splenic artery and pancreatic tail. After
hemostasis was confirmed, the specimen was retrieved using a sterile bag. Figure 4
illustrates the surgical technique for laparoscopic transperitoneal left adrenalectomy.

8.3 Postoperative complication

For the right adrenalectomy, significant bleeding occurs as a result of IVC injury
caused by avulsion or right adrenal vein or clip slippage, necessitating conversion to
open surgery. This complication may have been avoided with proper trocar site place-
ment and precise dissection to allow adequate exposure of the surgical landmarks via
the laparoscopic view.

Left adrenalectomy complications included hollow viscus organ perforation, vas-
cular injury, and pancreatic tail injury. These could be prevented by using the proper
trocar site placement and surgical dissection technique. In the case of small adrenal
tumors, the upper pole of Gerota’s fascia is an essential surgical landmark for deter-
mining the appropriate dissection plane to identify the adrenal gland. This technique
could prevent the dissection of the incorrect plane, thereby preventing bleeding from
the renal and splenic veins.
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Figure 4.

Laparoscopic transperitoneal left adrenalectomy: (A) Patient positioning and trocar site placement; (B)
identification of the left advenal vein; (C) contvol of the left adrenal vein with clips; and (D) control of the
arterial supply to the left adrenal gland with clips.

In the circumstance that renal artery or renal vein injury occurs during adrenal
gland dissection. The damage site might be controlled with an atraumatic grasper
and repaired with an intracorporeal suture. However, if the hemorrhage cannot be
controlled, immediate conversion to open surgery will be required.

Hollow viscous organ perforation should be repaired with an intracorporal suture
under laparoscopic vision, similar to pancreatic tail injury; in this circumstance,
closed-suction drainage at the surgical site should be considered.

9. Postoperative disease monitoring

For immediate postoperative disease monitoring, blood tests for plasma aldoste-
rone, renin, and potassium levels should start on the first day. Therefore, antihyper-
tensive medications and potassium supplements should be discontinued or tapered to
prevent interfering with biochemical measurements.

Furthermore, serum aldosterone and renin levels should be measured at 1
and 6 months after surgical management to confirm that PA is curable. Patients
who underwent adrenalectomy under AVS-based therapy had a high biochemi-
cal cure rate of 80%, attributable to the improvement in hypertension control
and hypokalemia cure rates [37, 38]. Video 1 (https://drive.google.com/file/
d/1J5Z03Kb7ZCXVOGZEWthVpEZOc-p3u3EM/view) shows a technique in lapa-
roscopic left adrenalectomy via transperitoneal approach in a patient with primary
hyperaldosteronism.
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Figuress.

Surgical specimen: (A) Gross specimen reveals 1.5 and 0.3 cm of golden yellow adrenal adenoma, and (B)
microscopic examination of tumor cells reveals an alveolar and trabecular pattern of growth without capsular or
vascular invasion.

The postoperative hypertension cure rate following adrenalectomy was found to
be 53% at 6 months and 49.6% at 12 months. Age older than 55 years, a long his-
tory of hypertension, and a tumor size greater than 2 cm are indeed risk factors for
postoperative persistent hypertension. All of the patients, however, had curative
hypokalemia and needed fewer antihypertensive medications following the surgery
[39-41]. Figure 5 illustrates a surgical specimen from laparoscopic left adrenalec-
tomy in PA patients.

10. Conclusion

Laparoscopic adrenalectomy is the gold standard treatment for unilateral PA, with
a low postoperative morbidity rate and an excellent clinical success rate for hyper-
tension control. General surgeons, particularly in small to medium-sized hospitals,
may play an important role in the surgical management of PA. Transperitoneal
laparoscopic adrenalectomy is a safe and effective technique that is recommended for
general surgeons with limited laparoscopic adrenalectomy experience.
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Congenital Adrenal Hyperplasia

Adina Mariana Ghemigian and Nicoleta Dumitru

Abstract

Congenital adrenal hyperplasia (CAH) is a rare pathology with an estimated
incidence of 1:14,000-18,000 births. It includes a group of inherited diseases with
autosomal recessive transmission. The genetic defect consists of mutations of the
genes encoding the enzymes involved in adrenal and eventually gonadal steroidogen-
esis. The most common mutation is the gene encoding 21 hydroxylase the enzyme
involved in cortisol and aldosterone synthesis. However, other enzymatic defects can
be identified. The excess of steroid precursors in the adrenal cortex will be directed
towards adrenal androgen synthesis. Finally, the clinical picture includes a series of
manifestations specific to the enzymatic deficiency, the severity depending on the
degree of the genetic defect. Thus, we can meet severe deficits with clinical expres-
sion in newborns and toddlers or partial, non-classical forms with manifestation in
adolescence or adulthood. Once the diagnosis of CAH is established, patients will
require specific therapy and long-term monitoring.

Keywords: congenital adrenal hyperplasia, adrenal steroid synthesis,
21-hydroxylase deficiency, hyperandrogenism, dexamethasone

1. Introduction

Congenital adrenal hyperplasia (CAH) includes a heterogeneous group of auto-
somal recessive disorders caused by total or partial impairment of steroidogenesis,
which is characterized by decreased synthesis of cortisol and, or aldosterone [1].
Cortisol deficiency causes an increase in ACTH levels by losing the effect of negative
feedback on the hypothalamic-pituitary region. In turns this leads to chronic over-
stimulation of the adrenal cortex and consecutive adrenal hyperplasia.

From the point of view of steroid synthesis, the adrenal cortex is divided into three
areas: zona glomerulosa or the outer layer, the site of mineralocorticoid synthesis, the
fasciculata area, the middle largest layer, the site of glucocorticoid synthesis and the
inner layer or zona reticularis involved in androgen biosynthesis [1]. Steroidogenesis
involves the conversion of cholesterol to active steroid hormones and is performed under
the action of many enzymes, cofactors, and accessory proteins (Figure 1) [1]. These
enzymes are specific expressed in the three areas of the adrenal cortex, depending on the
type of steroids synthesized, but some are also expressed in the gonads or placenta.

The pathophysiological mechanism of CAH consists in mutations in most of the
genes encoding the enzymes involved in adrenal and eventually gonadal steroidogen-
esis. Impaired enzyme function in a specific step of adrenal steroid biosynthesis leads
to a unique combination of elevated precursors and deficient products [2]. For this
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reason, the clinical phenotype is variable and depends on the severity of the enzyme
deficiency. The most common enzyme deficiency that disrupt cortisol synthesis lead-
ing to CAH is that of 21 hydroxylase [1-4].

2.21-hydroxylase deficiency
2.1 Epidemiology

CAH due to 21-hydroxylase deficiency (210HD) represents approximately
90-95% of CAH cases encountered in clinical practice [3, 4].

Depending on the degree of enzyme deficiency, it is classified into classical and
non-classical form. Classical form occurs in 1:14,000 to 1:18,000 live births based on
screening programs [1, 4, 5]. Non-classical form is more common with a prevalence of
1:500 to 1:1000 in the general white population [4]. In certain population groups like
the Ashkenazi Jewish the prevalence is even higher with 1 in 27 individuals affected
and 11in 3 are carriers of the allele, making this form the most frequent autosomal
recessive disorder in population [2].

2.2 Pathophysiology

CYP21A2 is a microsomal enzyme belonging to the cytochrome P450 family, also
known as P450c21 [1]. The major substrate of CYP21A2 is 17 hydroxyprogesterone
(170HP), which is converted to 11-deoxycortisol in zona fasciculata, an intermediate
metabolite in the cortisol synthesis stage. In zona glomerulosa, CYP21A2 acts on pro-
gesterone, converting it to 11-deoxycorticosterone within the aldosterone pathway [1].
Blocking this enzymatic step will cause cortisol deficiency with a secondary increase
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in ACTH secretion [2]. This in turn, will stimulate excessive synthesis of precursor
molecules in both pathways blocked by the enzyme deficiency, namely 170HP and
progesterone. The precursor will be redirected to adrenal androgens synthesis via the
17,20-lyase activity of CYP17A1, the step unaffected by the enzyme deficiency [1, 2].

Intrauterine exposure to excess adrenal androgens will not significantly influence
male sexual differentiation. The situation is totally different in the case of a fetus 46,
XX. In this case, excess of androgens will interfere with the differentiation of the
external genitalia, causing prenatal virilization. The severity of virilization is quanti-
fied using a five-point scale developed by Prader, where grade I involves minimal
virilization with clitoral hypertrophy, while grade V is a typical male aspect of the
external genitalia [2].

2.3 Genetics

The gene that encodes CYP21A2 is located on the short arm of the 6 chromo-
somes within the HLA class III region (6p21.3) arranged in tandem with its inactive
pseudogene (CYP21A1P) [1, 3]. Both CYP21A2 and CYP21A1P genes share a high
nucleotide homology of about 98% and 96% in exons and introns respectively, but
only CYP21A2 gene encodes the active microsomal P450 enzyme, 21-hydroxylase
(CYP21A2, P450c21) [1, 6]. The pseudogene CYP21A1P is inactive because of the
presence of multiple pathogenic variants, small insertions or deletions and point
pathogenic variants that prevent the synthesis of a functional protein [3, 7].

In about 70-75% of cases CYP21A2 mutations arise from gene microconversion,
namely transfer of deleterious mutations from CYP21A1P during meiosis, generating
point mutations with consecutive reduction of the enzymatic activity of CYP21A2
[1, 6]. In 20-25% of the cases, CYP21A2 mutations are due to gross misalignment
owing to unequal crossing over during meiosis leading to gene deletions, gene
duplications or the appearing of a hybrid gene or pseudogene-gene chimeras, yield-
ing a non-functional CYP21A2 gene [3, 6]. Less than 5% of the pathogenic variants
in the CYP21A2 gene are de novo point mutations, most of these affected patients are
heterozygous [3, 6].

2.4 Genotype-t correlation

Most patients with 210HD are heterozygous compounds, with more than one
mutation in one or both CYP21A2 alleles, which is why there is a wide spectrum of
phenotypes [1, 4]. In general, the phenotype reflects the residual activity of the light-
est mutation [3, 7].

Scholastically, two forms of this condition are described, namely the classical and
non-classical form. In turn, the classic form is subdivided into salt-wasting (SW) and
simple virilizing (SV) form [1, 4].

The SW form is characterized by mutations in both alleles leading to complete loss
of enzymatic activity, such as deletions, large gene conversions, nonsense mutations,
frameshifts, and missense mutations [1].

The SV form occurs by mutation associated with complete loss of function on one
allele and on the other allele a mutation that reduces enzymatic activity by 1-5%, like
a nonconservative amino acid substitution, p.Ile172Asn (I172N) or splicing mutation
on intron 2 [1, 4]. This mutation that alters splicing of intron 2 is particularly common
in SV patients, but also in SW ones.
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In the nonclassical (NC) form, most of the affected individuals are compound
heterozygotes, with various mutations on each of the two alleles, of which at least one
can allow enzymatic activity of 20-50% [6]. The genetic defect may be a point muta-
tion in exon 7 (pVal281Leu), or a missense mutation as p.Pro30Leu (P30L) [1, 4, 6].
However the clinical observations suggest that patients carrying the P30L allele are
somewhat more symptomatic, being rather a borderline form between SV and NC [1].

Although we still use this classification of CAH forms, in practice we must con-
sider the CYP21A2 allelic variants with their phenotypic manifestations as a con-
tinuum clinical spectrum.

2.5 Clinical picture

The classic form of CAH due to 210HD is identified in 1 of 14,000-18,000 new-
borns and includes the two variants: salt-wasting and simple virilizing form [1, 4].

2.5.1 Classic salt-wasting 21-OHD CAH

Of the two variants, the SW form is the most severe, but also the most common,
representing about 75% of all cases [6]. It is characterized by null or minimal enzy-
matic activity (<1%) in both CYP21A2 alleles, resulting in severe cortisol and aldo-
sterone deficiency and elevated androgen levels [1, 3]. Clinically it is characterized
by prenatal virilization of female girls by exposure to potent androgens (testosterone
and A4-androstenedione) at critical stages of sexual development [6]. Aldosterone
deficiency will be manifested soon after birth by the appearance of hypovolemia with
hyperreninemia, hyponatremia and hyperkalemia, which associated with hypogly-
cemia due to severe cortisol deficiency, will generate an increased risk of seizures in
these infants [2]. Also, these children are at high risk for adrenal crisis, that can occur
at 1-6 weeks after birth, with azotemia, vascular collapse, shock, and finally death
[6]. Affected males are more prone for a salt-wasting adrenal crisis at home because
their normal male genitalia do not raise the suspicion for this condition, being
discharged from the hospital without diagnosis [4, 6]. The episodes of salt loss in the
infant period are similar in symptoms to pyloric stenosis or gastroenteritis with poor
feeding, weight loss, failure to thrive, vomiting, dehydration [6]. The differentiation
from the latter is achieved by the fact that children with CAH maintain diuresis.

2.5.2 Classic simple virilizing 21-OHD CAH

This second variant of classic CAH represents about 25 of the cases and is char-
acterized by a reduced enzymatic activity of only 1-5%, which generates a clinical
picture in which the exposure to excess androgens predominates. These children do
not have episodes of salt loss due to the relatively normal production of aldosterone,
but they do associate cortisol deficiency. In utero exposure of females to adrenal
androgen excess results in external genital virilization at birth with varying degrees
of clitoris enlargement, fusion of the labioscrotal folds, and formation of a urogenital
sinus [6]. Excess androgens are imperceptible at birth in males. It should be noted
that it is difficult to make a difference between SV and SW form based on the degree
of virilization of an affected female at birth [6]. This is why all infants detected with
classic CAH will be treated with glucocorticoid and mineralocorticoid treatment at
least within the first year of life, because infants have a relative renal tubular resis-
tance to the salt-retaining effects of aldosterone and a low sodium content diet [1].
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Postnatal, both females and male’s infants with SV CAH develop signs of androgen
excess including precocious development of pubic and axillary hair, acne, seborrhea,
comedones, acceleration of linear growth, advanced bone maturation leading to short
final stature, with a consecutive catecholamine deficient secretion [6]. The pubertal
development of untreated children consists:

* isosexual early pseudo-puberty in boys with disharmony between testicular
development (prepubertal type) and penile enlargement (pubertal type)

* heterosexual early pseudo-puberty in girls

Persistence of glucocorticoid deficiency in adulthood may lead to impaired
vascular tone and cardiac function, as a result of impaired development and function
of adrenal medulla [6].

2.5.3 Non-classic 21-OHD CAH

As mentioned above, the genetic defect associated with NC form of CAH retains an
enzymatic activity of 20-50% for CYP21A2. Thus, cortisol production is sufficient for
anormal lifestyle, but insufficient to adequately suppress ACTH synthesis, and so the
excessive androgen secretion is maintained. External genitalia are normal at birth, as
are 17-hydroxyprogesterone levels, which is why these cases are not detected in neonatal
screening [2, 7]. This form is usually diagnosed later during childhood or adolescence or
even in adulthood, therefore in the past it was called the “late-onset” form [6, 7].

The clinical features of androgen excess are related to age at diagnosis [7]. In the
case of prepubertal children, both sexes show accelerated growth, with advanced
skeletal maturation compared to chronological age, premature development of pubic
hair with a prevalence up to 30%, described even at the age of 6 months [2, 7]. Girls
may have clitoromegaly, and boys may have enlarged penis with prepubertal testicles,
similar to classic SV form [6]. In 30-60% of cases the ACTH 1-24 test reveals a slight
cortisol deficiency, requiring replacement therapy during periods of stress.

In adolescents and adult women, the signs of hyperandrogenism predominate with
treatment-resistant nodulo-cystic acne, seborrhea, androgenic alopecia, hirsutism,
risk of infertility, increased rate of miscarriages [2, 6, 7]. Clinically they may associate
a profile like polycystic ovary syndrome (PCOS) [7]. Up to 30% of women with PCOS
have undiagnosed NCCAH [6].

Affected men are often asymptomatic. In their case, the diagnosis is made either
from an affected female member or in the context of evaluation for peripubertal gyne-
comastia, short stature, infertility, oligospermia, or adrenal incidentalomas [2]. Up to
3% of adult men with bilateral adrenal events may have undiagnosed NCCAH [6].

2.6 Diagnosis

Diagnosis of CAH must be suspected in infants born with ambiguous genitalia
[2]. CAH is a life-threatening disorder for this reason it is important to establish the
diagnosis as early as possible.

2.6.1 Hormonal evaluation

Diagnosis of 21-OHD CAH can be confirmed biochemically by identifying high
values of 17-OHP in a blood sample. Such hormonal evaluation is the basis of the
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newborn-screening program developed to identify affected patients with classical
form of CAH [2]. This neonatal program screening is currently being used in more
than 30 countries around the world to prevent morbidity and mortality from adrenal
crisis [1, 4]. The screening procedure implies collection of blood samples by heel punc-
ture at more than 24 h after birth, but not later than 1 week [8]. Clinical guidelines
recommend as first-tier screens the use of immunoassays to measure 170HP in dried
blood spots, on the same filter paper cards used for other newborn screening tests [4].

A value of 170HP on the 3rd day of life less than 30 nmol/L or 10 ng/mL is con-
sidered normal. However, there are no universally accepted standards for stratifying
infants, most laboratories use a series of birth weight-adjusted cut-offs [4]. It should
be noted that neonatal screening:

* has a risk of false positive results, ranging from 0.02 to 1.2%. This situation
includes the samples collected less than 36 h after birth, premature, sick or
stressed infants, a late maturation of 11 hydroxylase or in case of cross-reaction
with sulphated metabolites and immature adrenal precursors [4, 8].

* In case of borderline first-tier test results some screening programs recommend
repeating screening, reevaluating samples with a second-tier test by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) or perform molecular
testing to identify the pathogenic variants in CYP21A2 [3, 4, 6].

* 170HP assay does not identify children with NC form of 21-OHD

* Direct biochemical analysis of 1770HP or other steroids using LC-MS/MS
improve the positive predictive value of CAH screening. According to the current
guidelines, the improvement of the screening prognosis can also be achieved

through: [4].

* Measuring additional analytes: 21-deoxycortisol, produced by 11b-hydroxylation
of 170HP, is normally low even in preterm infants. Finding an elevated levels is
highly specific for 210HD.

* Measuring ratios of analytes: the sum of 170HP and 21-deoxycortisol levels
divided by the cortisol level detect all affected children with no false positives
results and with a positive predictive value of 100%

* Measuring urinary metabolites: pregnantriol and 17b-hydroxypregnanolone, the
170HP metabolites or pregnanetriolone, the 21-deoxycortisol metabolite; these
metabolites are increased in CAH and have a good specificity, even in preterm
infants. 17-hydroxypregnanolone is an intermediate product in the alternative
or “backdoor” pathway of dihydrotestosterone synthesis [1]. This alternative
pathway is a major contributor to fetal female virilization in 210HD [1].

For infants with positive newborn screening for CAH the guidelines recommend
referral to pediatric endocrinologists and evaluation by cosyntropin stimulation test [4].
When CAH is suspected later in childhood or in an adult, diagnosis confirmation
is based on an early morning 170HP [7]. After the newborn period, a morning 170HP
value below 2.5 nmol/L (or 0.8 ng/mL) in children, respectively below 6 nmol/L (or
2 ng/mL) in adults excludes the diagnosis of CAH (Table 1) [7]. It should be noted
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170HP values Classic CAH Non-classic CAH Non-CAH
Basal >300 nmol/L (>100 ng/ >15 nmol/L (5 ng/mL) <6 nmol/L (<2 ng/mL)
mL)
ACTH- >300 nmol/L (>100 ng/ >30 nmol/L (>10 ng/ <30 nmol/L (<10 ng/mL)
stimulated mL) mL)
Table 1.

The basal and ACTH stimulated 170HP levels.

that 170HP has a pulsating secretion so, the values obtained mid-morning or in the
afternoon may be normal. For this reason, it is recommended that blood be collected
in the morning, 7.30-8.30 AM. In addition, in women it should be measured in the
follicular phase of the menstrual cycle or in amenorrhea [7]. It should be noted that
a simple determination of 177OHP may be accompanied by a false negative result,
estimated at 2-11%, especially in adults with NC form [7].

The same as in the case of classic form, improving screening for NC CAH form
can be achieved through 170HP measurement by LC-MS/MS. This method provides
increased analytical specificity, the ability for multiplex analysis (simultaneously
measure multiple analytes like androstenedione, testosterone, 21-deoxycortisol), and
the advantage of using minute specimen volumes [4].

2.6.2 Additional tests

If the clinical suspicion remains despite the use of LC-MS/MS, the next diagnostic
step is the ACTH stimulation test, which is the golden standard for the diagnosis
[2, 6, 7]. The ACTH stimulation test is performed in the morning, 8.00-9.00 AM.
It involves administration of an intravenous injection of 250 pg of synthetic ACTH
(Cosyntropinum, Cortrosyn), or 36 pg/kg in children under 1 year, with measuring
the levels of 170HP, androstenedione and cortisol at baseline and 60 min after the
injection (Table1).

Given the fact that in girls and women with non-classical form of CAH, the features
of hyperandrogenism predominate in the clinical picture, it is important to be able
to differentiate the etiology of this virilization syndrome. Thus, we can use the long
dexamethasone test, with administration of dexamethasone for 4 days at a dose of:

* 1 mg/sqm/day divided into 4 doses (at 6 hours)—in children
* 2 mg/day divided into 4 doses (every 6 hours)—for adults

In CAH, in contrast to PCOS or Cushing syndrome there will be a suppression of
androgen values (DHEAS, 17 (OH) P, testosterone) with minimum of 50 (75%) of the
basic values, and also for cortisol level.

2.6.3 Molecular genetic testing

Molecular testing can detect CYP21A2 mutations and should be carried out in
equivocal cases to support the diagnosis, for genetic counseling and for better prog-
nostic and treatment guidance [2, 4, 7]. There are commercial kits that detect the
most common 10-12 mutations. Testing should be performed in parents to confirm
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the parental origin of each mutation, to rule out the coexistence of two mutations on
the same allele (cis), to determine compound heterozygosity, distinguish hemizygos-
ity from homozygosity in the index case, and estimate the recurrence risk [1]. Once
the CYP21A2 pathogenic variants have been identified in an affected family member,
molecular genetic prenatal testing for 21-OHD CAH can be performed [6]. Most often
prenatal testing is considered when the parents have a previous child with 210HD [1].

