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Series Editor Foreword

Although it is my privilege as a Series Editor to write a foreword for every volume,
sometimes this privilege proves to be truly special, as is the case with the current
volume - Pheochromocytomas, Paragangliomas and Disorders of the
Sympathoadrenal System: Clinical Features, Diagnosis and Management. The vol-
ume is edited by Dr. Lewis Landsberg, who was my mentor during the fellowship
training at Boston’s Beth Israel Hospital (now Beth Israel Deaconess) and Harvard
Medical School more than three decades ago. At the time, Lew was already a giant
in the field, having authored the chapters on pheochromocytoma in major textbooks,
including our specialty’s “bible” — The Williams Textbook of Endocrinology. It is
extraordinarily rewarding to see Dr. Landsberg continuing to advance our fund of
knowledge in truly remarkable ways, as he has done with this volume.

As noticed in one of the chapters in the current volume, pheochromocytomas are
rare but their symptoms are common. Indeed, we think of a possibility of pheochro-
mocytoma in our patients and undertake the diagnostic work-up frequently, while
we do not find the disease very often. Pheochromocytomas and paragangliomas,
therefore, continue to present diagnostic and therapeutic challenges for practicing
endocrinologists.

The current volume addresses its subject using a “classical” approach, starting
with etiology (including genetics), continuing to pathogenesis, clinical presenta-
tion, diagnostic work-up, and management (both medical and surgical) with chap-
ters written in a clear but comprehensive style by international authorities in the
field. As expected from this group of authors, the book does not limit itself to pheo-
chromocytomas and paragangliomas but also addresses disorders of the sympatho-
adrenal system, including, for example, such a common condition as hypertension.

Without a doubt, Pheochromocytomas, Paragangliomas and Disorders of the
Sympathoadrenal System: Clinical Features, Diagnosis and Management will prove
to be extremely useful and enjoyable reading to those interested in this fascinating
and challenging subject.

New York, NY, USA Leonid Poretsky



Preface

Pheochromocytomas, catecholamine-producing tumors derived from chromaffin
cells, have intrigued and perplexed clinicians for over 100 years. Although rela-
tively uncommon, pheochromocytoma is an important tumor for the following rea-
sons: Correctly diagnosed and properly treated, it is almost always curable;
misdiagnosed or improperly treated, it is usually lethal. Unselected autopsy series
demonstrate that more than 50% of pheochromocytomas are not recognized during
life; postmortem review of these cases indicates that death was usually attributable
to the tumor. Pheochromocytomas are dangerous by virtue of the secretion of their
stored, biologically active compounds, principally catecholamines; as a result, truly
spectacular and alarming clinical manifestations commonly occur. Although malig-
nancy does occur in a minority of cases, the principal threat to life is the unre-
strained and unregulated release of catecholamines.

The first description of pheochromocytoma is attributed to Felix Frankel
(Freiburg, Switzerland) in 1886, who reported a young woman who had suffered
from headaches and palpitations and who was found to have bilateral adrenal med-
ullary tumors at postmortem examination. The term pheochromocytoma was coined
in 1912 by Ludvig Pick, the renowned German pathologist, who noted the marked
darkening of adrenal medullary tumors when exposed to chromium salts. The term
chromaffin is a portmanteau word designating an affinity for chromium salts; the cut
surface of pheochromocytomas darken on exposure to potassium dichromate, which
oxidizes the catecholamines to highly polymerized, darkly pigmented compounds.

The first successful surgical removal of a pheochromocytoma was performed in
1926 by Cesar Roux in Switzerland and Charles Mayo in the United States.
Progressive advances in the diagnosis and treatment of pheochromocytoma over the
ensuing decades, as well as the delineation of genetic pheochromocytoma syn-
dromes, make this a propitious time for a thorough review of the subject. It is the
aim of this book to provide just such a review. Other chapters considering disease
states that may mimic some of the manifestations of chromaffin cell tumors are
included as well.

vii



viii Preface

This volume should be of interest to general internists, endocrinologists,
endocrine fellows, endocrine surgeons, anesthesiologists, and intensivists as well as
medical students and graduate students in the biological sciences.

For the sake of brevity, pheochromocytomas are frequently referred to as “pheos.”
Extra-adrenal pheos are commonly known as “paragangliomas.”

Chicago, IL, USA Lewis Landsberg
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Chapter 1
Catecholamines

Lewis Landsberg

The naturally occurring, biologically important catecholamines are epinephrine (adren-
aline in the UK), norepinephrine (noradrenaline in the UK), and dopamine. These com-
pounds are synthesized in vivo from tyrosine which is sequentially hydroxylated to form
dihydroxyphenylalanine (DOPA), decarboxylated to form dopamine (DA),
B-hydroxylated to form norepinephrine (NE), and N-methylated to form epinephrine (E)
(Fig. 1.1). The initial step, the hydroxylation of tyrosine by tyrosine hydroxylase, is rate
limiting for the entire pathway. N-methylation of NE to E occurs only in the adrenal
medulla and in those central neurons that utilize E as a neurotransmitter [1].