There are two methods used: chorionic villus biopsy and amniocentesis, implying
invasive sampling [1]. By chorionic villus biopsy is obtained fetal DNA at gestational
week 9-11. Amniocentesis was the initial method available for prenatal diagnosis [1].
It allows analysis of fetal hormones in amniotic fluid and can be performed at gesta-
tional week 12-14 [1]. Both methods imply an increased risk of fetal loss and do not
totally allow avoiding prenatal treatment in male fetuses as they cannot be performed
earlier than week 9 of gestation [1, 3].

However, noninvasive prenatal diagnostic method has been developed, which
prevent prenatal treatment of males and unaffected females [5]. This method is
based on PCR amplification of cell-free fetal DNA that can be isolated from maternal
plasma as early as week 6-9 [1]. Protocols must include screening for Y chromosomal
DNA in maternal blood, by detecting SRY gene [3]. Sequencing of cell-free fetal DNA
can ascertain CYP21A2 mutations, but not suitable in clinical settings [1, 3]. Instead,
it can identify single nucleotide polymorphisms flanking CYP21A2 that are specific
for the mother, father, and proband, determining the maternal and paternal alleles
inherited by the fetus [1].

2.7 Management of 210HD CAH forms

Treatment goals [1, 4]:

* preventing prenatal virilization of external genitalia in girls

* prevention of adrenal crisis and virilization

* ensuring normal growth and development

* ensuring normal pubertal maturation from birth to adolescence,

* prevention of long-term complications

* Therapeutic options:
2.7.1 Prenatal treatment

The prenatal treatment involves the use of dexamethasone in dose of 20 pg/kg/
day, to maximum 1.5 mg/day given in three doses to pregnant women with a fetus at
risk for classic CAH [1]. Dexamethasone has increased half-life, crosses the barrier
placenta and is not degraded by placental 11phydroxysteroid dehydrogenase type 2
(HSD11B2). It can reduce the fetal ACTH and subsequently the androgen levels, with
the aim of preventing prenatal virilization of external genitalia in affected girls. The
effectiveness of prenatal therapy with dexamethasone depends on when treatment

is started, optimum by gestational week 6-7. The benefit is reduced to 15% in case
of late initiation, early discontinuation, or reduced compliance with therapy, thus
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allowing slight virilization of the fetus. The treatment is controversial due to safety
concerns related to exposure to dexamethasone in this stage of embryonic develop-
ment that may impact much more than the hypothalamic-pituitary-adrenal axis [1].

2.7.2 Treatment of classic 21I0HD CAH forms
In SW form:

* Dietary supplementation with NaCl, especially in the first months of life. The
dose in breast-fed infants is 10-12 mmol/KgC/day [5].

* Mineralocorticoid replacement with fludrocortisone typically 100-200 pg/day
divided in 1 or 2 oral doses, of which one must be in the morning [2, 5].

Due to relative mineralocorticoid resistance at this age and secondary to the
antimineralocorticoid effects of elevated 170HP, neonates and young infants require
higher fludrocortisone doses [1]. However, the need for fludrocortisone diminishes
with time. The monitoring will be done by electrolytes, plasma renin, and blood pres-
sure measurement [2].

* Glucocorticoid replacement with hydrocortisone is the preferred option, because
of its shorter half-life that minimizes the adverse side effects [1].

The hydrocortisone tablets are crushed and mixed into food or suspended and
given in a dose of 10-15 mg/sqm daily, in 3-4 divided doses [1]. Treatment will be
monitored every 3 months in infant younger than 18 months and every 4-6 months
in older children, or more frequently after a change in dosing [1, 4]. Serum levels of
170HP and androstenedione will be monitored. The suggested target for 170HP level
is 2-3 times the upper normal level, but not higher than 10 ng/mL (or 30 nmol/L)
when measured in the early morning before medication [1]. It is recommended to
avoid the normalization of the 170HP level because of the risk of glucocorticoid
overdosing causing iatrogenic Cushing syndrome [1, 2, 4].

The hydrocortisone dose may need to be dubled in case of minor intercurrences
with fever below 39 degrees or tripled in case of fever above 39 degrees. Raising the
dose is not recommended for everyday mental and emotional stress, minor illness, or
before routine exercise [1, 4].

As growth cartilage closes, teens and later adults may receive slow-release
corticosteroids, such as prednisone 5-7.5 mg/day or dexamethasone 0.25-0.5 mg/
day at bedtime. However, in adults hydrocortisone remains the preferred option for
glucocorticoid treatment due to its better metabolic, cardiovascular and bone mineral
density outcome compare to dexamethasone or prednisone [1, 4].

Adolescents and women with clinical and ultrasound criteria for PCOS may
benefit from treatment with oral contraceptives that may be associated, or not with
antiandrogens (spironolactone) [4].

In SV form:

Treatment includes hydrocortisone at a dose of 8-15 mg/sqm, doses being
increased in conditions of overload, except for intense physical effort [1, 4].

Replacement with mineralocorticoids is done only during infancy to allow the use
of minimum doses of glucocorticoids. After this period the child will receive miner-
alocorticoids only if the renin values are increased [1].
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A multidisciplinary team is needed in approaching the individual with genital
ambiguity consisting of specialists in pediatric endocrinology, pediatric urology/
surgery, clinical genetics, and psychology is essential for the best diagnosis and
management [6].

Genitoplasty surgery in girls involves clitoroplasty, opening of the vaginal introi-
tus and labioplasty [1]. Surgical techniques are intended for erectile tissue removal,
keeping the clitoris with sensitive innervation, ensuring a proper vaginal opening,
preventing recurrent urinary tract infections [1].

2.7.3 Treatment of non-classic 21I0HD CAH form

Decisions about starting treatment should be individualized and based on clinical
symptoms [2]. The guidelines do not recommend routine treatment with glucocorti-
coid in asymptomatic individuals [1, 4]. The main goal in children with NC CAH is to
maintain normal growth and pubertal development. This childrens will be regularly
monitored clinically for height, weight, signs of androgen excess, puberty, and bone
age advancement [7].

Hydrocortisone treatment will be recommended in case of:

* ACTH stimulation test highlights maximum cortisol values below 18 pg/dL
(or < 500 nmol/L) [4].

* Symptomatic hyperandrogenism present in the prepubertal period (early and
rapidly evolving pubarche, accelerated bone maturation)—low doses of hydro-
cortisone (6-10 mg/sqm).

* Alternative treatment options in adolescent and young adult females includes:

* Oral contraceptives containing progestins with low androgenic activity such as
desogestrel to induce menstrual cycles and improve acne and hirsutism [4, 7].

* Antiandrogens for patient-important hirsutism that persists despite oral contra-
ceptives [1].

* Eflornithine hydrochloride cream can be used as topical therapy for facial hirsut-
ism. Its effect is of inhibiting the anagen phase of hair production. It is most effec-
tive when combined with physical means of hair removal, such as topical lasers [1].

2.7.4 Management of adrenal emergency in CAH

Adrenal crisis is estimated to be responsible for up to 42% of deaths in patients
with CAH [1, 5]. Patients with SW are the most exposed to this risk, but not only
them. The most common precipitants of this medical emergency are infectious ill-
nesses, gastrointestinal and upper respiratory tract infections, for all ages [1, 5].

Prevention of adrenal crisis is accomplished through patient education on stress
dosing (2-3 times usual doses) of glucocorticoid [1, 5]. But there may be situations
when oral stress doses will not prevent the progression to adrenal crisis [1]. Each fam-
ily should have a glucocorticoid injection kit for emergency use at home if oral medi-
cation is not tolerated during episodes of major stress [1, 2, 4]. All family members
should be trained for its intramuscular administration, especially for patients living
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far from medical facilities. The injectable dose of hydrocortisone in an emergency is
25 mg for infants, 50 mg for children under 40 kg, and 100 mg for children over 40 kg
and for adults [2].

Management of adrenal crisis involves giving an immediate bolus of hydro-
cortisone 50-100 mg/sqm intravenously or intramuscularly, followed by hydro-
cortisone 50-100 mg/sqm/day as either continuous infusion or divided at every
6 h [2]. Glucocorticoid doses will be adjusted according to clinical status (state of
consciousness, pulse, blood pressure), blood glucose level and serum ionogram.
Next day, parenteral administration will be reduced by 1/3 of the dose starting
on the day the digestive tolerance reappears and, in parallel with the reduction
of parenteral therapy, oral therapy is gradually reintroduced, returning to pre-
decompensation doses.

In combination with glucocorticoid therapy, the patient is rehydrated by rapid
infusion of intravenous fluids: 1000 mL of 0.9% sodium chloride during the first
60 minutes, or 20 mL/kg up to 60 mL/kg normal saline in children, continuation of
therapy will be guided by level of dehydration [1, 2].

If hypoglycemia is present may require dextrose bolus of 0.5-1 g/kg can be given
intravenously at 2-3 ml per minute [2].

If the patient has also hyperkalemia, it requires cardiac monitoring for EKG
changes and should be treated using insulin with glucose infusion [2].

All patients with CAH should wear medical alert identification tags (Medical Alert
bracelet or medallion) indicating the diagnosis of adrenal insufficiency, for prompt
therapy initiation in case of emergencies [1, 2, 4].

2.8 Comorbidities asociated with 210HD
2.8.1 Effect on growth and final adult height

As mentioned earlier, exposure to excessive androgens determines advanced
somatic and epiphyseal development accompanied by premature epiphyseal matura-
tion and closure, resulting in a lower final adult height that expected from parental
heights. An early diagnosis with the initiation of appropriate treatment could improve
the final adult height. However, it is necessary to use an optimal dose of glucocorti-
coid, avoiding overdose, which could have a negative impact on growth [2, 5].

2.8.2 Impaired bone mineral density (BMD)

Is another consequence of long-term use of supraphysiological doses of gluco-
corticoid, dexamethasone having the most deleterious effects on BMD compared to
hydrocortisone or other intermediate-acting glucocorticoids [1, 5]. In terms of bone
metabolism, adrenal androgens including DHEAS can increase BMD, mainly cortical
bone [1, 7]. Thus, regarding bone mass late diagnosis and or a poor hormonal control
may improve BMD by exposure to higher androgen levels [1]. Similar to the general
population, these patients may also benefit from adequate vitamin D intake, a high-
calcium diet, and physical activity to prevent bone loss.

2.8.3 Tumor risk

It is estimated that 20-30% of adult patients with CAH have adrenal masses:
benign adrenal tumors (29%) or myelolipomas (8.6%). They generally occur in
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patients with a poor hormonal control, suggesting a role of ACTH stimulation in
pathogenesis [5]. There is no evidence that adrenocortical carcinoma is more preva-
lent in CAH patients [1].

A common and important complication in individuals male with CAH is devel-
opment of testicular tumors of adrenal-like tissue or testicular adrenal rest tumors
(TARTS) [5]. TART: are bilateral benign testicular tumors, mostly painless, centrally
located in the rete testis and easily identified by ultrasound [1, 5]. The central
location of TARTSs can compress the seminiferous tubules, leading to irreversible
damage to the surrounding testicular tissue with gonadal dysfunction and infertil-
ity [5]. According to the guidelines, boys with classic CAH should have a testicular
ultrasound upon completion of puberty and regular examination for TARTSs every
2-5 years [1, 4]. TARTSs are rare in NC form, so routine ultrasound is not recom-
mended in NC CAH males [4].

It should be noted that TARTSs tumors may also occur in other adrenal enzyme
deficiencies like 11p-hydroxylase and 3p-hydroxysteroid dehydrogenase type 2
deficiencies [1].

Due to its strong adrenal-suppressive effect, dexamethasone is preferred in the
treatment of TARTS. Testis sparing surgery may be an option, but usually does not
improve gonadal function, so this patients may be recommended cryopreservation of
sperm before surgery [1].

2.8.4 Fertility

Is affected in both men and women with CAH, especially those with a classic
form.

In males fertility is impaired due to hyper- or hypogonadotrophic hypogonadism
or through TARTS [2, 7].

In women, elevated androgen and 170HP levels result in menstrual irregularities
and anovulatory cycles [7]. Adverse effects of elevated progesterone on the uterine
lining, combined with secondary development of PCOS with oligo-amenorrhea,
increases the risk of sub-fertility or infertility [5]. In general, there is an association
between the severity of the CAH phenotype and the level of gonadal dysfunction
and fertility, mostly reported in women with the salt-wasting subtype [1, 5]. A major
cause for low child rates in women with CAH is considered to be a lowest interest in
motherhood, especially with the SW phenotype [1]. This may be caused by prenatal
androgen exposure that influence gender role behavior, associated with a lack of a
partner, dissatisfaction with genital appearance, decreased sexual satisfaction and
sexual dysfunction as a result of corrective surgery [1].

2.8.5 Cavdiovascular and metabolic disease

Patients with CAH have increased cardiometabolic morbidity [1]. A Swedish
population-based study found an increased prevalence of obesity, type 2 diabetes
mellitus, obstructive sleep apnoea, hypertension, elevated lipids, atrial fibrillation
and venous thromboembolism in CAH individuals compared with control [1, 5].
Regular follow-up with lifestyle interventions to prevent obesity, and screening for
diabetes, especially gestational diabetes, and dyslipidemia may improve cardiometa-
bolic outcome [1, 5].
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3.11p-hydroxylase deficiency

CAH owing to 11-hydroxylase deficiency (11-OHD) is the second cause of CAH,
accounting for 5-8% of all cases [2].

Steroid 11-hydroxylase (CYP11B1, P450c11) and aldosterone synthase (CYP11B2,
P450c11AS, P450aldo) are closely related enzymes, encoded by duplicated genes, and
catalyze the final steps in the synthesis of glucocorticoids and mineralocorticoids [1].
CYP11B1 is expressed abundantly in the zona fasciculata, where it converts 11-deoxy-
cortisol to cortisol and deoxycorticosterone (DOC) to corticosterone (Figure 1),
and also in the zona reticularis, where it initiates the 11-oxo-pathway [1]. CYP11B2
expression is less abundant and confined to the zona glomerulosa where it catalyzes
the 11 p-hydroxylase, 18-hydroxylase, and 18-methyloxidase activities which lead to
conversion of DOC to aldosterone [1]. This steroid 11-hydroxylase are [1].

118-OHD occurs as a result of mutations in CYP11B1, the gene encoding
11B-hydroxylase, with occurrence of deficient cortisol, and increased DOC and adre-
nal sex steroids [1]. CYP11B1 gene is located on the long arm of chromosome 8 (8q24),
about 40 kb from the homologous CYP11B2 gene encoding aldosterone synthase
[2]. It consists of 9 exons and 8 introns. Mutations in this gene tend to be grouped
into exons 2, 6, 7 and 8. Several types of mutations affecting CYP11B1 have been
described, including missense mutations, splicing, small deletions, small insertions,
regulatory deletions, large deletions, or complex rearrangements [9].

The general incidence of this form is estimated to be 1 in 100,000 individuals, and
in contrast to 21 hydroxylase deficiency CAH, the disorder is more prevalent in the
Middle East and North Africa (1:5000-1:7000 individuals). A mild non-classical form
of 11-OHD CAH has been reported, with an unknown frequency [9].

3.1 Clinical picture

The prominent clinical features of 118-OHD are female virilization, similar to clas-
sical 210HD and low renin hypertension [9]. Clinically we will encounter virilization
in females, childhood gynecomastia, early isosexual/contrasexual pseudopuberty,
accelerated bone maturation with reduced adult final height.

Elevated blood pressure is secondary to overproduction of DOC which causes
salt retention and hypertension despite the fact that it is a less potent mineralocor-
ticoid than aldosterone [9]. High blood pressure may or may not be associated with
hypokalemic metabolic alkalosis and occurs in approximately 2/3 of patients, usually
later in childhood or in adolescence [9]. Although the excess of DOC is incriminated,
the etiology of hypertension is not fully elucidated. There are other factors involved
considering that the decrease in the level of DOC after the administration of dexa-
methasone is not always associated with BP normalization. Likewise, clinical signs of
mineralocorticoid excess and the degree of virilization are not well correlated. Some
severely virilized females are normotensive, whereas mildly virilized patients may
experience severe hypertension [9].

There have been reported cases of salt loss in neonates with 118-OHD, incom-
pletely explained pathophysiological, probably due to the natriuretic effect of
pregnenolone and progesterone [9]. These episodes could be precipitated by the
initiation of glucocorticoid therapy due to a sudden decrease in DOC or by conditions
of infectious intercurrences.
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Along with the classic form of 11p-OHD there has been described a rare form of
non-classical 118-OH. It presents with excess androgens but without hypertension
and has been diagnosed in normotensive children with mild virilization or precocious
pubarche and in adults with signs of hyperandrogenemia [9].

3.2 Diagnosis
It is established based on the hormonal profile, that is characterized by:
* Elevated baseline or ACTH-stimulated values of DOC and 11 deoxycortisol

* Elevated urinary metabolites (tetrahydro-11-deoxycortisol,
tetrahydro-deoxicorticosterone)

* Moderately elevated 17 OHP levels, that can lead to misdiagnosis of 210HD at
newborn screening [1]

* Elevated androgen levels: androstenedione, testosterone, DHEAS.

4. 3-p hydroxysteroid dehydrogenase deficiency type II

There are 2 human 3p-hydroxysteroid dehydrogenase (HSD3B) genes: type I and
typeII [1, 9].

HSD3B1 encodes an isozyme found in the placenta, brain, liver, skin. HSD3B2
encodes an isoenzyme found mainly in the adrenals and gonads [1, 9]. Both of
these isozymes can convert delta 5 (A5) to delta 4 (A4) steroids (Figure 2) [1, 9].
Mutations in HSD3B2 cause a rare form of CAH, characterized by elevated ratios of
A5/A4 steroids, notably 1770HPreg/170HP, that are >8 SD above normal [1]. About 45
mutations in HSD3B2 have been described, of which 37 are missense, nonsense, major
deletion, or complex rearrangements.

Classical form of HSD3B2 deficiency causes genital ambiguity in both sexes:
genetic females are mildly virilized because some fetal adrenal DHEA is converted to
testosterone by HSD3B1, that can act on low concentrations of steroids in the circula-
tion; genetic males synthesize some androgens by peripheral conversion of DHEA,
but these are insufficient for complete male genital development [1].

Also, hepatic HSD3B1 permits conversion of some of the elevated 1770HPreg to
170HP, engendering false positives in newborn screening for 210HD [1].

Diagnosis of HSD3B2 deficiency is based on identification of elevated serum levels
of A5 steroids and their urinary metabolites (pregnentriol and 16-pregnenetriol) and
by elevated ratios of A5/A4 steroids.

It is worth mentioning that newborns show a physiological increase in steroid
levels AS5. In this case, the diagnosis requires evaluation by the ACTH stimulation

A5 steroids: A4 steroids:

- Pregnenolone - Progesterone

- 17-hydroxypregnenolone [170HPreg] HSD3B - 170H-progesterone [170HP]
- Dehydroepiandrosterone [DHEA] - Androstenedione

- Androstenediol - Testosterone

Figure 2.
Engymatic conversion mediated by HSD3B.
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test. Increases of more than 2 standard deviations of 17 OH pregnenolone, DHEA,
A5 170HPregnenolone/17 OH progesterone ratio and A5 170HPregnenolone/cortisol
ratio are considered diagnostic for HSD3B2 deficiency.

Nonclasic form of HSD3B2 deficiency manifest itself in form of precocious devel-
opment of pubic and axillary hair at both sexes and virilization signs in females.

5.17a-hydroxylase/17,20 lyase deficiency

17a-hydroxylase (CYP17A1, P450c17) is a double-acting enzyme, both
17a-hydroxylase and 17.20-lyase. The 17a-hydroxylase activity mediate conversion of
pregnenolone to 170HPreg and progesterone to 170HP, and the 17,20-lyase activity
convert 170H-Preg to DHEA, and to a lesser extent 170HP to androstenedione [1].

CYP17A1 is absent in zona glomerulosa, has only 17a-hydroxylase activity in zona
fasciculata, and is fully expressed, with both activities in the zona reticularis [1].

This enzyme is encoded by the CYP17A1 gene, located on the long arm of chromo-
some 10 (10q24.3). Mutations in the CYP17A1 gene with 17-hydroxylase deficiency
(170HD) are rare, account for approximately 1% of all CAH cases, more common in
Brazil or China [1, 9]. At least 100 mutations affecting CYP17A1 have been described
so far, such as missense/nonsense, splicing, small/large deletions, small insertions,
but also complex rearrangements. 170HD affects steroid synthesis in both the adre-
nals and gonads [9].

Lack of CYP17A1 blocks sex steroid biosynthesis, thus we will encounter under-
virilized genitalia, hypertension, absence of pubertal sexualization and gynecomastia
in males, respectively normal aspect of the genitals, hypertension, absence of puber-
tal sexualization (absence of telarche, primary amenorrhea), minimal body hair in
females [1, 9].

Hypertension is caused by overproduction of DOC in the zona fasciculata. 1770HD
is accompanied by a lack of cortisol synthesis, with low serum levels of potassium,
renine and aldosterone, but very high values of corticosterone substitutes for gluco-
corticoid requirements [1].

Clinically, the suspicion of 1770HD should be considered in hypertensive patients
with hypokalemia and low renin and aldosterone levels, in patients with delayed
puberty or stopped developing puberty, in children with karyotype 46, XY with
inguinal hernia or female external genitalia. It can also be considered in women with
unexplained infertility, who may associate a partial deficit with normal sexualization.

Hormone evaluation will identify elevated values of DOC, corticosterone and 18
OH-corticosterone and gonadotropins, associated with low values of 17 OH preg-
nenolone and 17 OH-progesterone, renin, and aldosterone [9].

Cases of isolated 17.20 lyase deficiency have been reported [1, 9]. In this situation
the conversion of pregnenolone to sex steroid precursors with 19 carbon atoms is
blocked, without affecting cortisol synthesis. Clinically we will meet external female
genitals at birth, regardless of genetic sex.

6. P450 oxidoreductase deficiency

P450 oxidoreductase (POR) is a flavoprotein that transfers electrons from NADPH
to all microsomal cytochrome P450 (CYP) enzymes, including CYP17A1, CYP21A2,
CYP19A1 (aromatase, P450aro) [1].
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POR mutations will be associated in varying degrees with concomitant decrease
in the activity of 17a-hydroxylase/17.20 lyase, 21 a-hydroxylase and aromatase. It
is a very rare disease [1]. Splicing, missense, or nonsense mutations, small or large
deletions, and small gene insertions affecting the gene located on the long arm of
chromosome 7 (7q11.23) cause POR deficiency [9].

Clinical findings are various:

¢ Possible virilization of the mother associated with low serum estriol levels, which
thus becomes a biological marker of disease, highlighted in the triple test per-
formed in the second pregnancy trimester

* Girls with severe degrees of virilization (Prader III or IV)
* Boys with normal external genitalia or sexual infantilism

* During adolescence and adulthood: various degrees of virilization in women, the
mildest form being similar to PCOS; various degrees of sub virilization in men,
the mildest form presenting only with infertility.

Patients with POR deficiency typically has normal electrolytes and mineralocorticoid
function, nearly normal cortisol levels that respond poorly to ACTH stimulation, increased
levels of 1770HP, but lower than in the isolated 210HD, and low levels of sex steroids [1].

7. Congenital lipoid adrenal hyperplasia

To initiate steroidogenesis, cholesterol from cytoplasmic storage depots is trans-
ported to the inner mitochondrial membrane by steroidogenic acute regulatory
protein (StAR), a transporter protein. At this level CYP11A1 (P450scc) will converted
it to pregnenolone [1].

Mutations in StAR cause a rare form of CAH called congenital lipoid adrenal
hyperplasia. In this disorder we have hormone deficiency on all 3 lines: mineralocor-
ticoid, glucocorticoid, and sex steroids. Furthermore, lipoid CAH is typically associ-
ated with very large adrenals secondary to the accumulation of cholesterol esters in
the adrenal glands [1].

From a clinical point of view, children have normal length and weight at birth;
male newborns have a completely female phenotype but lack the mullerian deriva-
tives; adrenal insufficiency is manifest from birth, with severe salt loss and dehydra-
tion; in 2/3 of cases, we find skin hyperpigmentation and in 1/4 cases hypoglycemia
during infancy [9].

Attenuated forms are also described, in which the salt loss becomes manifest later,
after the age of 1 month. Female patients with a minor deficiency may have a normal
phenotype in childhood, but with the absence of puberty or spontaneous puberty, but
stopped in evolution.

These patients will have electrolyte imbalances with severe hyponatremia and
hyperkalemia, very low levels of cortisol, aldosterone, DHEA, but also their precur-
sors with much higher levels of ACTH, plasma renin and gonadotropins, the latter
even in middle childhood.

The treatment of this condition is common with the classic forms of CAH with
adequate glucocorticoid and mineralocorticoid substitution.
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8. Conclusions

Under the name of congenital adrenal hyperplasia, there is a heterogeneous
spectrum of diseases whose phenotype depends on the type and degree of enzyme
deficiency. The diagnosis has an important impact on both the patient and his family.
Given that 21 hydroxylase deficiency is the most common etiopathogenesis of the
disease, it often becomes synonymous with congenital adrenal hyperplasia. However,
we must also consider the possibility of the existence of other enzymatic defects. In
conclusion, we are talking about a group of complex diseases whose diagnosis and
management require a multidisciplinary approach with the formation of a team of
experts in neonatology, endocrinology, genetics, surgery, psychology, these patients
requiring regular long-term evaluation.

Acknowledgements

The authors would like to thank to their teachers, professor doctor Constantin
Dumitrache and professor doctor Mihail Coculescu, from which they inherited the
passion for the secrets of endocrinology.
Conflict of interest

The authors declare no conflict of interest.

Author details

Adina Mariana Ghemigian® and Nicoleta Dumitru

C.I. Parhon National Institute of Endocrinology, “Carol Davila” University of
Medicine and Pharmacy, Bucharest, Romania

*Address all correspondence to: adinaghemi@yahoo.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

79



Adrenal Glands — The Curvent Stage and New Perspectives of Diseases and Treatment

References

[1] Claahsen-van der Grinten HL,
Speiser PW, Ahmed SF, Arlt W,

Auchus RJ, Falhammar H, et al.
Congenital adrenal hyperplasia-current
insights in pathophysiology, diagnostics,
and management. Endocrine Reviews.
2022;43(1):91-159. DOI: 10.1210/endrev/
bnab016

[2] Yau M, Gujral ], New MI. Congenital
adrenal hyperplasia: Diagnosis and
emergency treatment. 2019 Apr

16. In: Feingold KR, Anawalt B,

Boyce A, Chrousos G, de Herder WW,
Dhatariya K, et al., editors. Endotext
[Internet]. South Dartmouth (MA):
MDText.com, Inc.; 2000 [Accessed:
May 16, 2022]

(3] Arriba M, Ezquieta B. Molecular
diagnosis of steroid 21-hydroxylase
deficiency: A practical approach.
Frontiers in Endocrinology.
2022;29(13):834549. DOI: 10.3389/
fendo.2022.834549

[4] Speiser PW, Arlt W, Auchus R]J,
Baskin LS, Conway GS, Merke DP, et al.
Congenital adrenal hyperplasia due

to steroid 21-hydroxylase deficiency:

An endocrine society clinical practice
guideline. Journal of Endocrinology and
Metabolism. 2018;103(11):4043-4088.

DOI: 10.1210/jc.2018-01865. [Erratum in:

The Journal of Clinical Endocrinology
and Metabolism 2019;104(1):39-40]

[5] Mallappa A, Merke DP. Management
challenges and therapeutic advances in
congenital adrenal hyperplasia. Nature
Reviews Endocrinology. 2022;18(6):
337-352. DOI: 10.1038/s41574-022-
00655-w. Epub 2022 Apr 11

[6] Nimkarn S, Gangishetti PK,
Yau M, et al. 21-Hydroxylase-deficient
congenital adrenal hyperplasia. 2002

80

Feb 26 [Updated 2016 Feb 4]. In:

Adam MP, Mirzaa GM, Pagon RA, et al.,
editors. GeneReviews® [Internet].
Seattle (WA): University of Washington,
Seattle; 1993-2022. Available from:
https://www.ncbi.nlm.nih.gov/books/
NBK1171/. [Accessed: June 02, 2022]

[7] Nordenstrom A, Falhammar H.
Management of endocrine disease:
Diagnosis and management of

the patient with non-classic CAH

due to 21-hydroxylase deficiency.
European Journal of Endocrinology.
2019;180(3):R127-R145. DOI: 10.1530/
EJE-18-0712

[8] van der Kamp HJ, Wit JM. Neonatal
screening for congenital adrenal
hyperplasia. European Journal of
Endocrinology. 2004;151(Suppl. 3):
U71-U75. DOI: 10.1530/eje.0.151u071

[9]1 New M, Yau M, Lekarev O, et al.
Congenital adrenal hyperplasia.
[Updated 2017 Mar 15]. In: Feingold KR,
Anawalt B, Boyce A, et al., editors.
Endotext [Internet]. South Dartmouth
(MA): MDText.com, Inc.; 2000.
Available from: https://www.ncbi.nlm.
nih.gov/books/NBK278953/. [Accessed:
June 03, 2022]



Chapter 6

Congenital Adrenal
Hyperplasia — The Main Effect of
21-Hydroxylase Deficiency

Berta Carvalho, Filipa Carvalho and Davide Carvalho

Abstract

Congenital adrenal hyperplasia (CAH) consists of a group of autosomal recessive
disorders resulting from enzymatic defects in steroidogenesis. More than 95% of CAH
cases result from a deficiency of the 21-hydroxylase enzyme, which leads to cortisol
deficiency, with or without aldosterone insufficiency, and also an excess of androgen.
The clinical spectrum varies from milder symptoms to severe cases settled by the func-
tional impairment of the corresponding pathogenic variant in the CYP21A2 gene. The
two major forms of CAH caused by 21-hydroxylase deficiency are the classical form
and the non-classic, or late onset form. There are two subtypes of the classic form: salt
wasting and simple virilized. Diagnosis is clinically confirmed by 170H-progesterone
measurements, although genotyping is now progressively assuming an essential role
for characterising patients. Genotyping is sometimes challenging, due to the existence
of the highly homologous CYP21A1P pseudogene. The 21-hydroxylase enzyme is
encoded by the CYP21A2 gene, where most of the pathogenic variants defects are due
to meiotic recombination phenomena events between the CYP21A2 and CYP21A1P.
Complete gene analysis is recommended to obtain a correct diagnosis and a better
understanding of the underlying mechanisms of the disease in patients with CAH,
and is relevant for prognosis and for prescribing the appropriate type of genetic
counselling.

Keywords: CAH, cortisol, aldosterone, androgens, 21-hydroxylase, CYP21A2

1. Introduction

Congenital adrenal hyperplasia (CAH) consists of a group of autosomal
recessive disorders caused by a defective activity of one of the enzymes involved in
the steroidogenic pathway on the zona fasciculata of adrenal cortex, leading to an
impairment in cortisol synthesis by the adrenal gland [1-5]. From the several enzymes
involved in the adrenal steroids pathway, the 21-hydroxylase (21-OH) enzyme is
responsible for the majority of CAH cases [5, 6]. Less frequently, other rare deficits
in other enzymes may occur, namely: 11p-hydroxylase (118-OH), 17a-hydroxylase
(17a-OH), 3p-hydroxisteroid dehydrogenase (3p-HSD), and StaR protein cholesterol
side chain and cholesterol 20-22-desmolase. 21-OH, which is an enzyme belonging to
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the cytochrome P450 enzyme group, is responsible for the conversion of progesterone
into deoxycorticosterone and for the conversion of 17-hydroxyprogesterone (17-OHP)
into 11-deoxycortisol [7, 8]. The impairment of this enzyme leads to the accumulation
of precursor substrates for 21-hydroxylation, particularly 17-hydroxyprogesterone
(17-OHP), which in turn causes elevated levels of androstenedione, testosterone,
dihydrotestosterone, and other peripherally estrogens [4, 7-9]. Deficits in cortisol

or aldosterone and the consequent excess of androgens caused by the accumulation
of precursors may be responsible for distinct levels of enzyme activity, leading to
different forms of the disease, ranging from severe, moderate, to mild. This mono-
genic autosomal disorder is transmitted in a recessive pattern, requiring two mutated
alleles for the disease to occur [8]. The clinical manifestations are distinct and, in
general, correspond to the enzymatic activity of the less-affected allele [6, 10, 11].
Approximately 95% of CAH cases are the result of an impairment of the 21-hydroxy-
lase enzyme, which is one of the several enzymes involved in the androgens pathway.
Pathogenic variants of the encoding CYP21A2 gene may lead to a partial or complete
loss of function and an impairment of cortisol and aldosterone synthesis. In turn, the
depletion of cortisol concentration may inhibit the negative feedback loop, leading

to a compensatory release of the corticotrophin release hormone (CRH) and the
adrenocorticotropic hormone (ACTH) by the hypothalamus and the pituitary gland,
respectively, and also an adrenal cortex hyperplasia.

The phenotypic spectrum of CAH is widely variable, and the major clinical mani-
festations of adrenal insufficiency caused by aldosterone and cortisol deficits and
androgen excess constitute the main clinical concern, with morbidity and mortality
becoming less common. Therapy with hormone replacement constitutes a consider-
able benefit for patients since early diagnosis, although precise and individualised
treatment is required for better outcomes.

Genetic counselling is essential, especially because this disease affects many
individuals of reproductive age [1-3], and for the elucidation of the consequences
and complications for offspring. Molecular analysis of the gene responsible for 21-OH
deficiency is a necessary tool for the confirmation of clinical diagnosis of the affected
individual, which can also provide added valuable information for relatives or off-
spring at risk.

2. Clinical manifestations of CAH due to 21-OH deficiency

Based on distinct phenotypes, the disease was classified into two forms: the classic
form, subdivided into the salt-wasting (SW) and simple virilising (SV) forms, and
the non-classical or late-onset form (Table 1) [12]. In both forms, decreased cortisol
synthesis causes increased secretion of ACTH, which in turn stimulates the adrenal
gland to produce cortisol precursors, including androgens and their intermediates
(DHEAS, androstenedione and testosterone). In this way, hyperplasia of the adrenal
cortex is caused, as mentioned above [13].

2.1 Salt-wasting (SW) form

The SW form of CAH is the most severe form of this disease, accounting for
75% of cases of the classic form of the disease [13]. This form is characterised by a
complete absence of enzymatic activity, with consequent cortisol and aldosterone
deficiency [14]. SW form patients present alterations in the body electrolyte balance
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Classic Non- classic

Salt Wasting Simple Virilizing
Ageat NB till 6 months Fem: NB till 2y; Infancy till young adulthood
diagnosis Male; 2 to 4y
Genitalia Fem: ambiguous Fem: ambiguous Fem: virilized

Male: normal Male: normal Male: normal
Incidence 1:20000 1: 60000 1:10000
Hormones
Aldosterone 1 N N
Renin (PRA) 1 Nort N
Cortisol 1 1 N
18 OHP > 50 ng/mL 2510 50 ng/mL 5to 25 ng/mL (after ACTH

stimulation test)

Testosterone 1 1 Variable to 1
Growth -2t0-3SD -1to—2SD Probably N
21-hydroxylase 0 <12 20 to 60
activity (%)
Typical Gene deletions and large p-lle173Asn (I1172N) p-Pro31Leu (P30L);
pathogenic conversions — 8 bp del; pVal282Leu (V281L);
variants E6 cluster; p.GIn319Ter p-Pro454Ser (P453S)
(CYP21A2) (Q318X); p.Arg357Trp

(R356W)
NB - Newborn; Fem — Female; PRA - Plasma Renin Activity.

Table 1.
Clinical characteristics, hormonal levels and genotype—phenotype correlation for the most common pathogenic
variants, according to the percentage of enzyme activity.

due to the deficient production of mineralocorticoids. Appropriate therapy should be
administered in a timely manner, as this form can range from severe forms to more
discrete cases, with increased plasma renin activity [15]. In all cases, the decreased
production of cortisol and aldosterone poses a threat to survival, with acute adrenal
insufficiency occurring between the 1st and 3rd weeks of life [16]. Approximately
50% of salt wasting crisis occur between the age of 6 to 14 years old [15]. In the SV
forms, external genitalia may also be affected, caused by a deficiency in cortisol and
the consequent increase in adrenal androgens [9]. Affected males typically presented
severe electrolyte imbalances within the first 2 weeks of life, however, in general, they
do not show signs of excess androgen production, with only hyperpigmentation of
the genital area occurring (Table 1) [17]. The excess of androgens produced during
pregnancy in individuals with 21-OH cause the virilization of female foetuses, result-
ing in pseudohermaphroditism [4]. Prior to the onset of newborn screening program-
mess, affected females were more rapidly identified, on account of the simultaneous
presence of genital ambiguity.

2.2 Simple Virilizing (SV) form

In the SV form of CAH there is a partial enzymatic deficit, which is manifested
by a decrease in cortisol [18]. SV CAH patients present hypocortisolism and simple
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Classic Salt-Wasting—severe form

(0% enzymatic activity)

Failure to thrive

Cortisol deficiency

Mineralocorticoid deficiency

Hyponatremia

Hyperkalemia

High Plasma Renin Activity (or renin)

Hypovolemic shock

Excess androgen production, early in life

Virilization of external genitalia in females

Classic Simple Virilizing—intermediate severity form

(1-2% enzymatic activity)

Virilization of external genitalia in females

Progressive premature pubarche

Progressive virilization with clitoromegaly (female) or increased penile size (male)
Elevated androgen levels cause accelerated growth velocity and advanced bone age but premature fusion of the
epiphyses is also observed causing final short stature.

Non-Classic Adrenal Hyperplasia—mild form

(20-50% enzymatic activity)

Between asymptomatic or with signs of androgen excess appearing later in life (acne; hirsutism; menstrual
irregularities; anovulation; infertility)

Table 2.
Phenotypes of 21-hydroxylase deficiency.

virilisation. Furthermore, in the perinatal period, newborn female foetuses may
present ambiguous genitalia without overt salt loss in affected females (Table 2) [19].
Virilization can be classified according to the Prader Stages scale, which ranges from
1to 5, with Stage 5 being the most severe. Despite these external features, the female
internal organs are not affected [4]. Male children may also present signs of early
virilization, due to excess androgens, however, the undervaluation of signs of early
virilization can delay the diagnosis of this disease in male individuals [4, 16].

2.3 Non-classical (NC) form

In the NC form of CAH due to 21-OH deficiency, the enzymatic impairment is
partial and usually there is no cortisol deficiency [20]. This form is less severe and
of late onset and manifests itself by signs of precocious puberty and gynaecologi-
cal anomalies, which may occur either in late childhood or in early adulthood [14]
(Table 2). Some affected women have no symptoms at all, and a considerable high
number of men remain asymptomatic and only have a genetic diagnosis during
segregation family analysis [20].

3. Prevalence in different ethnic populations

The overall incidence of classical CAH due 21-OH deficiency is 1:10,000-15,000
births, with a carriers’ frequency of approximately 1:60-100 [3, 4, 10, 21].
Heterozygosity for 21-OH deficiency in the classical form is estimated to be 1:60 in
non-Jewish Caucasians and 1:3 in Ashkenazy Jews [7, 8, 22]. The incidence is much
lower in Afro-Americans, ranging from 1:25,000 to 1:42,000 in different studies
[10, 11]. The most common form of CAH is the NC form, or the late onset form,
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which affects between 0.1% and 1% of the overall population. The NC-CAH form
presents non-specific features, oligomenorrhea, hirsutism and infertility, which
causes an ascertainment bias which in turn leads to a diagnosis of a higher number of
affected females. Affected males are mostly identified during family screening stud-
ies, since androgen excess manifestations are not commonly recognised. NC-CAH
patients do not often oversecrete CRH and ACTH, although some patients might
demonstrate an increase in glucocorticoids response to ACTH stimulation, reflecting
a subtle adrenal hyperplasia [9, 14]. The increase of the secretion of androgens by
adrenal glands without an overstimulation of ACTH can be justified by the altera-
tion in kinetic enzymatic activity of CYP21A2 [22]. In addition, an increased level of
androgens in NC-CAH may be the result of the peripheral conversion of precursors,
or can be due to ovarian hypersecretion, as NC-CAH women frequently have polycys-
tic ovaries.

Among hirsute women, the prevalence of CAH attains between 1% and 10%

[17, 22, 23]. A clinical study based on ACTH-stimulated 17-OHP concentrations
reported the incidence to be highest among Ashkenazi Jewish populations [24]. In
addition, Ashkenazi Jews are reported to have the pathogenic variant pVal282Leu
with a high allelic frequency of approximately 63%, which is mostly associated
with non-classic CAH. On the contrary, pVal282Leu was not detected in Yupik-
speaking, Eskimos of Western Alaska, Native Americans, East Indians and Asians.
Interestingly, the Yupik Eskimos, represent an isolated geographic population and
the splice site intronic variation ¢.293-13A/C > G in intron 2 is found to be represent
a founder effect for this population [25].

Several studies regarding the genotyping of 21-OH deficiency have been presented
over recent years. A large study conducted on the French CAH population showed
a frequency of the most common pathogenic variants, for the classic form, of 30%
of ¢.293-13A/C > G in intron 2, 25% for large rearrangements, 17% for p.Ile173Asn
(I172N) in exon 4, and 7% of p.GIn319* (Q318X) in exon 8. For the NC form, the same
study found a frequency of 55% for pVal282Leu (V281L), 9% for ¢.293-13A/C > G,
8% for large rearrangements, 4% for p.Ile173Asn, and 3% for p.GIn319* [25]. In
Brazil, three novel pathogenic variants were described, namely: an insertion of
adenine 1003A1004 insA in exon 4, a transition C > T in codon 408 (p.Arg408Cys),
and a transition A > G in intron 2, IVS2 — 2A > G, which it is suggested is due a
founder effect, as it had previously been found in the G424S pathogenic variant in the
same population [26-28].

In Finland, multiple pathogenic variants have been analysed and found to have
an independent founder effect, with each one being associated with a distinct haplo-
type, where some are identical to other European populations. This is probably due
to remote immigration phenomena originating from the Scandinavian or the Baltic
countries, as well as other specificities from that population, albeit with a more recent
origin.

In Tunisia, the pathogenic variant p.GIn319* (Q318X) was found to be the most
prevalent in that population (35.8%) [29].

A study of the population of Iran showed the contrary, demonstrating that the
common deletion of 8 nt in exon 3 is the most frequent pathogenic variant of the
CYP21A2 gene (10%), followed by the ¢.293-13A/C > G, p.Ile173Asn, and the promo-
tor deletion in the gene. Unlike other populations, p.Arg357Trp (R356W) in exon 8,
was not found in Iran [30].

Gene rearrangements, such as the large 3 kb deletion, are frequent among the
Anglo-Saxon population (28%). Furthermore, the frameshift pathogenic variant
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p.GIn319* in exon 8 of CYP21A2 gene was found in 16% of East Indians and among
Croatians, the missense p.Arg356Trp variant is one of the most frequent pathogenic
variants (14%) [29].

The pathogenic variant in exon 7, pVal282Leu is often found in NC-CAH forms
and represented 86% of all alleles studied [31, 32]. De novo rearrangements and dele-
tions/conversions of CYP21A2 gene represent 1% of the affected alleles. Several forms
of the chimeric CYP21A2/CYP21A1P gene have been described in different popula-
tions [33, 34].

4. Differential diagnosis
4.1 Biochemical

The biochemical diagnosis of CAH is made using hormone assays. 17-hydroxy-
progesterone (17-OHP) is the gold standard screening marker for this disease [16],
however other markers can also be used, such as DHEA, cortisol, testosterone,
aldosterone, and renin (or plasma renin activity). Individuals with the classic form of
CAH present a marked increase in serum 17-OHP, with values greater than 100 ng/
mL, without an increase in 11-deoxycortisol and with a less marked increase in
basal dehydroepiandrosterone and testosterone [14]. In patients presenting a SW
form, there is also an increase in plasma renin activity, and manifestations such as
hyponatremia and hyperkalemia [19]. CAH carriers frequently present normal basal
17-OHP levels and diagnostic strategy involves stimulation with synthetic ACTH with
subsequent hormone measurement after 60 minutes. A concentration of 17-OHP
greater than 15 ng/mL is indicative of an impairment in 21-OH activity, however
many carriers’ individuals have only slightly increase hormone concentration after
stimulation [7].