E is a circulating hormone, synthesized and stored in the adrenal medulla and
secreted from that gland in response to acetylcholine released from the pregangli-
onic splanchnic nerves. The latter originate in the intermediolateral column of the
thoracic spinal cord (Fig. 1.2). E also serves as a neurotransmitter in the central
nervous system (CNS) [2].

NE is the neurotransmitter at all sympathetic nerve endings (SNE) except those
innervating the sweat glands which utilize acetylcholine as a neurotransmitter. The
peripheral sympathetic nerves originate in the paravertebral sympathetic ganglia. Like
the adrenal medulla, they are innervated by preganglionic nerves originating in the
intermediolateral column of the spinal cord [1]. Although NE is also stored and
released from the adrenal medulla, it does not function as a circulating hormone unless
the levels are very high, as may occur from intense adrenal medullary stimulation or
secretion from a pheochromocytoma. NE is also a neurotransmitter in the CNS.

DA is an important neurotransmitter in the CNS; in the periphery DA appears to
generate its physiologic effects from the decarboxylation of its circulating precursor
(DOPA) in effector tissues such as the kidneys and the gut. The origin of circulating

L. Landsberg (P<)
Northwestern University, Feinberg School of Medicine, Chicago, IL, USA
e-mail: I-landsberg @northwestern.edu
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Fig. 1.1 Structures of naturally occurring catecholamines and related compounds. The conven-
tional numbering system for ring and side chain substituents is shown for phenylethylamine, which
may be considered the parent compound of many sympathomimetic amines. Catecholamines are
hydroxylated at positions 3 and 4 on the ring (From Landsberg and Young [17], with permission)

DOPA is obscure, but a reasonable hypothesis localizes DOPA formation to the
small intensely fluorescent (SIF) cells of the sympathetic ganglia [1, 3, 4].

Storage and Release of Catecholamines from Adrenal Medulla
and Sympathetic Nerve Endings

Both the SNEs and the adrenal medulla contain large stores of catecholamines
within discrete subcellular organelles known as chromaffin granules in the adrenal
medulla and dense core vesicles in the nerve endings (Fig. 1.3). Storage within these
structures provides a large functional reserve of catecholamines which are protected
from enzymatic degradation by intracellular monoamine oxidase (MAO) [2, 5].
Catecholamine release is by exocytosis: fusion of the granule membrane with the
cell wall and extrusion of the entire soluble contents of the granule or vesicle [1].
Exocytosis is triggered by the release of acetylcholine from the splanchnic pregan-
glionic nerves that innervate the adrenal medulla and by depolarizing impulse traffic
in the postganglionic sympathetic nerves (Fig. 1.4).

In the normal adrenal E constitutes about 75-80% of the total catecholamine
content. In pheochromocytomas the relative concentration of NE is often
increased.



SYMPATHETIC
GANGLIA

SPINAL
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MEDULLA SYMPATHETIC
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Fig. 1.2 Organization of the sympathoadrenal system. Descending tracts from the medulla, pons,
and hypothalamus synapse with preganglionic sympathetic neurons in the spinal cord, which in
turn innervate the adrenal medulla directly or synapse in paravertebral ganglia with postganglionic
sympathetic neurons. The latter gives rise to sympathetic nerves, which are distributed widely to
viscera and blood vessels. Release of epinephrine (E) or norepinephrine (NE) at the adrenal
medulla or at sympathetic nerve endings occurs in response to a downward flow of nerve impulses
from regulatory centers in the brain (From Landsberg and Young [17], with permission)

Fig. 1.3 Electron
photomicrograph of human
adrenal medulla. Cells at
the lower left containing
small, electro-dense
particles are
adrenomedullary
chromaffin cells with
chromaffin granules; those
above are adrenocortical
cells. Magnification x7250.
Inset (upper right) shows
chromaffin granules with
clearly defined limiting
membranes under higher
magnification (x50,000)
(Courtesy of Dr. James
Connolly)
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Fig. 1.4 Schematic representation of catecholamine release from a sympathetic nerve ending (a)
and from an adrenomedullary chromaffin cell (b). Catecholamines, DBH, ATP, and chromogranin,
as well as enkephalins (not shown), are released in stoichiometric amounts from the storage gran-
ule in response to nerve impulses. E, epinephrine; NE, norepinephrine (From Landsberg [18], with
permission)

Central Regulation of Catecholamine Release

Descending tracts from the brainstem and the hypothalamus synapse with the pregangli-
onic neurons in the intermediolateral cell column of the spinal cord (Fig. 1.2). Impulse
traffic generated from these central neurons regulates the release of catecholamines
from the adrenal medulla and SNS, thereby providing the CNS with control of the auto-
nomic functions which maintain homeostasis and which react to external threats to the
internal environment (fight or flight) [2, 6, 7]. The sympathoadrenal outflow is respon-
sive to changes in arterial and venous pressure and to changes in the constituents of the
circulating plasma such as oxygen and carbon dioxide tension, tonicity, pH, and the
levels of hormones and substrates. In contrast the release of catecholamines from pheo-
chromocytomas is unregulated since pheos are not innervated.