4.2 Molecular genetics

Molecular genetic testing of the CYP21A2 gene is considered to be essential for
the establishment of correlations between genotype and phenotype, as well as the
confirmation of clinical and biochemical diagnosis, measuring the status of severity
of the patients, distinguishing between severe and milder cases, and, very impor-
tantly, making the decision regarding the appropriate genetic counselling for at risk
family members and their couples. The molecular diagnosis of CAH is based on the
identification of point pathogenic variants and small deletions or insertions, which
are mostly transferred from the pseudogene to the active gene [35]. The molecular
analysis of the CYP21A2 gene involves amplification with specific primers just for
the CYP21A2 gene, in order to ensure the targeting of the functional gene, instead of
the inactive pseudogene [12, 36]. As CYP21A2 is constituted by 10 exons and intronic
regions of reduced size, it is possible to amplify the entire gene, enabling the possibil-
ity to analyse all exons and their intron-exon flanking regions. The most common
strategy employed to achieve this specificity is to select a primer that is located at the
site with a specific and unique gene sequence [8]. The presence of sequence variations
can cause alterations in the sequence reading and interpretation and different forward
or reverse primers have to be used to achieve a complete analysis, emphasising the
complexity of CAH genomics.
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4.2.1 Structure of the CYP21A2 gene

21-OH CAH deficiency is mainly caused by pathogenic variants in the CYP21A2
gene, which is the gene that encodes the 21-OH enzyme [21]. CYP21A2 is located in the
Major Histocompatibility Complex (MHC) class III region, on the short arm of chro-
mosome 6 (6p21.3), which is a region that displays a complex organisation of genes
with high variability in gene size and copy numbers [37, 38] (Figure1). Approximately
30 kb apart from the CYP21A2 gene is a pseudogene — CYP21A1P. Both the CYP21A2
gene and the CYP21A1P pseudogene share 98% homology between exons and 96% in
introns, and both are constituted by 10 exons, spanning 3.1 kb [21, 39, 40].

Throughout evolution, the inactive CYP21A1P pseudogene has acquired multiple
pathogenic variants, as well as small insertions or deletions and point pathogenic
variants that prevent the synthesis of a normal functional protein. The high degree of
homology between the gene and the pseudogene enables the occurrence of unequal
pairing during meiosis between homologous chromosomes and sister chromatids
[41]. Approximately 95% of pathogenic variants in the CYP21A2 gene result from
meiotic recombination events between the gene and the pseudogene [8], with
approximately 75% of pathogenic variants resulting from conversion events of large
sequences from the pseudogene to the gene or punctual conversion of single altera-
tions (microconversion). Approximately 20% of the pathogenic variants found in
this gene are the result of an unequal crossing-over during meiosis, leading to the
occurrence of duplications and/or deletions. Large gene conversions and deletions
may result in the CYP21A1P/CYP21A2 chimeric genes, comprising around 20% of
the pathogenic variants. The remaining 5% correspond to new pathogenic variants
which are not related with recombination events and de novo pathogenic variants
account for approximately 1-2% of cases [41]. Three other genes are placed adjacent
and alternately to CYP21A2 and CYP21A1E, namely the RP1, C4, TNXB genes, as well
as two pseudogene — RP2 and TNXA [42]. This configuration is designated by the
RCCX module (RP-C4-CYP21-TNX) and it extends to approximately 30 kb, where
the orientation from telomere to centromere is: RP1-C4A-CYP21A1P-TNXA-RP2-
C4B-CYP21A2-TNXB (Figure 1) [42]. The C4B and C4A genes encode for the fourth
component of serum complement [41] and the TNXB gene encodes for an extracellu-
lar matrix protein termed tenascin-X23. In turn, RP1 encodes a DNA helicase nuclear
protein [42]. The RCCX module organisation is usually bimodular, one with the active
CYP21A2 gene, and the other with the inactive pseudogene CYP21A1P, which is pres-
ent in around 69% of the Caucasian population. Monomodular presentation is present
in around 17% of the population, whereas trimodular haplotype occurs in almost 14%
of cases [33, 42].

Figure 1.
RCCX modules: Bimodular haplotype (upper) and a three modular haplotype with two modules harbouring the
CYP21A1P pseudogene and one the CYP21A2 gene.
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Figure 2.
CYP21A2 and CYP21A1P interconversion events responsible for the conversion of the most common pathogenic
variants from the pseudogene to CYP21A2 gene.

The monomodular organisation is characterised by a deletion of 26 or 32 kb,
depending on whether the C4B is a short or a long gene, without or with the HERV-K
sequence. Several deletions have been described, giving rise to different chimera
CYP21A1P/CYP21A2 genes [34]. The most common deletion involves the 3’ end of
CYP21A1P, the entire C4B gene, and the 5" end of the CYP21A2 gene, which pro-
duces a single non-functional chimeric gene with 5" and 3’ ends of CYP21A1P and
CYP21A2, respectively (Figure 2).

The trimodular haplotype may exhibit two copies of the CYP21A1P gene and
one copy of the CYP21A2 gene, or two copies of the CYP21A2 gene and one copy of
the CYP21A1P pseudogene, the latter being described in patients who present both
the p.GIn319* pathogenic variant and chimeric CYP21A1P/CYP21A2 genes together
[35, 36, 43]. The existence of different haplotype with simultaneous distinct copy
number variation with a large number of sequence variants presents a challenge for
the characterisation of CYP21A2 alleles. Pathogenic variants have been described
along the entire gene, in the coding region, as well as in the intron-exon boundaries
and beyond, and also in the 5’ and 3’ untranslated region, which demands a careful
full gene analysis.

CAH can also be caused by uniparental isodisomy events, although this phe-
nomenon is less frequent [44]. To date, more than 1000 genetic variants have
been reported, but only a quarter of them affect human health, with most of these
resulting in classic CAH cases [45]. Several sequence variants have been described
in the non-translated regions of the gene and even in the promoter sequence, many
of them associated with NC-CAH [46]. 153 of the 230 genetic variants were demon-
strated to be missense pathogenic variants [45] and these can result in all forms of
the disease, whereas nonsense and frameshift pathogenic variants are prone to result
in classical forms.

4.2.2 CYP21A2 gene pathogenic variants

The use of the screening approach for the detection of the ten most common
pathogenic variants was the most-used practice among molecular genetic laboratories
for several years, providing a molecular confirmation for the majority of cases. The
most common pathogenic variants evaluated in classic and non-classic forms were
responsible for almost 80% of the cases of CAH caused by 21-OH deficiency:

* p.Pro31Leu (P30L or Pro30Leu): This pathogenic variant has an enzyme
activity of around 20-60% in cultured cells [45], however this enzyme activ-
ity is quickly lost when cells are lysed, pointing to a relative instability of this
enzyme. p.Pro31Leu is associated with the mild form of disease and is found in
one sixth of NC-alleles, although it can be present with a higher prevalence in
specific ethnicities, such as the Japanese [47]. NC-CAH patients who carry this
pathogenic variant may present more serious manifestations of androgen excess
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than those patients who carry the most common pathogenic variants associated
with NC forms, with pVal282Leu being associated as having a dominant effect
on patients [48].

p-Pro31Leu (P30L or Pro30Leu): This pathogenic variant has an enzyme activ-
ity of around 20-60% in cultured cells [45], however this enzyme activity is
quickly lost when cells are lysed, pointing to a relative instability of this enzyme.
p.Pro31Leu is associated with the mild form of disease and is found in one sixth of
NC-alleles, although it can be present with a higher prevalence in specific ethnici-
ties, such as the Japanese [47]. NC-CAH patients who carry this pathogenic variant
may present more serious manifestations of androgen excess than those patients
who carry the most common pathogenic variants associated with NC forms, with
pVal282Leu being associated as having a dominant effect on patients [48].

¢.293-13A/C > G (IVS2-13A/C > G: A or C-G Pathogenic Variant in Intron 2):
This pathogenic variant is defined by a substitution of an adenine or cytosine
nucleotide to a guanine, at 13 bp before the end of intron 2. This alteration is
responsible for the alternative splicing of intron 2, which is characterised by
aretention of 19 nucleotides, as well as usually the disruption of mRNA and

a shift in the translation reading frame with a generation of a premature stop
codon [49].

p-Gly111Valfs:21 (Del 8 bp or G11018nt): This pathogenic variant is character-
ised by a deletion of 8 nucleotide in exon 3, resulting in a frameshift variant with
nil enzyme activity. Although this pathogenic variant is mainly associated with
SW forms of CAH [50, 51].

p-Ile173Asn (I172N or Ile172Asn): This pathogenic variant is marked by a
nucleotide missense substitution that causes the shift of isoleucine by aspara-
gine aminoacid. This alteration is associated with approximately 1% of normal
activity and is mainly found in the SV forms of CAH, although it has also been
described as being present in SW forms of CAH [51].

p-11e237Asn, pVal238Glu, p.Met239Lys (Cluster in Exon 6: 1236N/V237E/
M238K or Ile-Val-Met236-237-238-Asn-Glu-Lys): The cluster of three mis-
sense pathogenic variants in the G helix supresses enzymatic activity, probably
through interference with substrate binding [49].

pVal282Leu (V281L or Val281Leu): The pVal282Leu occurs in the majority of
patients with NC 21-hydroxylase deficiency form who carry the HLA haplotype
B14; DRI, this association being consistent with a founder effect [52]. Overall,
approximately 70% of all NC alleles carry the pVal282Leu pathogenic variant
[53]. This pathogenic variant results in an enzyme with 40-60% of normal
activity when 17-OHP is the substrate, but with only 20% of normal activity for
progesterone [54, 55].

p-Leu307PhefsTer5 (F306 + T or L306insT): This nonsense pathogenic variant
occurs due to an insertion of 1 thymine nucleotide in exon 7. This variant is often
described as a conversion of exons 7 and 8 derived from pseudogene, particularly
in the cases of Dutch patients [54].
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* p.GIn319* (Q318X or GIn318-Term): This pathogenic variant is caused by a
nucleotide substitution that shifts the CAG codon to a TAG codon, resulting in
a premature stop of protein translation which in turn leads to a non-functional
protein [56].

* p.Arg357Trp (R356W or Arg356Trp): This missense pathogenic variant is
mostly associated with classic CAH forms and the enzyme activity is nil. This
alteration is located in exon 8, in a region encoding the K helix of the enzyme,
suggesting that interaction with cytochrome P450 reductase (POR) may be
affected, although experimental studies are lacking [55].

* p.Pro454Ser (P453S or Pro453Ser): This missense pathogenic variant in exon
10 of the gene was initially described as being absent in the pseudogene and is
associated with a 50-68% decrease of enzyme activity [57]. It occurs differently
in several populations, which suggests that CYP21A1P may carry p.Pro454Ser
as an occasional polymorphism and that this pathogenic variant is transferred
to CYP21A2 in the same way as the other pathogenic variants frequently cause
21-hydroxylase deficiency [32].

Many other different pathogenic variants have been described, some of which are
from wide families, while many others are private from particular families. Most of
the pathogenic variants associated with CAH due to 21-OH deficiency are missense
pathogenic variants. Their study requires functional studies to be correlated with a
clinical form, although nonsense, frameshift, and rearrangement pathogenic variants
are promptly deduced as being severe. Genotype—phenotype correlation data demon-
strated that some variants were associated with the severe SW form, some with the
SV form, and others with the NC form. It was also observed that some of these patho-
genic variants confer different phenotypes, depending on whether they are isolated or
are associated with another pathogenic variant, resulting in a synergistic effect [57].
Some sequence variants do not affect the protein production and are considered to be
benign variants [57]. Some of these sequence variants are also present in CYP21A1P
gene and can also be transferred by conversion events, although they do not affect the
enzyme activity and have no effect on the clinical phenotype.

4.2.3 Targeted screening of the ten most common pathogenic variants

For several years, the study of CYP21A2 gene was based on the evaluation of the
ten most frequent pathogenic variants. Several different molecular methods and
strategies have been described to cover just a limited number of pathogenic variants.
Polymerase chain reaction (PCR), specific primer sequence (SSCP), restriction frag-
ment length polymorphism (RFLP), and direct DNA Sanger sequencing were among
the methods available for screening. The initial screening for the most frequent
pathogenic variants included the search for large deletions or conversions events
involving the promoter region of the CYP21A2 gene (del/conv of promoter region), as
well as pointing to the following pathogenic variants along the CYP21A2 gene: exon
1, p.Pro31Leu; intron 2, which is a splicing pathogenic variant ¢.293-13A/C > G; exon
3, which is a 8 bp deletion (p.Gly111Valfs21); exon 4, p.lle173Asn; exon 6, which is a
cluster of three point pathogenic variants (p.Ile237Asn, pVal238Glu, p.Met240Lys);
exon 7, pVal282Leu, and a thymine insertion (p.Leu307PhefsX5); exon 8, p.GIn319%,
and p.Arg357Trp; and p.Pro454Ser in exon 10 [8].
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The study of the large deletions/conversions involving the promoter region of the
CYP21A2 gene was achieved by a PCR-based experiment, followed by digestion with
the Tagq I restriction enzyme [8]. This method covers a large number of pathogenic
variants found in CAH patients who are affected by 21-OH deficiency owing to altera-
tions in CYP21A2, as the screening strategy fails to identify other pathogenic variants
outside the target regions.

4.2.4 Complete gene analysis by sanger sequencing

Whole gene sequencing is nowadays the gold standard for genotyping the
CYP21A2 gene. The full gene analysis of CYP21A2 by Sanger sequencing allows the
detection of the above-described pathogenic variants, as well as the identification
of new sequence variations. Specific gene amplification by PCR has dramatically
improved the sensitivity of the various techniques available to detect CYP21A2
pathogenic variants. However, the existence of a highly homologous CYP21A1P
pseudogene which carries most of the pathogenic variants of interest has revealed the
major difficulty in finding a strategy for the selective amplification of the CYP21A2
gene, owing to the lack of specific primers. Indeed, locus-specific mutation primers
and PCR conditions were revised and now enable the gene-specific amplification of
CYP21A2. Gene sequencing usually analyses both the coding regions and the flanking
intron-exon regions of the gene. CYP21A2 whole genomic sequence may be per-
formed by selecting the CYP21A2 functional gene and amplification by PCR into two
partially-overlapping fragments, with 1517 and 2214 base-pairs (bp), avoiding the co-
amplification of the pseudogene CYP21A1P [58]. After the selective amplification of
the targeted genes and their subsequent purification, the PCR products are sequenced
with internal primers that cover the entire CYP21A2 gene [59].

4.2.5 Large rearrangements

The molecular approach for the identification of large rearrangements is distinct
from that used for the analysis of sequence pathogenic variants.

A diversity of methods is available for the detection of large rearrangements in
the exonic and/or intronic regions of CYP21A2 gene and also in the promoter and
contiguous regions, such as for neighbours’ genes (e.g., C4B gene). The southern
blot technique has been used as a gold standard for many years in the study of large
deletions in the CYP21A2 gene, however this technique has now been substituted
by MLPA (Multiplex Ligation-dependent Probe Amplification). The MLPA experi-
mental technique enables the detection of large rearrangements, where several gene
sequences can be simultaneously analysed. The detection of known deletions and
duplications in the CYP21A2 gene and in the CYP21A1P pseudogene is currently
achieved by using this method, which analyses the variations in the copy number of
several exons of the gene, and also identifies sequence variations, as well as contigu-
ous genes and control sequences.

This semi-quantitative method is a simple, reliable, and highly sensitive approach
for detecting copy number variations in genomic sequences based on the hybridisa-
tion of probes to locus-specific targets and the amplification of the effectively-
matched targets. The products of amplification are then separated by capillary
electrophoresis and comparison is made between a peak-area pattern obtained from
reference and the tested samples enable the determination of which probes/locus have
aberrant copy numbers [60, 61].
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Another eligible method for detecting copy number variations (CNV) is the quan-
titative real time PCR, which evaluates the progression of a PCR reaction in real time
and simultaneously quantifies the amount of product amplified. This method is based
on the detection of the fluorescence produced by a reporter molecule, which increases
as the reaction proceeds, and is characterised by a quencher of fluorescence at the
opposite end. The proximity of the reporter to the quencher prevents the detection of
its fluorescence. During a real-time reaction, in each cycle the probe hybridises and
elongates and the reporter that produces fluorescence that is captured is then released
which is subsequently measured for each cycle. The increment of fluorescence is
proportional to the increase of product, which is quantified to evaluate gene copy
number variations through the co-amplification of a control gene [38].

5. CAH genotype: Phenotype correlation

Several studies have reported high levels of concordance between genotype and
phenotype in patients with CAH, however genotype-phenotype correlation is weaker
in less severe forms of the disease [42]. As described above, these pathogenic variants
are almost entirely correlated with the clinical severity and are well characterised and
are associated with distinct clinical forms of the disease. Accordingly, both the classic
and non-classical forms of the disease are associated with different genotypes [21].

In vitro studies of the expression of the CYP21A2 protein enable the determination

of the rate of enzymatic activity that is associated with each pathogenic variant. The
majority of CAH patients due to 21-OH deficiency are characterised by compound
heterozygotes and there are severe phenotypes of classic forms, which must present two
severe pathogenic variants and have no mild pathogenic variants [10, 16, 21]. Alongside
there is a genotype of a NC form which has either moderate pathogenic variants in both
alleles or one severe mutation and one moderate mutation [38]. The mild pathogenic
variant allows for the synthesis of 21-hydroxylase enzyme up to 50% of normal activity,
although the severe pathogenic variant does not contribute to any synthesis (Table 3).

Variant % enzyme active Phenotype

Severe Large gene deletions and 0% Classic SW-CAH
conversions

8bp del

E6 cluster

p.GIn319Ter (Q318X)

p-Arg357Trp (R356W)

Intermediate p-Ile173Asn (I1172N) <1-2% Classic SV-CAH

Mild p-Pro31Leu (P30L) 20-60% Non-Classic CAH

pVal282Leu (V281L)

p.Pro454Ser (P453S)

SW: Salt-wasting; SV: Simple viriliging.

Table 3.
Genotype—phenotype correlation for the most common pathogenic variants, according to the percentage of enzyme
activity.
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Patients with the classic form of CAH usually present severe pathogenic variants
in both alleles, presenting nil or less than 5% of 21-OH enzymatic activity [23]. The
well-known intronic splice site pathogenic variant in intron 2, which consists of the
substitution of an A/C nucleotides by a guanine, constitutes a serious alteration, since
it causes the occurrence of alternative splicing and an abnormal protein [21]. Many
patients present this pathogenic variant in homozygosity with low levels, or even a
complete absence of aldosterone, which is typical of the SV form. In turn, patients
with the SV form often present only 1-2% of enzyme normal activity, which, despite
being low, is sufficient for the synthesis of aldosterone (Table 3) [38].

The clinical spectrum of CAH varies widely between the different forms of the
disease, however clinical presentation can be particularly diverse in less severe
forms. The phenotype is usually predicted by the less severely-affected allele,
although the existence of a more severe pathogenic variant in a second allele,
rather an intermediate pathogenic variant, can develop into a more severe pheno-
type [25]. Compound heterozygous for a mild and a severe pathogenic variant has
been reported in NC-CAH patients, showing higher basal and stimulated levels
of 17-OHP and hyperandrogenic signs when compared with both mild pathogenic
variants [6, 62]. Furthermore, CAH carriers are also characterised by higher than
normal 17-OHP levels after ACTH stimulation, albeit not as high as the levels
registered in CAH patients.

Although there is a relatively high concordance between genotype and pheno-
type, there are several examples of variability, particularly for moderately affected
patients [63]. Both the pathogenic variants designated as ¢.293-13A/C > G (IVS2-13)
and p.Ile173Asn (I172N) result in variable degrees of 21-hydroxylase activity. Those
patients who would generally be expected to be SV cases can sometimes be SW,
while others can have a NC-CAH-like phenotype [52, 58]. Another example is the
p.Pro31Leu (P30L) in exon 1 of the CYP21A2 gene, which is usually associated with
the NC-CAH form, but is also often present in the SV-CAH phenotypes [63]. The lack
of correlation between genotype and phenotype is probably the result of an incom-
plete gene sequencing, particularly in cases where the whole gene sequencing was not
performed. The impairment of 21-OH deficiency is responsible for three major types
of the disease, representing a continuum spectrum of clinical severity [22].

Familial segregation studies are recommended for a correct analysis of the paren-
tal segregation of the pathogenic variants in order to obtain a better understanding
of the disease. Pathogenic variants may be placed in opposite alleles (trans configura-
tion) or in the same allele (cis configuration). In the case of the latter, the individual is
not clinically affected. A possible pitfall of PCR-based strategies is that the interpreta-
tion of the diagnosis can be complicated, due to the failure to amplify one haplotype,
which results in misdiagnosis. The evaluation of flanking microsatellite markers
in all family members can minimise this issue and the establishment of a familial
segregation pattern is reccommended for individuals with homozygous or hemizygous
genotypes (i.e., those who have a pathogenic variant in one chromosome and a dele-
tion in the other one).

6. Prenatal diagnosis and treatment

The objective of prenatal diagnosis and treatment of CAH is to avoid genital
ambiguity in females and prevent precocious puberty in males, as well as to minimise
the psychological and physical aspects related with manifestations of an excess of
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androgen [39]. Prenatal diagnosis is also of major importance for families at risk of
having children with the classic form of CAH, due to the determination of previous
carrier status, or due to previous CAH-affected children [39]. Different methods of
prenatal detection have been used for several years, such as measurements of 17-OHP
in amniotic fluid, or chorionic villus sampling and the molecular genetic analysis

of pathogenic variants through DNA that is extracted from chorionic villus cells or
amniocytes [27]. These procedures can be informative for fetal gender and carrier/
affected status and they can be carried out late on during the first trimester through
to the second trimester by the 10th week of gestation for chorionic villus sampling, or
around the 16th-17th week in the cases of amniocentesis [39]. The prenatal treatment
of this disease involves the administration of dexamethasone to the pregnant woman,
starting from 6th to the 7th week of gestation, in order to minimise the effects of
genital virilization in affected female foetuses [64]. Dexamethasone is a very power-
ful glucocorticoid with weak mineralocorticoid activity and is still considered to be

a controversial therapy in the prenatal context, as the effectiveness of this treatment
is approximately 75%, and the adverse effects for both pregnant woman and the

fetus in the long term are not yet fully known [21, 64]. Postnatal treatment can be
administered chronically or acutely during a salt wasting crisis and in both cases high
amounts of sodium chloride (NaCl) need to be infused, as well as hydrocortisone in
an acute case [15]. A careful assessment of the efficiency and suitability of glucocorti-
coid therapy is carried out by the monitorisation of the urinary excretion of 17-keto-
steroids, pregnanetriol, and also plasma levels of 17-OHP [15].

7. New clues at genotyping

A promising aspect that can result from genotyping is prevention of CAH.
CYP21A2 genotyping is strongly recommended in couples with a personal or
familial history of CAH who are trying to conceive, in order to obtain a genetic
diagnosis of clinically-confirmed cases and prescribe suitable genetic counsel-
ling. Although there is a strong correlation between genotype and phenotype,
occasionally the genotype interpretation is rather difficult to make due to genetic
complexity. In the case of a couple where one of the partners has CAH, the risk of
giving birth to an offspring who is affected is dependent on the partner’s genotype.
If a CAH-homozygous patient with pVal282Leu has a partner who is a carrier of
a CAH pathogenic variant, then the risk of having a child with NC-CAH is 50%.
The probability of an individual from the general population being a carrier of a
severe pathogenic variant is 1:60 (approximately 1.7%) [22, 24] and the probability
of a NC-CAH patient being a carrier of a mild pathogenic variant is approximately
60%, which occurs in about two thirds of cases. In such a case, the risk of having a
child with a classical form of CAH is expected to be just 1:600 [62]. Nevertheless,
it is understood that the real frequency would be higher, due to the higher carrier
frequency in particular ethnic groups.

Therefore, the genotyping of both parents should be a mandatory procedure as
part of a prenatal study protocol for couples in which one has CAH [65]. Prenatal
diagnosis using nucleic acids circulating in maternal blood (cff-DNA: cell free-fetal
DNA) enables gender determination during early pregnancy. By being able to identify
the SRY gene sequences in maternal circulation, male foetuses do not need to continue
to be exposed to prenatal treatment with glucocorticoids, contrary to female foetuses,
in which the prevention of genital ambiguity is a concern. Besides determining
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gender, an analysis of the CYP21A2 gene by using the most recent massive sequencing
technologies for fetal fraction present in maternal blood should be used, however this
procedure is very complex and it is subject to a relatively large rate of false positive
and negative results.

Traditional invasive methods still provide more confident results, albeit these
are usually only performed rather late during pregnancy, which thus compromises
decision making regarding the administration of dexamethasone-suppressive treat-
ment during pregnancy when genetic severe forms are identified [66]. Furthermore,
Preimplantation Genetic Testing (PGT) in conjunction with in vitro fertilisation
(IVF) techniques is already a reality, which is designed to avoid the transmission of
various diseases. Embryos are genetically analysed by using molecular genotyping
and haplotyping techniques and only genetically transferable embryos (i.e., without
the disease) are transferred to the woman’s uterus, which accordingly stops the
transmission of a disease within a family [67].

8. Conclusions

As congenital adrenal hyperplasia is a common autosomal recessive disorder,
its incidence in a carrier is higher, particularly in specific populations. The typical
symptoms are manifested during the neonatal period, childhood, adolescence, and
adulthood, and may lead to an ascertainment bias in favour of the identification of
affected females. This is particularly the cases in NC-CAH patients, where the use of
17-OHP measurements tests are not so precise and it is essential to carry out molecular
diagnostic studies at CYP21A2 locus in addition. Genotype—phenotype correlations
are of major importance for contributing to an integrated analysis, where specific
treatment and genetic counselling also needs to be personalised.

Nomenclature
Nomenclature of CYP21A2 variants is in accordance with the CYP21A2-002

ensembl transcript, namelly ENST00000418967.6 [NM_000500 from National
Center for Biotechnology Information].
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Chapter7

The Surgical Approach in Adrenal
Gland Pathology

Radu Mirica and Sorin Paun

Abstract

The pathology of the adrenal gland and the clinical management of the adrenal
clinical entities are particularly complex. The surgical approach to adrenal disorders,
both in the classic way and especially in the minimally invasive way, is reserved
for highly addressable centers and experienced surgeons. The surgical treatment is
dedicated to both functional and nonfunctional adrenal tumors, closely following
specific criteria. Regarding adrenal pathology, the surgical treatment is indicated for
adrenal tumors that secret mineralocorticoid hormones (Conn syndrome), adrenal
tumors secreting glucocorticoids (Cushing syndrome), pheochromocytomas, para-
gangliomas, neuroblastomas, adrenal carcinomas, and metastases. At the same time,
non-secreting tumors should be removed as soon as imaging details are recorded an
increasing dimensions of these tumors during a short time interval (up to one year).
Although laparoscopic adrenal removal became a gold standard procedure in the late
90s, the classic open surgical adrenalectomy is reserved for bulky adrenal tumors
and adrenal cancers, but it is overshadowed by possible multiple complications such
as lung damage, wound infections, thrombosis, bleeding, etc. The minimally inva-
sive approach, either laparoscopically or robotically, is dedicated to small tumors,
with the advantage of rapid patient recovery, rapid socio-professional reintegra-
tion, and reduction of complications. Laparoscopic adrenalectomy is indicated in a
wide range of pathologies, ranging from Conn adenoma, Cushing syndrome, and
pheochromocytoma, to hormonal inactive tumors or other pathologies. The surgical
sparing of the adrenal cortex is advised in cases of hereditary disorders affecting
the adrenal gland (such as the MEN2 syndrome) in order to avoid primary adrenal
insufficiency after the surgical excision. The postoperative evolution must be closely
monitored by the anesthetic-surgical team, and the subsequent follow-up must not
be neglected. We will discuss the primary surgical indications and contraindications
of adrenal gland pathology in this chapter, as well as the perioperative management
of specific tumors, surgical approach types, pluses and minuses of various adrenal
surgery procedures, surgical technique and tactics, potential complications, and
postoperative management.

Keywords: adrenal gland, adrenalectomy, sparing, minimal invasive surgery, surgical
approach
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1. Introduction

The pathology of the adrenal gland and the clinical management of the adrenal
clinical entities are particularly complex. Surgery for adrenal diseases should only be
performed by skilled surgeons in highly addressable centers. The surgical treatment is
dedicated to both functional and nonfunctional adrenal tumors.

Regarding adrenal pathology, the surgical treatment is indicated for adrenal
tumors that secret mineralocorticoid hormones (Conn syndrome), adrenal tumors
secreting glucocorticoids (Cushing syndrome), pheochromocytomas, adrenal metas-
tases, paragangliomas, neuroblastomas, and adrenal carcinomas [1].

In adrenal gland surgery, a multidisciplinary approach involving surgeons, anes-
thesiologists, endocrinologists, and oncologists plays a key role in patient manage-
ment. Adrenalectomy is a very frequent surgical intervention with minimal invasive
approach in endocrinology surgery [2, 3].

Dr. Lamar Snow performed the first laparoscopic adrenalectomy in 1991, and
Dr. Joseph Petelin presented the first description of the procedure in a video at the
international symposium of laparoscopic surgery, Saskatoon, Saskatchewan, Canada
in August 1992 [4]. In literature, Go H. performed his first laparoscopic adrenalec-
tomy on January 17, 1992, and published it in 1993, after Gagner published his first
laparoscopic adrenalectomy in March 1992. Laparoscopic adrenal surgery advanced
significantly when Michel Gagner published the lateral trans peritoneal procedure in
1992 [2, 5]. This procedure went on to become the most popular laparoscopic adre-
nalectomy procedure. The video-assisted approach recognizes three forms, depend-
ing on the patient’s location and access: first, anterior (trans-peritoneal), second
lateral (transperitoneal or retroperitoneal), and third posterior (transperitoneal or
retroperitoneal) (retroperitoneal). Soon after, laparoscopic adrenalectomy (after the
cholecystectomy) was recognized as the second-best surgical treatment [1].

Transabdominal, transthoracic, and retroperitoneal surgery are the most com-
mon approaches to adrenal pathology. To provide a fair control of vascular pedicles’
maneuvers therapy, these comprise huge incisions and thorough plan dissections.
Postoperative morbidity may vary depending on the surgical technique used to
remove the adrenal gland. The development of minimally invasive surgery (MIS)
techniques has resulted in significant changes to the majority of surgical operations.
The procedure of adrenalectomy is a good illustration of this. The advantages of
laparoscopy are completely utilized in this form of approach [2-4].

1.1 Anatomy landmarks

The kidneys and the adrenal glands are in close proximity. The right adrenal is
predominantly suprarenal, while the left adrenal is mostly prerenal and medial to the
left upper pole of the kidney. An adrenal gland, which is crescent-shaped on the left
and triangular on the right, sits above the superior medial pole of each kidney. While
the right adrenal gland is frequently supra-renally positioned, the left adrenal gland
is typically pre-renally positioned. On the left, between the 11th and 12th ribs, and
on the right, between the 12th rib, the adrenal glands are situated in front of the ribs
in both regions [2]. The adrenal glands are encased in a capsule that creates septa that
convey capillaries into the gland’s core [4]. The renal fascia surrounds the adrenal
glands, which are surrounded by a significant amount of renal fat (Gerota fascia). The
renal fascia’s ventral and dorsal layers stretch upward, covering the adrenal glands
and attaching to the diaphragm. The renal fascia, which attaches to the diaphragm,
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as well as big renal veins and arteries, keep them in place. Despite their mobility, the
adrenal glands are anchored to the abdominal wall due to their attachment to the
diaphragm. That is why hemostasis is challenging because they move in concert with
the diaphragm during breathing [5].

For radiological anatomy and also for adrenalectomy, topographic anatomy is
crucial. The adrenal glands have a close architecture with several significant anatomi-
cal structures, in addition to their intimate association with the kidney. The anterior,
posterior, and medial edges of the adrenals are inspected topographically [5].

The renal fat and renal fascia are in contact with the superior portion of the dorsal
abdominal wall, which includes the adrenal glands. The 11th and 12th ribs, subcostals
muscles, latissimus dorsi muscles, and sacrospinalis muscles are all located adjacent to
each adrenal gland, as well as the diaphragmatic crus and lateral arcuate ligament that
divide the adrenal glands from the pleura [6].

The right adrenal gland is located 3 mm behind the inferior vena cava and near the
celiac ganglion. The gland is not proximal to the renal arteries because of its suprare-
nal position. It is separated from the pancreas head and duodenal loop on the inferior
side by the vena cava, and by the Winslow foramen on the superior side. In contact
with the lateral upper region of the anterior face is the inferior medial bare portion of
the liver [6, 7].

The inferolateral portion of the anterior side is covered by the peritoneum, which is
situated between the liver, kidney, and hepatic flexure. In either a laparoscopic or open
adrenalectomy, the peritoneum is open after the movement of the organs, and the right
lobes of the liver and gallbladder are brought up while the colon is taken down [8].

The peritoneum of the omental bursa covers the anterior portion of the left adre-
nal gland superiorly. The peritoneum does not cover the inferior part of the anterior
face, despite being close to the medial border of the spleen, the pancreatic body, and
the splenic vein and artery behind it. It is connected to the transverse mesocolon on
the pancreatic inferior side. The omental bursa and stomach are separated from the
adrenal by the pancreatic body. About 7 mm from the aorta, the medial side of the
adrenal gland is situated in front of the celiac truncus. The left adrenal gland is near
the left renal vein and renal sinus because of its prerenal location [9].

The retroperitoneal region can be reached by separating the splenic flexure and
splenic lateral connections, migrating the left adrenal laterally and separating the splenic
lateral connections. During the avascular dissection, the veins in front of the adrenal
gland, the pancreatic body, and the spleen are mobilized and dragged to the right side.
The pancreatic body can also be shifted by opening the peritoneum at the inferior and
superior sides of the organ in the bursa omentalis region, especially when the adrenal
glands are small. After releasing the gastrocolic ligament, this step is done [8, 9].

The middle and superior adrenal arteries are derived from the aorta, the renal
artery, and the inferior phrenic artery, respectively. The lower adrenal arteries come
from the renal artery. In addition to other blood vessels, the intercostal and gonadal
vessels may also feed the adrenals. These arteries divide into around 50 arterioles
under the glandular capsule, creating a rich plexus that needs to be carefully dissected
and managed for homeostasis during the adrenalectomy [7-9].

Each adrenal is normally emptied by a single adrenal vein, as opposed to the
arterial supply. Controlling this main vein is crucial for physiopathology, especially in
malignancies that release excessive hormones. Normally, the left adrenal vein is longer
(30mm) and connects the inferior phrenic vein, highlighting the left renal vein after
emptying into it. Small (Smm), the right adrenal vein usually drains into the inferior
vena cava. Approximately 5% to 10% of persons have accessory veins. These auxiliary
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veins could directly drain into the left hepatic vein, the right renal vein, or the left
renal vein on the left [10].

One lymphatic plexus is located deep inside the capsule, whereas the other is located
in the medulla. The adrenal gland produces a vast number of lymphatic channels that
run alongside bigger vessels. These lymphatic channels terminate at the lateral aortic
lymph nodes surrounding the places where the renal vein drains into the vena cava,
as well as the para-aortic lymph nodes close to the diaphragmatic cruris and the renal
artery exit. The fact that some lymphatic veins can cross the diaphragm and leak into
the posterior mediastinum or the ductus toracicus helps to explain how adrenocortical
cancers can spread both locally and regionally. The sympathetic visceral nervous sys-
tem gives rise to the nerves. The sympathetic celiac ganglia supply the visceral afferent
fibers. Nerves and vessels are ligated concurrently during adrenalectomy [9, 10].

2. Indications and contraindications

The majority of adrenal masses are now identified as incidentalomas as a result of
the extensive use of ultrasonography and cross-sectional radiological imaging.

Congruent with ESE/ENSAT guidelines, adrenalectomy indications are as follows:
functional adrenal tumors, adrenocortical carcinoma, pheochromocytoma, and
metastatic tumors. Similarly, patients with unilateral adrenal masses that seem benign
on imaging or with adrenal masses that have radiological characteristics that are
suggestive of malignancy and have a diameter of less than 6 cm but no imaging signs
of local invasion should consider laparoscopic adrenalectomy. For unilateral adrenal
tumors with radiological features indicative of cancer and imaging evidence of local
invasion, open adrenalectomy is typically performed. The guidelines also suggest
surgical removal if the lesion grows by more than 20% over the course of six to twelve
months of monitoring of adrenal incidentalomas, combined with at least a 5-mm rise
in maximum diameter. Furthermore, surgical treatment should be taken into consid-
eration in a customized manner for individuals with autonomic cortisol secretion who
also have comorbidities that may be connected to cortisol excess [11].

Moreover, several studies have reported the outcome of surgical intervention in
the potential reversal of autonomic cortisol secretion. Weight reduction, reduced
blood pressure, improved glucose tolerance, decreased cholesterol levels, and favor-
able effects on bone architecture have all been linked to improved metabolic function
following adrenalectomy. Cardiovascular benefits in patients with autonomic cortisol
secretion were the subject of a recent systematic analysis with adrenalectomy improv-
ing cardiovascular outcome and death [12].

An adrenocortical carcinoma poses the biggest risk to a unilateral adrenal lesion
with ambiguous imaging features. Surgery is the most crucial therapeutic interven-
tion for adrenocortical carcinoma without metastases. According to recommenda-
tions in the guidelines, only referral institutions and surgeons with experience in
open and laparoscopic adrenal surgery and who execute more than 15 benign and
malignant adrenalectomies annually should perform surgery on patients with this
pathology [13].

Hormone-producing tumors have surgical indications regardless of their size. The
following are hormone-secreting adrenal tumors for which adrenalectomy is recom-
mended: Cushing’s syndrome is caused by an overproduction of glucocorticoids in
the fasciculate adrenal cortex, Conn’s syndrome is caused by an overproduction of
aldosterone in the glomerulosa adrenal cortex, and Pheochromocytomas are caused
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by an overproduction of catecholamine in the adrenal medulla [11]. Due to pituitary
or ectopic ACTH synthesis, adenomas that originate from the reticularis layer of the
adrenal cortex and produce excessive levels of androgens and estrogens may infre-
quently require a bilateral adrenalectomy in Cushing’s disease [7].

Nonfunctioning adrenocortical malignancies account for around a half of adre-
nocortical cancers. Thus, 50% is composed of tumors that secrete 15% cortisol, 10%
androgens, 5% estrogens, and only 1% aldosterone, and the remaining 18% of tumors
may secrete other hormonal varieties [7]. Malignant pheochromocytomas account
for about 12% to 29% of all pheochromocytomas. Lung and breast malignancies,
melanoma, renal cell carcinoma, and lymphoma frequently metastasize to the adrenal
gland. Adrenalectomy may be required in these patients. The risk of malignancy asso-
ciated with the size of a nonfunctional adrenal tumor is an indication for surgery. The
risk of cancer is roughly 2% if the lesions are less than 4 cm in diameter. Malignancy
is 6% more likely in lesions that are 4-6 cm long, and 25% more likely in lesions that
are 6 cm long [11]. At the time of diagnosis, 90 percent of adrenocortical tumors have
a diameter of more than 4 cm. Most adrenal masses discovered by chance are less than
4 cm in diameter and nonfunctional. Patients who have benign imaging results are
not candidates for surgery, although clinical and radiological follow-up is suggested at
6-12 months. Even if that case where the imaging findings are benign, surgical therapy
should be considered for each tumor separately since the risk of malignancy increases
with the size of the mass [14, 15]. Some disorders, such as asymptomatic myelolipoma
or a simple cyst with a diameter of more than 4 cm, may not require surgery [1, 12, 16].

3. Preoperative preparation

Surgical treatment is an option in the management of adrenal masses, respect-
ing the indications mentioned above. In the case of adrenalectomy, the preoperative
preparation is determined by the pathology for which the procedure is conducted. The
preoperative preparation for an adrenalectomy for a benign nonsecretory or malig-
nant nonsecretory disease is no different than for any other surgery. The condition
in which we are dealing with pheochromocytoma, the patient necessitates specific
preparation, as outlined in a previously published chapter.

Patients with pheochromocytoma are treated with alpha-blockers, intravascular
volume expansion, and beta-blockers (especially if concerns regarding tachyar-
rhythmia are present) prior to adrenal surgery. Patients may develop substantial
hypotension when the tumor is free of vascularization, particularly after dividing
the adrenal vein intraoperatively. This necessitates fluid optimization and inotropic
support, which may need to be continued in the immediate postoperative period. In
addition, mineralocorticoid receptor antagonists, such as spironolactone or eplere-
none, are frequently recommended to patients with adrenal incidentalomas and
primary hyperaldosteronism. This specific medication should be stopped after adre-
nalectomy for primary aldosteronism in order to avoid hyperkalemia. Depending
on the patient’s postoperative blood pressure, other antihypertensives may be
discontinued or lowered. Despite successful surgery, older patients and those with
long-standing hypertension are more likely to suffer permanent vascular damage
and need antihypertensive medication for a long period of time [14]. Furthermore,
current endocrine guidelines support perioperative glucocorticoid medication at
major surgical stress dosages for patients with autonomic cortisol secretion as part of
preoperative care.
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Adrenal surgery can be done either laparoscopically or openly. Transabdominal or
retroperitoneal approaches can be used for both techniques. The gland can be reached
transabdominal or retroperitoneal in either technique [7]. Laparoscopic surgery can
be performed in a traditional or robotic manner. With a single port, both ways can
be used [13]. The surgical procedure is influenced by the size and also by the kind
of the lesion, the patient’s general features, and the surgeon’s level of experience.
Laparoscopic adrenalectomy is really regarded as the best course of therapy for some
people [14]. Laparoscopic transabdominal or retroperitoneoscopic surgery has ben-
efits over open surgery in terms of shorter hospital stays, postoperative discomfort,
intraoperative blood loss, total 30-day postoperative sequelae, and mortality. Over the
past ten years, mortality following adrenalectomy has decreased, with a fatality rate
of < 2% [1].

3.1 Adrenalectomy - surgical technique

Furthermore, the surgical strategy is determined by the surgeon’s preference,
expertise, and knowledge with the procedures. Aspects to take into account include
the patient’s unique pathological history of abdominal or retroperitoneal surgical pro-
cedures, body mass index, tumor size, and location. However, the surgical approach
may be impacted by these factors [14].

Normal anatomy is included in the laparoscopic method, and if open surgery is
required for special circumstances, it may be done easily [15]. Although the retroperi-
toneal method allows for direct access to the adrenal gland and requires less dissec-
tion and mobilization of other visceral organs, general surgeons find it difficult to
master because of a lack of experience. The retroperitoneal surgical approach is also
contraindicated in patients with a high body mass index and excessive retroperitoneal
fat, as well as those with tumors larger than seven to eight centimeters in diameter. In
addition, a tumor near the inferior vena cava on the right side or the aorta on the left
may require a difficult retroperitoneal excision. In terms of operating times, blood
loss volumes, intraoperative hemodynamic events, rates of morbidity and death, and
rates of switching from a minimally invasive to an open surgery approach, retrospec-
tive reviews of the literature have shown that laparoscopic and robotic excision of
pheochromocytomas are equivalent [9]. The advantages of robotic adrenalectomy
also include three-dimensional access, increased wrist mobility for the surgeon, and
a stable camera port. Robotic adrenal surgery has certain drawbacks, including rising
costs, a slow learning curve, and a lack of tactile input [3].

Patients should be positioned supine on the operating table for laparoscopic trans-
abdominal lateral adrenalectomy. A nasogastric tube and Foley catheter are normally
put in after general anesthesia is administered. The patient is positioned in a lateral
decubitus position with the afflicted side facing up. A raised arm board is employed,
and an axillary cushion is used to support the elevated arm. The superior iliac spine
should be the breakpoint for the operating table, and the bed should be bent to
expand the working area. The table is bent by around 100-120 degrees in reference to
the ground plane to widen the space between the iliac crest and the costal edge. The
surgeon and assistant stand side by side and face the patient’s front while the monitor
is placed at the patient’s head side [15].

CO2 insufflation is conducted after gaining peritoneal access 2 cm inferior to
the right/left costal border in the midclavicular line, using either the blind (Verres
Needle) or optical (Hasson) trocar. An open approach to the first trocar site can also
cause pneumoperitoneum. CO2 insufflation is usually done with low/medium flow
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rate of inflation until a pressure of 12-14 mmHg [15]. Between the midclavicular line
medially and the anterior axillary line laterally, four 10-mm trocars are inserted 2 cm
below the costal margin. Additional ports may be placed if necessary [7], often one
10-mm trocar in the upper epigastric area (to be utilized for retraction - liver for the
right side or spleen for the left side).

The first port is often accessed by the midclavicular line. Adrenalectomy is fre-
quently performed through four ports on the right and three to four ports on the left.
The inferior vena cava image will remain straight and parallel throughout the proce-
dure as long as the midclavicular line trocar is employed as a camera port on the right
side of the procedure (30-degree laparoscope). The two medial ports, together with
the anterior axillary line port, can all be used as functional ports. The instruments
and ports, on the other hand, can be replaced as needed to give optimal exposure. A
liver retractor is normally inserted through the port below the xiphoid process, paral-
lel to inferior margin of the liver. It is strongly advisable to use only a 10-mm trocar in
order to facilitate the use of different laparoscopic devices (including suction devices,
seal and cut devices, and special clamps). More than 5 cm between the ports should
be left to allow laparoscopic instruments to move freely [17-19].

A fourth port is typically positioned laterally on the middle axillary line or medi-
ally on the midclavicular line, although adrenalectomy can be performed with three
ports on the left side, spaced 5 centimeters apart from the anterior axillary line. The
abdomen is examined once the surgeon has entered the peritoneal area to look for any
disease and injuries caused by the installation of the port, but because the patient is
positioned on his lateral side, little information can be gathered (consequently, it is
mandatory for a surgeon to investigate the patient in order not to have any intraopera-
tive findings that can lead to a conversion to open surgery) [19, 20].

For the right adrenalectomy, two working ports are used to insert an atraumatic
grasper and an L-hook cautery. If mobilization of the visceral surface of the liver is
not successfully achieved by simple upward retraction of liver segments V and VI,
aretractor is inserted under the liver, the liver is retracted and the right triangular
ligament of the liver is first detached. Thus, the inferior vena cava is reached medi-
ally after opening the posterior peritoneum with the cautery, starting from the right
triangular ligament of the liver and removing 1 cm from the edge of the liver, thus
exposing and dissecting the fascia of Gerota. While the surgeon applies inferior
lateral counter-traction on the superior pole of the kidney, avoiding any pressure
over the adrenal tissue, the assistant must provide appropriate retraction of the liver
in a superior medial way so as not to drain it and to avoid the release of any hormone
product into the systemic blood circulation [9, 21, 22].

Normally, the upper medial part of the adrenal is dissected first by the surgical
team, unless the adrenal tumor does not invade the lateral wall of the inferior vena
cava or if the adrenal tumor is located posterior to the vein. During this dissection,
we may use a Harmonic® scalpel (Ethicon Endo-Surgery INC- Johnson & Johnson
Medical SPA, NJ, USA), LigaSureTM (Medtronic, Minneapolis, MN, USA), or any
other medical sealing and cutting device, preferably 10 mm in diameter, so that
enough connective tissue can be trapped to be sealed along with the dedicated vessels.

Using a little piece of fabric, the surgeon can gently move the adrenal gland later-
ally without damaging it. The adrenal vein is exposed by continuing the dissection
from the medial side of the adrenal to the lateral side of the vena cava and is usually a
short vein, no longer than 10-15 mm. As it approaches the liver, the right adrenal vein
is often visible laterally and slightly below the inferior vena cava. Two clamps are used
to transect the lateral side of the wall of the vena cava after circumferential dissection
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of the adrenal vein. One clip is used to clip the adrenal side, and endoscopic scissors
are used to separate it [7, 9, 21]. Sealing and cutting (without clipping) the adrenal
vein is also to be performed, if the diameter of this vein is less than 7 mm, according
to the technical recommendations of the dedicated laparoscopic instrument.

An auxiliary adrenal vein can be found 2-3 cm above the primary adrenal vein in
around 20% of cases and should be dissected, clipped, and divided if present [6].
Alternatively, vascular staples can be used to divide the adrenal vein. The gland’s
inferior medial side is then dissected. Right adrenal gland’s superior medial pole needs
special care since there is an artery that has to be ligated or shut off because it sup-
plies the parenchyma. Between it and the upper pole of the kidney is the periadrenal
adipose layer of the adrenal gland. It is vital to locate and protect any renal arteries in
the higher pole, just like on the left side [13].

The adrenal gland is then pushed up and the dissection is completed on the
posterior and lateral sides of the gland as well as superiorly, and during this period
of dissection, a particular concern of the surgeon should be not to accidentally injure
the adrenal tissue. Otherwise bleeding will occur and it is very difficult to achieve
adequate hemostasis with the electrocautery, so it is advisable to use a gauze pad for
gentle compression over the adrenal tissue. The gland is removed from the 12-mm
port location and placed always in a retrieval bag. If necessary, trocar incisions can
be expanded. Incisional hernias should be avoided by closing the port side with a
resorbable suture [6, 13, 15]. Many publications propose ligation of the adrenal vein as
the first step in adrenalectomy, especially for pheochromocytoma. However, with big
adrenal masses, the suitable dissection area for identifying the adrenal vein at the first
stage may not be available. As a result, the adrenal vein should be dissected only when
it is safe to do so (clearly visualization, good exposure, and no intense traction from
the cava wall).

The mobilization of the spleen, which is performed by dissecting the splenic-pari-
etal ligament, is the first stage in the left adrenalectomy surgery unless the division of
the left colonic flexure with its proper mobilization is necessary and the first gesture
after intraperitoneal video inspection. In the lateral decubitus posture, the splenic-
parietal ligament is plainly visible. In order to successfully retract the spleen and
expose its posterior aspect, it is recommended to dissect the splenic-parietal ligament
starting at the inferior and posterior edge of the spleen, leaving a margin of roughly 2
cm of peritoneum. When the splenic-parietal ligament is separated until it reaches the
diaphragm, the fundus of the stomach and the left crus of the organ are visible. Thus,
the splenic-parietal ligament is completely dissected, allowing the spleen to be fully
mobilized [7, 10].

The splenorenal ligament is then dissected, starting from the posterior portion of
the spleen and going to the tail of the pancreas, taking care not to damage this paren-
chyma. Between the tail of the pancreas and the fascia Gerota, a groove is delineated
and an avascular plane is dissected [6]. With the help of gravity, the splenopancreatic
block is moved medially out of the operative field, exposing the upper pole of the
kidney and the adrenal area, which is brownish in color, not as yellow as the pancreas
in the perirenal adipose tissue. The pancreatic tail and spleen are retracted if neces-
sary, using a retractor inserted through a port positioned medially or laterally [16].

Starting on the lateral part of the gland, dissect from the upper to lower adrenal
poles, remaining close to the posterior muscle plane. Energy devices are used to sepa-
rate small arteries encountered during this dissection. The left renal vein is present on
the inferior border of the operational field, thus care must be taken to avoid damaging
it while the dissection is carried out along the inferior border of the adrenal gland at
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the same time as the posterior plane, up to the level of the quadratus lumbaris muscle.
The left adrenal vein is uncovered by continuing the dissection on the anteromedial
side of the adrenal [9, 22].

On the medial side of the gland during this dissection, the left inferior diaphrag-
matic vein is frequently seen. The left adrenal vein should be exposed by following
the left inferior diaphragmatic vein until it reaches it. The medial side of the gland
is where it descends. Recognized and isolated is the left adrenal vein. It is longer
than the right adrenal vein and empties into the left renal vein (at least 20-30 mm).
Contrary to the side of the adrenal gland, which can either be snipped and divided
with one clip or divided with an energy device, the side of the renal vein can be cut
and split with two clips. Another vein that could need to be cut is the left inferior
phrenic vein. If this vein’s diameter is less than 7 mm, it can be sealed and severed
using a sealing-cutting device, much like on the right side [6, 15].

It is typical to have a tissue tail that extends from the left adrenal gland to the
hilum of the kidney. Dissecting the gland from the superior pole of the kidney, right
adjacent to the kidney capsule, and all peri-adrenal fat in the specimen are required
for an oncologically sound resection. At this point, attention should be paid to locat-
ing and safeguarding any superior renal arteries. The last adrenal dissection allows
for the “hanging procedure.” Pancreas injury should always be considered during
dissection using a hook, coagulating scissors, or energy devices in order to avoid a
postoperative pancreatic fistula. The adrenal is removed from the retrieval bag using
a10-12 mm trocar [13]. Installing a drain in the adrenal lodge is a solution; however, it
is not frequently required. Some authors advise installing a drain there [1, 6, 7, 23, 24].

3.2 Laparoscopic transabdominal anterior adrenalectomy

For adrenalectomy, the anterior laparoscopic route is the least preferable method.
The patient is positioned supine, the first trocar is implanted in the umbilicus, and
three other trocars are placed in different configurations in the abdominal cavity.
However, although it allows different abdominal conditions to be treated at the same
time and can be performed bilaterally without changing the patient’s posture, the
submesocolic technique requires a longer surgical time and more port placements
and therefore should be thought about beforehand. It seems to be easier to change the
lateral side position of the patient for a bilateral adrenalectomy in the same surgical
time [11, 24, 25].

3.3 Posterior retroperitoneal laparoscopic adrenalectomy

Supine positioning of the patient is used to provide vascular access and, if
required, place a Foley catheter. The patient is placed in the jackknife position with
the table bent to increase the space between the posterior rib edge and the pelvis. The
surgeon is on one side of the adrenal gland, while the assistant is on the side that will
not be removed. By creating a 1.5-cm incision, 2 cm inferior and parallel to the twelfth
rib, cutting through the subcutaneous and posterior muscle layers, and finally reach-
ing the retroperitoneal area, the surgeon can dissect the Gerota fascia posteriorly with
his finger [11, 20, 26].

After that, a 12-mm trocar is reinserted into the area, and CO; is insufflated at a
pressure of 12 to 15 mmHg. A 45 laparoscope is used in place of the 0 laparoscope.

On either side of the initial port, two additional 5- or 10-mm trocars are inserted. The
adrenal gland and arteries are then located using laparoscopic ultrasonography. The
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lateral and inferior portions of the adrenal gland are then dissected after the superior
pole. The medial dissection is usually done last, after which the veins are identified
and separated, as detailed in the previous section on the "lateral transabdominal
approach.” Feeling the smooth interior surface of the twelfth rib confirms that you are
at the right place [7, 13, 15, 26].

Using the Hasson trocar and a direct laparoscopic view, the retroperitoneal region
can be reached. Retroperitoneum can be inserted using a finger or a balloon dissector.
A 12-mm trocar is then reinserted into this space and the CO; is insufflated to 12 to
15 mmHg [7] or 20 to 25 mmHg CO, [16]. One 5 or 10 mm working port is inserted
medially from the lateral side of the para-spinal muscle to the camera port, and one
port is introduced laterally from the middle axillary line to the camera port. A camera
with a 30° or 45° angle is utilized [13, 15, 26].

The main markers for this procedure are the para-spinous muscle medially, the
peritoneal margin laterally, the peri-renal area, which contains the kidney, adrenal
gland, peri-renal fat anteriorly, and the ribs posteriorly. A strong insufflation pres-
sure allows for clear visibility while also compressing any minor bleeding arteries.
Hypercarbia and crepitus may occur, necessitating short periods of deflation or
reduced insufflation pressures [13, 15, 24, 26].

By pressing down on the kidney and mobilizing the gland inferiorly, the superior
attachments of the adrenal might elevate the gland superiorly. Next, the detached,
free adrenal vein needs to be located. Utilizing energy-based technology, the remain-
ing adrenal linkages are subsequently removed [15, 26].

3.4 Lateral retroperitoneal laparoscopic adrenalectomy

The patient is positioned the same way as in the lateral transabdominal approach
for this type of operation. Similar port placements are used in the posterior retroperi-
toneal laparoscopic approach as in the posterior retroperitoneal laparoscopic tech-
nique. Instead of being on the middle axillary line, the camera port on the anterior
side might be placed on the anterior axillary line. The fourth port can potentially be
implanted 5-7 cm lower than the anterior port on the anterior axillary line. Important
anatomical markers can be used to help with orienting once the pneumo-retroper-
itoneum has been formed. The fact that the psoas muscle establishes longitudinal
alignment and is commonly visible is taken into account by the surgeon. Additionally,
the major veins that run parallel to the psoas muscle are visible upon retraction of
the kidney anteriorly and upward following medial dissection. Although complete
mobilization of the renal hilar arteries is not required following adrenalectomy, the
renal artery can be detected by pulse identification. The left adrenal vein needs to be
dissected and located via a posterior approach, as opposed to transperitoneal laparos-

copy [26, 27].
3.5 Single-incision or single-port laparoscopic adrenalectomy

The single-port approach of laparoscopic adrenalectomy can be done trans-
abdominally or retroperitoneally. Some investigations compared the traditional
laparoscopic method to single-port adrenalectomy, finding no significant changes
in patient length of stay or morbidity, as well as a minor benefit in cosmetic and
postoperative discomfort. There is a lack of data on this strategy, and more research is
needed [11, 17, 18, 22, 23].
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3.6 Robot-assisted adrenalectomy

Although laparoscopic adrenalectomy has fewer drawbacks than open adrenal-
ectomy in terms of blood loss, pain, hospital stay, and cosmesis, it does have certain
drawbacks, such as the need for dexterity, two-dimensional vision, and reliance on a
camera assistant. By giving surgeons a three-dimensional magnified view, superior
ergonomics, camera control, and multi-articulated instruments, robotic adrenalec-
tomy overcomes the constraints of laparoscopic surgery. Robotic adrenalectomy has
yet to achieve general acceptance because of its higher cost and lengthier operating
periods. Robotic adrenalectomy can be performed successfully using either the
transperitoneal or retroperitoneal technique, depending on the patient’s body habitus
and the surgeon’s skill. It has also been reported to be a viable approach for partial
adrenalectomy [19, 24].

3.7 Partial adrenalectomy

In 1983, Irvin et al. [20] suggested cortex-preserving adrenalectomy or partial (or
sub-total) adrenalectomy for the treatment of hereditary, bilateral pheochromocy-
toma in order to retain adrenocortical function and prevent lifetime steroid replace-
ment therapy. The results of partial adrenalectomy utilizing the retroperitoneoscopic
laparoscopic approach were published in 1996 [21, 27].

In order to treat minor adrenal masses, partial adrenalectomy is increas-
ingly being used. Therefore, the suggested standard therapy for small benign
and hormonally active adrenal tumors may change to minimally invasive partial
adrenalectomy [27, 28].

In addition to genetic diseases with a risk of developing numerous adrenal tumors,
solitary adrenal masses are now one of the criteria for partial adrenalectomy in
bilateral adrenal masses. Particularly in patients with small hormone-active tumors,
partial adrenalectomy should be carried out to lower the risk of malignancy. Partial
adrenalectomy should not be performed when there are nonfunctional cortical
tumors. The surgical reasoning in these cases is determined by the tumor’s size and
rate of growth at the time of diagnosis, as well as any indication of malignancy. In
these patients, a complete adrenalectomy should be necessary [27, 28].

An important consideration in adrenal-sparing surgery is the preservation of
the circulatory supply to the adrenal stump. Partial adrenalectomy necessitates the
least amount of tissue manipulation and dissection. Studies have shown that patients
treated for adrenocortical carcinomas with minimally invasive procedures experience
disease recurrence earlier and more frequently due to a greater risk of intraoperative
tumor leaking and positive margins. Patients who received laparoscopic resection
in Stage 1 and Stage 2 were likewise shown to have worse overall survival rates [24].
In individuals who require lymphatic dissection and adrenalectomy, open surgery
should be chosen. For locally advanced malignancies that have invaded surrounding
organs or major arteries, the open approach is the best option [9, 13, 24, 26, 27].

Open adrenalectomy is still an option if there are any general or specific contra-
indications to laparoscopy (a patient cannot undergo laparoscopy if they are unable
to undergo pneumoperitoneum, for example), or if there are any specific features of
the adrenal tumor that call for a safer procedure, such as the presence of large lesions
(12-16 cm in diameter) or the presence of malignant tumor with invasion of nearby
structures [27, 28].
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The approach used will be determined by the patient’s size, location, the likelihood
of malignancy, and the surgeon’s skill with the various approaches. In addition, the
results and morbidity of open adrenalectomy differ depending on the pathophysiol-
ogy of the disease and the technique used. All peritoneal techniques reduce the risk of
postoperative ileus; however, extraperitoneal approaches are associated with signifi-
cant rates of neuromuscular morbidities, such as persistent discomfort (14%), laxity
in the flank muscles (30%), and flank numbness (30%) [2, 29, 30].

4. Postoperative complications
4.1 Postoperative outcomes

Untreated pheochromocytoma has a high rate of morbidity, which is difficult to
determine. Cardiovascular reasons can be the cause of death for 71 % of patients,
including myocardial infarction, hypertensive heart failure, or hemodynamic insta-
bility [18].

The goal of favorable postoperative results with cortical-sparing adrenalectomy
is to avoid steroid reliance. The benefit of not using steroids must be weighed against
the possibility of recurrence over time. The need for a complete adrenalectomy is
determined by a genetic or familial propensity. Cortical sparing adrenalectomies are
a suitable option for patients with familial illnesses including MEN 2B, VHL, and/or
MEN 2A. Patients with MEN 2A or 2B syndromes who underwent cortical sparing
adrenalectomy have a 51.8 percent incidence of recurrence at the age of ten. Moreover,
43 percent of patients who underwent the unilateral or bilateral cortex sparing
technique became dependent on steroids. Cortical sparing adrenalectomy is another
option for people with VHL syndrome [19].

To prevent recurrence or the development of metastatic illness, which can happen
up to 40 years after the tumor was removed, patients with various forms of pheochro-
mocytomas should be monitored for the rest of their lives [17].

There are some relative contraindications to laparoscopic surgery. Many patients
can undergo laparoscopic surgery, despite the fact that maybe they had abdominal
surgery in the past or they have obesity.

4.2 Contraindication of laparoscopic surgery

In people at high operative risk with cardiopulmonary disease and/or hemato-
logical disease, open surgery may be required. Even though previous abdominal
surgery and obesity have been cited as relative contraindications for this pro-
cedure, many patients in these categories may still benefit from laparoscopic
surgery. Therefore, personalized patient management by the surgical team is
recommended [24].

4.3 Conversion to open surgery in laparoscopic surgery
There is a small risk when switching to open surgery from laparoscopic surgery,
described in some of the studies as about 5 percent [29]. Laparoscopic adrenalec-

tomy should be switched to classic open surgery if there is a macroscopic appear-
ance suggestive of cancer such as invasion into surrounding structures or the
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presence of suggestive regional lymphadenopathy. Also, intraoperative problems,
such as uncontrolled bleeding that cannot be controlled laparoscopically, should be
resolved by switching to the classic method if the surgeon fears he cannot control
the situation [25].

4.4 Complications of right adrenalectomy

Bowel and vascular injuries, gas embolism, operating difficulties due to adhesions,
and obesity are some of the common risks associated with the laparoscopic method.
Difficulties may emerge as a result of an incorrect port placement or insufficient
mobilization, as well as an incorrect surgical perspective. The right adrenalectomy has
a number of particular adverse effects, including damage to the kidneys, liver, duo-
denum, gallbladder, common bile duct, inferior vena cava, portal vein, right adrenal
vein, rupture of the adrenal capsule, and diaphragm injury [1, 6, 13].

4.5 Complications of left adrenalectomy

During port replacement, intra-abdominal organ damage is possible. When a port
is inserted, there is a risk of intraabdominal organ harm. Inappropriate port place-
ment, insufficient mobilization, and an incorrect surgical perspective can all lead to
difficulties. Some possible adverse effects of left adrenalectomy include splenic artery
and vein injury, spleen and pancreatic injury, and stomach injury. Bleeding may
occur from poor plane dissection. It is possible to sustain injuries to the left adrenal
or inferior phrenic veins. The left renal vein may be divided by mistake, assuming it
to be a broad adrenal vein, especially in big tumors. There may be an injury to the left
kidney’s upper lateral artery, kidney parenchymal injury, gland capsular rupture, and
diaphragm rupture [1, 6, 13].

5. Conclusions

In the case of adrenal gland surgery, it is critical to remember that a multidisci-
plinary approach involving surgeons, anesthesiologists, endocrinologists, radiolo-
gists, and oncologists plays a key role in patient management and that surgeon
experience and hospital experience both have an impact on the procedure’s success.
Open adrenalectomy, laparoscopic adrenalectomy, robotic-assisted, and single-
incision approaches are only a few of the operations on the adrenal glands that have
been recorded in the literature. Surgeons should select the technique with which they
are most familiar.

When compared to open surgery, several studies have shown that laparoscopic
adrenalectomy is safe, effective, reduces hospital stays, operative blood loss, and
wound complications, and has equal long-term outcomes; in fact, it is regarded as the
gold standard for adrenal disorders that require surgery. Due to the scarcity of these
cases in general practice, the learning curve for laparoscopic adrenalectomy may be
difficult. For large tumors and morbidly obese patients, robotic adrenalectomy may
offer advantages over laparoscopic adrenalectomy.

In the same way, single port adrenalectomy is technically viable and safe in the
hands of an experienced surgeon, but it offers little, if any benefit over other typical
laparoscopic adrenalectomy techniques.
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Chapter 8

Advances in the Diagnosis and
Treatment of Pheochromocytomas
and Paragangliomas in the Era of
Personalized Genetic Diagnostic

Sofia Maria Lider Burciulescu and Monica Livia Gheorghiu

Abstract

Pheochromocytomas and paragangliomas (PPGLs) are rare neuroendocrine
tumors that arise from chromaffin cells. Almost 40% of all PPGLs cases are caused by
germline mutations and 30-60% have somatic mutations. The incidence of hereditary
syndromes in apparently sporadic cases is as high as 35%. Currently, more than 20
susceptibility genes have been identified, including at least 12 distinct genetic syn-
dromes, with particular clinical features and prognosis. In this chapter, we summarize
recent advances in the management of PPGLs from clinical diagnosis to targeted
molecular treatment, based on the genetic profile. Classically, patients with PPGLs
were diagnosed by sign and symptoms, e.g., hypertension (with or without parox-
ysms) and headache. Nowadays, about half of PPGLs are diagnosed as incidentalomas
or during the surveillance screening in patients with known mutations for PPGL
susceptibility genes, familial syndromes, or with a previous PPGL; a high percent of
these patients have normal blood pressure. Plasma or urinary fractionated metaneph-
rines remain the major biochemical tests for confirmation. Functional imaging, with
aradiopharmaceutical chosen according to the tumor genotype and biology, improves
tumor detection (notably for metastases and multifocal tumors) and links to targeted
radionuclide therapy. Detecting the germline and somatic mutations associated with
PPGLs is a promising approach to understand the clinical behavior and prognosis and
to optimize the management of these tumors.

Keywords: pheochromocytoma, paraganglioma, diagnosis, treatment, RET mutation,
succinate dehydrogenase mutation, genetic diagnosis, functional imaging

1. Introduction

Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are rare neuroendo-
crine tumors that arise from chromaffin cells. PHEOs arise from the adrenal medulla,
whereas PGLs arise from chromaffin tissues localized outside the adrenal gland, in the
paraganglia of sympathetic origin in the thorax, abdomen, and pelvis or of parasym-
pathetic origin in the head and neck region [1].
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The incidence of PHEOs and PGLs (PPGLs) is estimated at approximately
2-8 cases/million/year. This percentage may be underestimated based upon the
finding that 0.05-0.1% of cases are incidentally detected in autopsy series [2].
Approximately 5-7% of the adrenal incidentalomas are PHEOs [3, 4]. About 80-85%
of chromaffin-cell tumors are pheochromocytomas, whereas 15-20% are paragan-
gliomas [4]. PPGLs may occur at any age, and they usually peak between the third
and fifth decade of life [4, 5].

PPGLs are usually a benign disease. However, approximately 10-15% of them
develop metastases. According to the latest World Health Organization (WHO)
classification, all PPGLs are considered to have metastatic potential, changing the
previous term “malignant” [6].

PPGLs can appear as sporadic tumors or as part of hereditary syndromes. Almost
40% of all PPGLs cases are caused by germline mutations and 30-60% have somatic
mutations [1, 7]. Syndromic presentations, metastatic disease, multiple tumors,
bilateral PHEOs, and pediatric PPGLs are clinical features associated with a higher
likelihood of a gene mutation [4, 8].

As the incidence of hereditary syndromes in apparently sporadic cases is as high
as 35%, in 2017, an International Consensus recommend NGS (Next-Generation
Sequencing) to all patients with PPGLs (rather than using one gene at a time) [9].
Nowadays, at least 20 susceptibility genes have been identified, comprising at least
12 distinct genetic syndromes, 15 driver genes, and several new germline and somatic
pathogenic variants of genes with disease-modifying potential [1, 7, 10]. These genes
are divided into three molecular clusters:

1. Pseudohypoxia cluster 1 (1A and 1B)
2. Kinase-signaling cluster 2
3. Wnt signaling cluster 3.

Between the three clusters, differences in biochemical phenotype, clinical behav-
ior, and long-term prognosis are noted [11, 12].

Cluster 1A-Krebs cycle-related genes (almost 100% are germline mutations,
4-12% of sporadic PPGLs) include succinate dehydrogenase subunits (SDHx [SDHA,
SDHB, SDHC, SDHD]) (germline), succinate dehydrogenase complex assembly
factor-2 (SDHAF2) (germline), fumarate hydratase (FH) (germline), mitochondrial
glutamic-oxaloacetic transaminase (GOT2) (germline), malate dehydrogenase 2
(MDH2) (germline), 2-oxoglutarate-malate carrier (SLC25A11) (germline), dihydro-
lipoamide S-succinyltransferase (DLST) (germline), and isocitrate dehydrogenase 1
(IDH1) (somatic) [1, 12, 13].

Cluster 1B VHL/EPAS1-related genes (about 25% are germline mutations) com-
prise von Hippel-Lindau (VHL) tumor suppressor (germline/somatic), Egl-9 prolyl
hydroxylase-1and -2 (EGLN1/2 encoding PHD1/2) (germline), hypoxia-inducible
factor 2a (HIF2A/EPAS1) (somatic), and iron regulatory protein 1 (IRP1) (1 case
report) [1, 10, 11, 13].

Cluster 2 comprises mutations in genes encoding for a TK receptor (RET) (germ-
line/somatic) genes encoding for the neurofibromin 1 (NF1) tumor suppressor
(germline/somatic), Myc-associated factor X (MAX) (germline/somatic), HRAS
(somatic), transmembrane protein 127 (TMEM127) (germline), and fibroblast
growth factor receptor 1 (FGFR1) (somatic). Also, rare cases with mutations in genes
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encoding the receptor TKs MET (germline/somatic) and MERTK (germline), encod-
ing B-Raf (somatic) are described [1, 12, 13].

Cluster 3 comprises the transcriptional coactivator 3 (MAML3) fusion gene (gain-
of-function event) and somatic driver mutations (0% germline mutations) in the cold
shock domain-containing E1 (CSDE1) [1].

Patients belonging to PPGL pseudohypoxia cluster 1 often present at a young age
(<20 years of age,) and are predisposed to multiple tumors, recurrence, and metastatic
behavior. At least 50-60% of all patients with metastatic PPGL display cluster 1 muta-
tions. Metastatic risk of cluster 2-related PPGLs is low (2-3%), and RET, NF1, TMEM127,
and MAX mutations are almost exclusively associated with PHEOs [1, 7, 14]. PPGLs
with MAMLS3 fusion genes were all associated with metastatic disease and showed poor
aggressive-disease-free survival [1, 8].

Routine screening in patients with PPGLs is recommended in patients known with
mutations in PPGL susceptibility genes, in patients with syndromic features suggest-
ing hereditary PPGLs, and in patients with previous PPGLs, [4].

The treatment options for patients with PPGL are increasingly based on the under-
standing molecular biology, genetic and epigenetic analyses of the tumors. During the
last 20 years, the genetics approach, translational research, metabolomics, peptide
receptor-based imaging and treatment, as well as immunotherapy greatly evolved.
After the genetic era start, all the clinical, paraclinical features and treatment of
PPGLs are reported to their genotype, in an attempt to allow a personalized diagnosis,
management, and long-term follow-up of PPGLs.

In this chapter, we summarize recent advances in the management of PPGLs from
clinical diagnosis to targeted molecular treatment.

2. Advances in the diagnosis of PPGLs
2.1 Clinical diagnosis
2.1.1 Classical

PPGLs are tumors with a wide spectrum of manifestations, from typically symp-
tomatic disease to asymptomatic disease. Symptoms are present in approximately 50%
of patients with PPGLs and are typically paroxysmal. The classic triad of symptoms in
patients with PPGLs consists of episodic headache, sweating, and tachycardia [1].

Approximately one-half have paroxysmal hypertension; most of the rest have
either essential hypertension or normal blood pressure. Most patients with PHEO do
not have the three classic symptoms, and patients with essential hypertension may
have hypertension paroxysms. Sustained or paroxysmal hypertension is the most
common sign of PPGLs, but approximately 5-15% of patients present with normal
blood pressure. Headache is the second most described symptom. Other symptoms
include forceful palpitations, tremor, pallor, dyspnea, generalized weakness, weight
loss, orthostatic hypotension, polyuria, pallor, cardiomyopathy, panic attack-type
symptoms (particularly in PHEOSs that produce epinephrine) [1, 3].

PPGLs can produce life-threatening cardiovascular events including acute myo-
cardial infarction, arrhythmias, Takotsubo cardiomyopathy, acute heart failure, or
even sudden death [1, 3]. Diabetes or prediabetic states are also a complication of
catecholamine-secreting PPGLs. Rarely, patients with a PPGL present with low blood
pressure.
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Multiple endocrine neoplasia Medullary thyroid cancer, primary hyperparathyroidism
(RET gene)—type 2A

—type 2B Medullary thyroid cancer, mucocutaneous neuromas, marfanoid status,
ganglioneuromas of the gut/oral mucosa (Hirschsprung disease)

von Hippel-Lindau syndrome Hemangioblastoma (cerebellum, spinal cord, or brainstem), retinal

(VHL gene) angioma, clear cell renal cell carcinoma, pancreatic neuroendocrine
tumors or cysts

Neurofibromatosis type 1 Neurofibromas, café-au-lait spots, axillary and inguinal freckling, iris

(NF1 gene) hamartomas (Lisch nodules), osseous lesions, optic glioma, carcinomas

(breast, lung, colorectal), sarcomas, GIST

SDHx genes Carney dyad, clear cell renal cell carcinoma, pituitary adenomas (mostly
in SDHB, SDHD)

Table 1.
Clinical features of the most frequent hereditary PPGL syndromes.

PPGLs can be sporadic or part of hereditary/familial syndromes, with specific
clinical manifestations (Table1).

Head and neck paragangliomas do not produce significant amounts of catechol-
amines; therefore, they are discovered during imaging studies or by signs of compres-
sion or infiltration of cranial or cervical structures, leading to cranial nerve palsies,
hearing loss, pulsatile tinnitus, or dysphagia [15].

2.1.2 In the genetic diagnostic eva

Due to the increased access to modern imaging techniques and genetic diagnosis,
more PPGLs are nowadays diagnosed as incidentalomas or during surveillance screen-
ing, either due to genetic risk (germline mutations for one of the known PPGL suscep-
tibility genes) or suspected hereditary syndromes with PPGLs or to a previous PPGL
tumor; the clinical picture in these patients may be less suggestive, a higher percent of
them having normal blood pressure or being asymptomatic [4, 16]. In a prospective
multicentric series of 245 patients with PPGLs, 36% have been incidentally detected,
27% during surveillance, and only 37% due to clinical signs and symptoms [17].

Of note, the likelihood of a PPGL in the first two categories of patients is higher
than in those suspected based on the clinical signs [3].

Although most of the symptoms are nonspecific, it has been reported that some
signs and symptoms are more evident in screened patients with than without PPGL.
Therefore, a score system including specific signs and symptoms has been developed
to triage patients according to their likelihood of having PPGLs (-1 to +7 points)
(applies to all clusters): [17].

* 1 point for the following specific sign: pallor, hyperhidrosis, tremor (max. 3
points)

* 1 point for the following specific symptom: palpitations, nausea (max. 2 points)
* 1 point for a body mass index (BMI) < 25 kg/m2 and
* 1 point for a heart rate of >85 beats per minute (bpm)

* for obesity (BMI > 30 kg/m2) 1 point is subtracted.
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A high clinical feature score (3 points or higher) indicates a 5.8-fold higher likeli-
hood of having a PPGL.

Patients from cluster 2 PPGLs present with higher basic symptom scores and more
often suffer from tremor, anxiety/panic, and pallor (related to catecholamine excess)
compared with patients from cluster 1 [18].

Some reports suggest that patients with cluster 1-related PPGLs present more
often with sustained hypertension caused by the continuous release of norepineph-
rine into the circulation, while patients with cluster 2-related PPGLs more commonly
present with paroxysmal symptoms (so-called “spells”) caused by episodic excessive
tumoral epinephrine secretion. These spells may be triggered by certain medications,
food, beverages (containing tyramine such as red wine and beer), surgery, anes-
thesia, endoscopy, severe stress, or elevated intra-abdominal pressure (palpation,
defecation, pregnancy) [1, 14, 18, 19].

Thus, in cluster 2-related PPGLs, the signs and symptoms are mainly of an
episodic nature due to paroxysmal excessive secretory activity. In contrast, cluster
1 tumors, which show low catecholamine contents but higher rates of continuous
secretion and less developed secretory control (sustained hypertension) [1, 14, 18].

In RET-related PPGLs, for example, the predominant stimulation of beta-adre-
noceptors by epinephrine is presumably responsible for the presentation of episodic
tachycardia/palpitations and paroxysmal hypertension rather than sustained hyper-
tension [18].

Interestingly, some patients may be asymptomatic, especially those with small
(<2 cm) tumors where there is low catecholamine production or more generally in
cases where tumors produce and metabolize but do not secrete appreciable amounts
of catecholamines [3].

2.2 Biochemical diagnosis
* Patients with clinical suspicion of PPGLs.

* Patients with incidentally detected adrenal tumors during imaging (incidentalo-
mas, in particular in those with tumor density > 10 Hounsfield units, HU).

* Patients with known germline mutations predisposing for PPGL.

* Patients with syndromic manifestations suggesting hereditary or syndromic
PPGL.

* Patients with personal or family history of PPGL should be biochemically tested
[1, 3, 4]. There are regional, institutional, and international differences in the
approach to the biochemical diagnosis of PPGL.

2.2.1 Classical

The diagnosis of pheochromocytoma is typically made by measurements of uri-
nary and plasma fractionated metanephrines, with negative predictive values >99% at
specificities of about 94% [1, 3, 4].

The “gold standard” in diagnosis/screening/follow-up is plasma-free metaneph-
rines (superior to catecholamines, superior to urinary metanephrines), in supine
position for at least 20 minutes before taking blood. The most reliable measurements
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are those made via liquid chromatography/mass spectrometry (LC/MS). A high
suspicion for a PPGLs is when we found with more than a twofold increase above ref-
erence interval upper cutoffs. Plasma-free metanephrine levels correlate with tumor
burden and progression [20, 21].

The adrenergic phenotype is defined by a tumor content of epinephrine that
exceeds 5% of the contents of all catecholamines; this can be assessed by measure-
ments of plasma metanephrine relative to normetanephrine, the metabolites of
epinephrine and norepinephrine [22].

Adrenergic tumors invariably show additional increases in plasma or urinary
normetanephrine; only rarely do these tumors show exclusive increases in meta-
nephrine [18, 22].

Plasma 3-methoxytyramine is useful for detecting the rare dopamine-producing
PPGLs [1, 23].

2.2.2 Advances in the genetic diagnostic era

There is a correlation between genotype and the biochemical secretion.

PPGLs of the cluster 1 group are characterized by lower tumoral catecholamine
contents, but higher rates of catecholamine secretion per mass of tumor tissue,
compared with cluster 2 adrenergic tumors [1, 20, 22, 23].

Increases of plasma-free normetanephrine and/or 3-methoxytyramine with no or
minimal increases of metanephrines suggests uniquely and accurately to the diagnosis
of a cluster 1 PPGL [1].

Exceptions to this “rule” include the biochemically silent head and neck PGLs and
other silent PPGLs with SDHB pathogenic variant, associated with limited amounts
of catecholamines in tumor tissue and no minimal increases in plasma normetaneph-
rine or 3-methoxytyramine [24].

The association of cluster 1 mutations with a noradrenergic or dopaminergic
phenotype is an excellent example of how catecholamine phenotypes are associated
to genetic abnormalities: tumors due to cluster 1 mutations with a noradrenergic
phenotype have a higher expression of HIF-2a/EPAS1 than other tumors; they also
involve mutations that lead to stabilization of HIF-2a, an important player that blocks
glucocorticoid-induced expression of phenyl ethanolamine, N-methyl transferase
(PNMT), the enzyme that converts norepinephrine to epinephrine [22, 23, 25, 26].

Cluster 2 is associated with an adrenergic secretion pattern, reflecting a well
differentiation of the chromaffin cells in this cluster and, furthermore, a lower
tendency to malignant disease in this cluster. The exception to this involves PHEOs
due to MAX mutations, in which lack of MAX prevents induction of PNMT by
glucocorticoids [1, 23, 26].

Cluster 3-related PPGLs showed the highest chromogranin A overexpression
among all clusters [1].

2.2.3 Factors causing misleading plasma MIN

Plasma-free MN and NMN levels are frequently elevated in patients with chronic
kidney disease, particularly in those on dialysis [27], severe illness narcotic or alcohol
withdrawal, anxiety, sleep apnea, essential hypertension, physical exercise. Other
substances/aliments that interfere with MN measurements are: nicotine, coffee, sym-
pathomimetics, amphetamine, local anesthetics, lidocaine, cocaine, halothane, MAO
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inhibitors, bananas, peppers, pineapples, walnuts. There can be seasonal variations in
plasma normetanephrine levels with 20% higher levels during winter [20, 28].

2.3 Imaging diagnosis

After the confirmation of the catecholamine hypersecretion, tumor location
detection is needed.

2.3.1 Classical

In general, computed tomography (CT) imaging has a high sensitivity
(around 100%) but a low specificity (50%) for the screening of PHEOs. It has
the highest screening sensitivity if in native phase, the tumor has >10 Hounsfield
units (HU) [29].

On the other hand, magnetic resonance imaging (MRI) has a higher sensitivity for
head and neck and sympathetic PGLs, compared with CT. MRI is overall preferable
for children and long-term follow-up of children and adults [30].

Regarding metastatic PPGLs, CT scan is superior to MRI for lung metastases,
whereas MRI is superior to CT for liver metastases [29, 30].

Scintigraphy. 123/131I- meta-iodobenzylguanidine (MIBG) is the most specific
radiopharmaceutical for PPGLs (specificity>95%); its sensitivity is decreased in small
tumors and/or those associated with SDHx mutations [1, 30, 31].

2.3.2 Advances in the genetic diagnostic era

Functional imaging is recommended for presurgery staging of PHEO >5 cm for
staging of metastatic/multifocal disease and after surgery of a (sympathetic) PGL or
of metastatic/multifocal disease, and it is optional in follow-up in adult SDHx muta-
tion carriers [1, 31].

According to the most recently published guideline for functional imaging of
PPGLs, the most sensitive imaging method for cluster 1A SDHx-related disease is
functional imaging with somatostatin receptor analogs (SSA) positron emission
tomography-computed tomography ([68Ga]-DOTA-SSA PET/CT) with a sensitivity
of 94-100% [31-33].

[68Ga]-DOTA-SSA PET/CT is the most sensitive imaging modality in the
diagnosis and screening of cluster 1A SDHx-related PPGLs (mostly PGLs), since
these tumors strongly express the somatostatin receptor 2 (SSTR2). In contrast,
cluster 1B VHL/EPAS1-related PPGLs (specifically PHEOs) show stronger
expression of the L-type amino-acid transporter and less SSTR2 expression.
Therefore, [18F] FDOPA PET/CT is more sensitive than [68Ga]-DOTA-SSA PET/
CT for these patients. Due to cluster 2-related tumors intra-adrenally located
(exceptions, HRAS- and FGFR1-related PGLs in the Chinese population),
anatomic abdominal imaging with CT or MRI is usually sufficient for tumor
localization [1, 31-34].

If there are inconclusive results on anatomic imaging (e.g., very small tumors,
multifocality, distorted anatomy), PHEOs >5 cm, or for staging of metastatic disease,
the most sensitive functional imaging method for all cluster 2-related PHEOs (>1 cm)
is [18F] FDOPA PET/CT [35].

For the cluster 3, the most sensitive functional imaging modality is unknown [1].
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2.4 Treatment

For locoregional disease, surgery should always be the first-line therapy, whenever
possible. Minimally invasive adrenalectomy is the preferred surgical standard [36].

Although cortical-sparing surgery is associated with development of recurrent
disease in about 13% of patients with germline mutations in RET or VHL, this is not
associated with decreased survival and can be considered for less aggressive PPGLs.
Adrenal-sparing surgery should not be favored over total adrenalectomy in most
cluster 1 tumors, due to a high risk of recurrence and metastatic spread, particularly
SDHB-mutant tumors [4, 36].

Current recommendations from the US Endocrine Society Practice Guideline
and the Working Group on Endocrine Hypertension of the European Society of
Hypertension agree that alpha-adrenoceptor blockade should be given for 7-14 days
before surgery [3, 4]. There is no specific consensus on blood pressure and heart
rate targets; however, it is recommended to reach a seated blood pressure target
<130/80 mmHg [4, 37, 38].

The most frequently used drugs are the nonselective and noncompetitive
alpha-1/2-adrenoceptor blocker phenoxybenzamine [4, 37, 38].

The tyrosine hydroxylase inhibitor metyrosine, which inhibits catecholamine
synthesis, can additionally help to prevent pre- and intraoperative hemodynamic
instability when given in combination with phenoxybenzamine. The combination
treatment reduces blood pressure fluctuations [38, 39].

The mortality rate for PPGL surgical treatment has decreased from about 40% in
the past to 0-3% in contemporary series, probably as a result of better preoperative
treatment and surgical techniques [1, 40].

3. Special considerations for metastatic disease

PPGL-related malignancy is defined as the presence of distant metastases in non-
chromaffin tissues (e.g., bone and lymph nodes) [41]. Approximately 10%-15% of
PHEOs and 35-40% of PGLs develop metastases [42].

The metastatic potential of a PPGL is evaluated based on tumor size (>5 cm), extra-
adrenal location, a dopaminergic phenotype (e.g., plasma methoxytyramine more than
threeold above the upper reference limit), high Ki-67 index, the presence of a SDHB
mutation [1, 8]. Histological scores are more reliable in ruling out than in predicting
a malignant behavior: Pheochromocytoma of the Adrenal Gland Scorve (PASS) < 4 and
Grading of Adrenal Pheochromocytoma and Paraganglioma (GAPP) score < 3 [1, 43, 44].
A thorough genetic testing is useful in appreciating the metastatic risk.

At least 50-60% of all patients with metastatic PPGL carry cluster 1 mutations. In
aretrospective study investigating 169 patients, 50% of all patients with metastatic
disease had cluster 1 tumors (42% SDHB-related tumors), only 4% had cluster 2
tumors, and 46% had apparently sporadic disease [1, 43, 45].

Overall, the highest metastatic risk is reported for SDHB (35-75%), SDHA
(30-66%), and HIF2A/EPAS1 mutation carriers (>30%). (1,33,34) Moreover, there
also seems to be an increased metastatic risk for patients with FH mutations, while
an intermediate risk (15-29%) has been shown for SDHD mutation carriers and an
intermediate-to-low risk for SDHC and VHL (5-8%) mutation carriers [1, 42, 45].

Metastatic risk of cluster 2-related PPGLs is low, and RET, NF1, TMEM127,
and MAX mutations are almost exclusively associated with PHEOs [43]. MEN2B is
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associated with a higher metastatic risk compared with MEN2A. The metastatic risk
of NF1-related PHEOs is also low (2-12%) [1, 46].

Cluster 3 PPGLs were all associated with metastatic disease and showed poor
aggressive-disease-free survival (e.g., a short time until the occurrence of either
distant metastases, local recurrence, or positive regional lymph nodes [1].

There are practiced standards of therapy for metastatic PPGLs including chemo-
therapy (cyclophosphamide, vincristine, and dacarbazine [CVD] scheme, or temo-
zolomide monotherapy), radionuclide therapy ([131I]-MIBG, [177Lu]-DOTATATE),
tyrosine kinase inhibitors (TKIs) (sunitinib, cabozantinib), and immunotherapy
[47-49].

There are some points to follow about metabolic activity of these tumors before
addressing a specific therapy:

* positivity on [123[]-MIBG scan for low or high-specific-activity [131I]-MIBG
(expressing the norepinephrine transporter system, less likely positive for
SDHx-mutated PPGLs).

* 68Ga-DOTATATE scan for [177Lu] DOTATATE therapy (expressing SSTR2,
particularly SDHx-mutated PPGLs),

* PD-L1 status for pembrolizumab, demethylating agents (especially for SDHx-
mutated tumors), possibly HIF-2a inhibitors (particularly for cluster 1 PPGLs)
poly (ADP-ribose) polymerase (PARP) inhibitors together with temozolomide
(specifically for SDHx-mutated tumors) [46-48, 50-52].

Additionally, antiresorptive therapies, such as bisphosphonates and denosumab,
are administered in the case of large and numerous bone metastases [38].

For Cluster 2-specific there are some indications for systemic therapy approaches,
such as: [131I] MIBG therapy; kinase signaling pathway-related TKIs (sunitinib,
cabozantinib, LOX0-292, lenvatinib, axitinib) and other specific targeted signaling
pathway inhibitors alone and in combination (PI3K/AKT/mTORC1 inhibitors and
RAF/MEK/ERK inhibitors) [50-53].

4. Follow-up in patients with PPGL

In general, every patient with any of the following criteria should undergo lifelong
follow-up: [1, 4].

* germline mutation predisposing for PPGL.
* history of paraganglioma.

* age < 20 years at initial diagnosis.

* tumor size >5 cm.

* multiple or recurrent PPGLs.

* noradrenergic/dopaminergic phenotype.
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Children with an initial diagnosis of SDHx mutation should firstly undergo a
clinical examination including blood pressure measurements, plasma-free normeta-
nephrine and 3-methoxytyramine (or urinary normetanephrine), and MRI (base of
the skull to pelvis) [54, 55].

After negative initial screening, a clinical evaluation and blood pressure measure-
ment annually, hormonal samples every 2 years, and an MRI (base of the skull to
pelvis) every 2-3 years are recommended. Usually, after initial screening, MRI can be
performed without gadolinium enhancement, but preferably with diffusion-weighted
imaging for maximal sensitivity [1, 4, 55].

For adults, the similar situation is recommended-lifelong follow-up, apart from
more frequent biochemistry every year (plasma is preferred, including plasma mea-
surements of 3-methoxytyramine and no consensus for chromogranin A). In adults,
initial screening should include functional imaging (PET/CT), but there is no recom-
mendation for alternating MRI and PET/CT during follow-up [4, 55].

For patients with a history of an SDHA/B PPGL (highest metastatic risk), biochem-
istry every 6 months to 1 year and imaging every 1-2 years are reasonable [4, 41, 55].

For patients with a history of an SDHC/D/AF2- or VHL-related PPGL with a
lower metastatic risk, biochemistry every year and imaging intervals of 2-3 years are
sufficient [4, 54].

For asymptomatic RET mutation carriers, every year follow-up for PHEOs includ-
ing clinical investigation and hormonal samples should begin between 11 and 16 years
of age—depending on the high or moderate risk for PHEOs specific to the codon
involved in RET mutation (always consider the risk of medullary thyroid carcinoma
and primary hyperparathyroidism) [1, 4].

Patients with a history of an RET-related PHEO should have a lifelong follow-up
with yearly clinical investigation and hormonal sampling; for patients with high and
moderate risk for PHEOs (depending on the specific RET mutation), follow-up may
include abdominal/pelvic MRI every 5 years [1, 4, 54].

Despite a rather low metastatic risk of NF1-related PHEOs, most recently pub-
lished guidelines recommend the initiation of a biochemical screening of asymptom-
atic NF1 mutation carriers every 3 years from the age of 10 to 14 years [1, 4, 22].

For each patient with first diagnosis of a cluster 2-related PPGL >5 cm, a chest
CT is recommended for exclusion of metastatic disease; however, this is unneces-
sary in the long-life follow-up of these mutation carriers because cluster 2-related
diseases are related to a low metastatic risk and almost exclusively adrenal location
of the tumor [1, 4, 22].

New discovered genes in the last 5 years: CSDE1(somatic), H3F3A (somatic),
UBTFMAML3(somatic), IRP1(somatic), SLC25A11(somatic), DLST (germ-
line), MERTK (somatic), MET (somatic and germline), FGFR1(somatic),
SUCLG2(somatic) [7].

5. Final considerations

Cluster-specific management regarding patient education, diagnostics (biochem-
istry, imaging), and follow-up are already widely acknowledged. Cluster-specific,
genetically driven therapy requiring NGS of individual tumors may be an essential
part of the management of these tumors in the future.

The ongoing PROSPHEO registry trial (NCT03344016), together with novel arti-
ficial intelligence approaches, might be able to answer the question as to the optimal
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follow-up for PPGL patients and aid in achieving the goal of preventing metastatic
spread and death from PPGLs [1].

In conclusion, PPGLs are rare tumors with unique molecular and phenotypic
landscapes. Diagnosing the germline and somatic mutations associated with PPGLs
is a promising approach to understand the clinical behavior and prognosis and to
personalize and thus optimize the management of these tumors.

Conflicts of interest

The authors declare no conflicts of interest relevant to this manuscript.

Author details

Sofia Maria Lider Burciulescu™” and Monica Livia Gheorghiu™**

1 Carol Davila University of Medicine and Pharmacy, Bucharest, Romania
2 C.I. Parhon National Institute of Endocrinology, Bucharest, Romania

*Address all correspondence to: monicagheorghiu@yahoo.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

129



Adrenal Glands — The Curvent Stage and New Perspectives of Diseases and Treatment

References

[1] Nolting S, Bechmann N, Taieb D,
Beuschlein F, Fassnacht M, Kroiss M,

et al. Personalized management of
pheochromocytoma and paraganglioma.
Endocrine Reviews. 2022;43(2):199-239.
DOI: 10.1210/endrev/bnab045

[2] Aygun N, Uludag M.
Pheochromocytoma and paraganglioma:
From epidemiology to clinical

findings. Sisli Etfal Hastan Tip Bulteni.
2020;54(2):159-168. DOI: 10.14744/
SEMB.2020.18794

[3] Lenders JWM, Kerstens MN, Amar L,
et al. Genetics, diagnosis, management
and future directions of research of

phaeochromocytoma and paraganglioma:

A position statement and consensus

of the working group on endocrine
hypertension of the European Society of
Hypertension. Journal of Hypertension.
2020;38(8):1443-1456. DOI: 10.1097/
HJH.0000000000002438

[4] Lenders JW, Duh QY,

Eisenhofer G, et al. Endocrine Society.
Pheochromocytoma and paraganglioma:
An Endocrine Society clinical practice
guideline. The Journal of Clinical
Endocrinology and Metabolism.
2014;99(6):1915-1942. DOI: 10.1210/
jc.2014-1498

[5] Gheorghiu ML, Hortopan D,
Dumitrascu A, Caragheorgheopol A,
Stefanescu A, Trifanescu R, et al.
Age-related endocrine tumors: Non-
functioning adrenal tumors as compared
to pituitary adenomas. Acta Endo

(Buc). 2009;5:371-384. DOI: 10.4183/
aeb.2009.371

[6] Lam AK. Update on adrenal tumours
in 2017 World Health Organization
(WHO) of endocrine tumours.
Endocrine Pathology. 2017;28(3):213-227

130

[7] Jhawar S, Arakawa Y, Kumar S,
Varghese D, Kim YS, Roper N, et al.
New insights on the genetics of
pheochromocytoma and paraganglioma
and its clinical implications. Cancers.
2022;14(3):594. DOI: 10.3390/
cancers14030594

[8] Fassnacht M, Assie G, Baudin E,
etal. Adrenocortical carcinomas and
malignant phaeochromocytomas:
ESMO-EURACAN clinical practice
guidelines for diagnosis, treatment
and follow-up. Annals of Oncology.
2020;31(11):1476-1490. DOI: 10.1016/j.
annonc.2020.08.2099

[9]1 NGS in PPGL (NGSnPPGL) Study
Group, Toledo RA, Burnichon N,

Cascon A, Benn DE, Bayley JP, etal.
Consensus statement on next-generation-
sequencing-based diagnostic testing

of hereditary phaeochromocytomas

and paragangliomas. Nature Reviews.
Endocrinology. 2017;13(4):233-247.

DOI: 10.1038/nrendo0.2016.185

[10] Fishbein L, Leshchiner I,

Walter V, et al. Cancer genome atlas
research network. Comprehensive
molecular characterization of
pheochromocytoma and paraganglioma.
Cancer Cell. 2017;31(2):181-193.

DOI: 10.1016/j.ccell.2017.01.001

[11] Jochmanova I, Pacak K. Genomic
landscape of pheochromocytoma
and paraganglioma. Trends Cancer.
2018;4(1):6-9. DOI: 10.1016/j.
trecan.2017.11.001

[12] Gieldon L, William D, Hackmann K,
et al. Optimizing genetic workup in
pheochromocytoma and paraganglioma
by integrating diagnostic and research
approaches. Cancers (Basel). 2019;11(6).
DOI: 10.3390/cancers11060809



Advances in the Diagnosis and Treatment of Pheochromocytomas and Pavagangliomas in the Era...

DOI: http://dx.doi.org/10.5772/intechopen.108298

[13] Luchetti A, Walsh D, Rodger F,

et al. Profiling of somatic mutations in
phaeochromocytoma and paraganglioma
by targeted next generation sequencing
analysis. International Journal of
Endocrinology. 2015;2015:138573.

DOI: 10.1155/2015/138573

[14] Timmers HJ, Kozupa A,

Eisenhofer G, et al. Clinical
presentations, biochemical

phenotypes, and genotype-phenotype
correlations in patients with

succinate dehydrogenase subunit
B-associated pheochromocytomas

and paragangliomas. The Journal of
Clinical Endocrinology and Metabolism.
2007;92(3):779-786

[15] Taieb D, Kaliski A, Boedeker CC,
Martucci V, Fojo T, Adler JR, et al.
Current approaches and recent
developments in the management

of head and neck paragangliomas.
Endocrine Reviews. 2014;35:795-819

[16] Plouin PF, Amar L, Dekkers OM,

et al. European Society of Endocrinology
Clinical Practice Guideline for long-term
follow-up of patients operated on for a
phaeochromocytoma or a paraganglioma.
European Journal of Endocrinology.
2016;174(5):G1-G10. DOI: 10.1530/
EJE-16-0033

[17] Geroula A, Deutschbein T,

Langton K, Masjkur ], Pamporaki C,
Peitzsch M, et al. Pheochromocytoma
and paraganglioma: Clinical feature-
based disease probability in relation to
catecholamine biochemistry and reason
for disease suspicion. European Journal
of Endocrinology. 2019;181(4):409-420.
DOI: 10.1530/EJE-19-0159

[18] Eisenhofer G, Huynh TT,

Elkahloun A, etal. Differential expression
of the regulated catecholamine secretory
pathway in different hereditary forms of
pheochromocytoma. American Journal

131

of Physiology. Endocrinology and
Metabolism. 2008;295(5):E1223-E1233.
DOI: 10.1152/ajpendo.90591.2008

[19] Paul Robertson R. DeGroot’s
Endocrinology. 8th ed. Philadelphia:
Elsevier; 2021

[20] Lenders JW, Pacak K, Walther MM,
et al. Biochemical diagnosis of
pheochromocytoma: Which test is
best? Journal of the American Medical
Association. 2002;287(11):1427-1434.
DOI: 10.1001/jama.287.11.1427

[21] Weismann D, Peitzsch M,

Raida A, et al. Measurements of plasma
metanephrines by immunoassay vs
liquid chromatography with tandem
mass spectrometry for diagnosis of
pheochromocytoma. European Journal
of Endocrinology. 2015;172(3):251-260.
DOI: 10.1530/EJE-14-0730

[22] Eisenhofer G, Klink B,

Richter S, Lenders JW, Robledo M.
Metabologenomics of
phaeochromocytoma and paraganglioma:
An integrated approach for personalised

biochemical and genetic testing. Clinical
Biochemistry Review. 2017;38(2):69-100

[23] Eisenhofer G, Lenders JW,

Linehan WM, Walther MM, Goldstein DS,
Keiser HR. Plasma normetanephrine

and metanephrine for detecting
pheochromocytoma in von Hippel-Lindau
disease and multiple endocrine neoplasia
type 2. The New England Journal of
Medicine. 1999;340(24):1872-1879.

DOI: 10.1056/NEJM199906173402404

[24] Timmers HJ, Pacak K, Huynh TT,
et al. Biochemically silent abdominal
paragangliomas in patients

with mutations in the succinate
dehydrogenase subunit B gene. The
Journal of Clinical Endocrinology and
Metabolism. 2008;93(12):4826-4832.
DOI: 10.1210/jc.2008-1093



Adrenal Glands — The Curvent Stage and New Perspectives of Diseases and Treatment

[25] Eisenhofer G, Lenders JW,
Goldstein DS, et al. Pheochromocytoma
catecholamine phenotypes and
prediction of tumor size and location
by use of plasma free metanephrines.
Clinical Chemistry. 2005;51(4):735-744.
DOI: 10.1373/clinchem.2004.045484

[26] Eisenhofer G, Deutschbein T,
Constantinescu G, et al. Plasma
metanephrines and prospective
prediction of tumor location, size

and mutation type in patients with
pheochromocytoma and paraganglioma.
Clinical Chemistry and Laboratory
Medicine. 2020;59(2):353-363.

DOI: 10.1515/cclm-2020-0904

[27] Niculescu DA, Ismail G,

Poiana C. Plasma free Metanephrine and
normetanephrine levels are increased

in patients with chronic kidney disease.
Endocrine Practice. 2014;20(2):139-144.
DOI: 10.4158/EP13251.0R

[28] Gardner D. Dolores Shoback
Greenspan’s Basic and Clinical
Endocrinology. Tenth ed. California,
San Francisco: Lange; 2018

[29] Buitenwerf E, Berends AMA, van
Asselt ADI, et al. Diagnostic accuracy
of computed tomography to exclude
pheochromocytoma: A systematic
review, meta-analysis, and cost
analysis. Mayo Clinic Proceedings.
2019;94(10):2040-2052. DOI: 10.1016/j.
mayocp.2019.03.030

[30] Daniel E, Jones R, Bull M,
Newell-Price J. Rapid-sequence MRI for
long-term surveillance for paraganglioma
and phaeochromocytoma in patients
with succinate dehydrogenase mutations.
European Journal of Endocrinology.
2016;175(6):561-570. DOI: 10.1530/
EJE-16-0595

[31] Taieb D, Jha A, Treglia G, Pacak K.
Molecular imaging and radionuclide

132

therapy of pheochromocytoma

and paraganglioma in the era of
genomic characterization of disease
subgroups. Endocrine-Related Cancer.
2019;26(11):R627-R652. DOI: 10.1530/
ERC-19-0165

[32] Gild ML, Naik N, Hoang J, et al. Role
of DOTATATE-PET/CT in preoperative
assessment of phaeochromocytoma and
paragangliomas. Clinical Endocrinology.
2018;89(2):139-147. DOI: 10.1111/
cen.13737

[33]Jha A, Ling A, Millo C, et al.
Superiority of 68Ga-DOTATATE PET/
CT to other functional and anatomic
imaging modalities in the detection
of SDHD-related pheochromocytoma
and paraganglioma-a comparative
prospective study. Journal of Nuclear
Medicine. 2018;59 (supplement 1):46.
DOI: 10.1158/1078-0432.CCR-14-2751

[34] Janssen I, Blanchet EM, Adams K,

et al. Superiority of [68Ga]-DOTATATE
PET/CT to other functional imaging
modalities in the localization

of SDHB-associated metastatic
pheochromocytoma and paraganglioma.
Clinical Cancer Research. 2015;21(17):
3888-3895. DOI: 10.1158/1078-0432.
CCR-14-2751

[35] Taieb D, Hicks RJ, Hindié E, et

al. European Association of Nuclear
Medicine Practice Guideline/Society of
Nuclear Medicine and Molecular Imaging
procedure standard 2019 for radionuclide
imaging of phaeochromocytoma and
paraganglioma. European Journal

of Nuclear Medicine and Molecular
Imaging. 2019;46(10):2112-2137

[36] Castinetti F, Qi XP, Walz MK,

et al. Outcomes of adrenal-sparing
surgery or total adrenalectomy in
phaeochromocytoma associated with
multiple endocrine neoplasia type

2: An international retrospective



Advances in the Diagnosis and Treatment of Pheochromocytomas and Pavagangliomas in the Era...

DOI: http://dx.doi.org/10.5772/intechopen.108298

population-based study. The Lancet
Oncology. 2014;15(6):648-655. DOI:
10.1016/51470-2045(14)70154-8

[37] Berends AMA, Kerstens MN,
Lenders JWM, Timmers H. Approach to
the patient: Perioperative management
of the patient with pheochromocytoma
or sympathetic paraganglioma. The
Journal of Clinical Endocrinology and
Metabolism. 2020;105(9):3088-3103.
DOI: 10.1210/clinem/dgaa441

[38] Uslar T, San Francisco IF, Olmos R,
Macchiavelo S, Zuiiiga A, Rojas P, et al.
Clinical presentation and perioperative
Management of Pheochromocytomas
and Paragangliomas: A 4-decade
experience. ] Endocr Soc. 2021;5(10):
bvab073

[39] Steinsapir J, Carr AA,
Prisant LM, Bransome ED Jr. Metyrosine

and pheochromocytoma. Archives of
Internal Medicine. 1997;157(8):901-906

[40] Patel D. Surgical approach to patients
with pheochromocytoma. Gland Surgery.
2020;9(1):32-42

[41] Hescot S, Curras-Freixes M,
Deutschbein T, et al. European network
for the study of adrenal Tumors
(ENS@T). Prognosis of malignant
pheochromocytoma and paraganglioma
(MAPP-Prono Study): A European
network for the study of adrenal Tumors
retrospective study. The Journal of
Clinical Endocrinology and Metabolism.
2019;104(6):2367-2374. DOI: 10.1210/
jc.2018-01968

[42] Leijon H, Remes S, Hagstrom J,
Louhimo ], Mdenpdd H, Schalin-Jantti C,
et al. Variable somatostatin receptor
subtype expression in 151

primary pheochromocytomas and
paragangliomas. Human Pathology.
2019;86:66-75. DOI: 10.1016/j.
humpath.2018.11.020

133

[43] King KS, Prodanov T,

Kantorovich V, Fojo T, Hewitt JK,
Zacharin M, et al. Metastatic
pheochromocytoma / paraganglioma
related to primary tumor development
in childhood or adolescence: Significant
link to SDHB mutations. Journal of
Clinical Oncology. 2011;29(31):4137-
4142. DOI: 10.1200/JC0O.2011.34.6353

[44] Kimura N, Takayanagi R,

Takizawa N, et al. Phaeochromocytoma
Study Group in Japan. Pathological
grading for predicting metastasis

in phaeochromocytoma and
paraganglioma. Endocrine-Related
Cancer. 2014;21(3):405-414

[45] Crona J, Lamarca A, Ghosal S,

Welin S, Skogseid B, Pacak K. Genotype-
phenotype correlations in
pheochromocytoma and paraganglioma:
A systematic review and individual
patient meta-analysis. Endocrine-Related
Cancer. 2019;26(5):539-550

[46] Al-Sharefi A, Javaid U, Perros P, et
al. Clinical presentation and outcomes of
phaeochromocytomas/paragangliomas

in neurofibromatosis type 1. European
Endocrinology. 2019;15(2):95-100

[47] Ilanchezhian M, Jha A, Pacak K,

Del Rivero J. Emerging treatments for
advanced/metastatic pheochromocytoma
and paraganglioma. Current Treatment
Options in Oncology. 2020;21:85

(48] Mak IYF, Hayes A, Khoo B,
Grossman A. Peptide receptor
radionuclide therapy as a novel
treatment for metastatic and
invasive Phaeochromocytoma and

paraganglioma. Neuroendocrinology.
2019;109:287-298

[49] Averbuch SD, Steakley CS, Young RC,
et al. Malignant pheochromocytoma:
Effective treatment with a combination
of cyclophosphamide, vincristine,



Adrenal Glands — The Curvent Stage and New Perspectives of Diseases and Treatment

and dacarbazine. Annals of Internal
Medicine. 1988;109(4):267-273

[50] Bechmann N, Moskopp ML,
Ullrich M, et al. HIF2a supports
pro-metastatic behavior in
pheochromocytomas/paragangliomas.
Endocrine-Related Cancer.
2020;27(11):625-640. DOI: 10.1530/
ERC-20-0205

[51] Remacha L, Santos M, et al. Integrative
multi-omics analysis identifies a prognostic
miRNA signature and a targetable miR-
21-3p/TSC2/mTOR axis in metastatic
pheochromocytoma/paraganglioma.
Theranostics. 2019;9:4946-4958.

DOI: 10.7150/thno.35458

[52] Nolting S, Grossman A, Pacak K.
Metastatic Phaeochromocytoma: Spinning
towards more promising treatment
options. Experimental and Clinical
Endocrinology & Diabetes. 2019;127:117-
128. DOI: 10.1055/a-0715-1888

[53] Druce MR, Kaltsas GA, Fraenkel M,
Gross DJ, Grossman AB. Novel and
evolving therapies in the treatment

of malignant phaeochromocytoma:
Experience with the mTOR inhibitor
everolimus (RADO0O01). Hormone and
Metabolic Research. 2009;41(9):697-702.
DOI: 10.1055/s-0029-1220687

[54] Amar L, Pacak K, Steichen O,

Akker SA, Aylwin SJB, Baudin E, etal.
International consensus on initial
screening and follow-up of asymptomatic
SDHx mutation carriers. Nature Review
in Endocrinology. 2021;17:435-444.

DOI: 10.1038/s41574-021-00492-3

[55] Favier J, Amar L, Gimenez-
Roqueplo AP. Paraganglioma and
phaeochromocytoma: From genetics to
personalized medicine. Nature Reviews.
Endocrinology. 2015;11(2):101-111

134






ISBN 978-1-80356-688-7

97

566887

3

8180




	Adrenal Glands - The Current Stage and New Perspectives of Diseases and Treatment
	Contents
	Preface
	Section 1
Anatomy and Physiology of the Adrenal Glands
	Chapter1
The Development and Anatomy of Adrenal Glands
	Chapter2
Adrenal Cortex Hormones

	Section 2
Adrenal Gland Pathology
	Chapter3
Combination of High Prevalence Sign/Symptom Pairs: An Approach to the Diagnosis of Cushing’s Syndrome
	Chapter4
Primary Hyperaldosteronism: The Role of the General Surgeons in Diagnosis and Treatment
	Chapter5
Congenital Adrenal Hyperplasia
	Chapter6
Congenital Adrenal Hyperplasia – The Main Effect of 21-Hydroxylase Deficiency
	Chapter7
The Surgical Approach in Adrenal Gland Pathology
	Chapter8
Advances in the Diagnosis and Treatment of Pheochromocytomas and Paragangliomas in the Era of Personalized Genetic Diagnostic