Termination of Action and Metabolism of Catecholamines

Reuptake of locally released NE from the SNEs is the major mechanism of trans-
mitter inactivation; uptake into the nerve endings also plays an important role in the
inactivation of circulating catecholamines (Fig. 1.5).
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Tyr

NE

Fig. 1.5 Schematic representation of a sympathetic nerve ending. Tyrosine (Tyr) is taken up by the
neuron and is sequentially converted to dopa and dopamine (DA); after uptake into the granule, DA
is converted to norepinephrine (NE). In response to nerve impulses, NE is released into the synap-
tic cleft, where it may diffuse into circulation or be recaptured by a nerve. Accumulation of extra-
granular NE and DA is prevented by monoamine oxidase (MAO). NE within the synaptic cleft also
interacts with presynaptic (or prejunctional) a- and p-adrenergic receptors on the axonal mem-
brane that modulate NE release (not shown). A variety of other mediators also affect the presynap-
tic membrane and modulate NE release (From Landsberg and Young [17], with permission)

Table 1.1 Average® 24-h excretion of catecholamines and metabolites

Compound pg/day Major source(s)
Epinephrine (E) 5 Adrenal medulla
Norepinephrine (NE) 30 SNS

Conjugated NE + E 100 Dietary catechols
Metanephrine 65 Adrenal medulla
Normetanephrine 100 SNS
3-methoxy-4-hydroxy mandelic acid (VMA) 4000 SNS, adrenal, CNS
3-methoxy-4-hydroxyphenylglycol (MHPG) 2000 SNS, adrenal, CNS
Dopamine 225 Kidney
Homovanillic acid (HVA) 6900 CNS

“Not upper limit

Both E and NE are metabolized by catechol-O-methyltransferase (COMT) and
monoamine oxidase (MAQO), enzymes with high concentration in the liver and kidney.
The action of COMT produces normetanephrine (NMN) from NE and metanephrine
(MN) from E. Both of these metabolites are important in the diagnosis of pheochro-
mocytoma. The product of both enzymes, 3-methoxy-4-hydroxy mandelic acid
(VMA), is no longer used in the diagnosis of pheos. Both DA and homovanillic acid
(HVA) (the end product of DA metabolism) are useful in the diagnosis of neuro-
blastoma. Average normal values (not upper limits) for the excretion of catechol-
amines and metabolites are shown in Table 1.1 [1, 2].
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Adrenergic Receptors

Catecholamines influence the function of every organ system. The effects are
mediated by cell surface receptors. Stimulation of these receptors by the excessive
amounts of catecholamines released from pheochromocytomas accounts for many
of the clinical manifestations noted in this disease.

Differential responses to catecholamines and SNS stimulation had been noted,
respectively, by Sir Henry Dale and Professor Walter Cannon in the early years of the
twentieth century. It was, however, Professor Raymond Ahlquist, in 1948, who pos-
tulated the existence of two types of adrenergic receptors, based on the differential
potency of sympathomimetic amines on a variety of physiologic responses. He des-
ignated these o and f adrenergic receptors. Over the ensuing decades, the structure
and function of adrenergic receptors have been established and the intracellular cas-
cades responsible for tissue-specific responses identified [8]. To summarize briefly,
adrenergic receptors are cell membrane proteins with seven-membrane-spanning
domains, an extracellular amino terminus, intracellular carboxy terminus, and three
intracellular loops; the third intracellular loop and the carboxy terminus have regula-
tory phosphorylation sites that influence receptor function. Receptor occupancy trig-
gers adrenergic responses that depend, in turn, upon regulatory G proteins that
associate with the receptors and initiate the intracellular cascades that result in
responses characteristic of the receptor stimulated and the effector tissue. The cal-
cium ion is involved as a second messenger in these intracellular cascades [9—11].

Specific agonists and antagonists have been developed for each receptor type and
have wide applicability in medical practice and in the treatment of patients with
pheochromocytoma. Subsequent work has identified major subtypes of the o and 8
receptors (designated ol and o2 and 1, B2, and p3) with clinically useful selective
agonists and antagonists available for many of these subtypes [12].

Some classic physiologic effects of o receptor stimulation are vasoconstriction
(arteries and veins), intestinal relaxation, and pupillary dilatation; activation of the
B receptor results in cardiac stimulation, lipolysis, bronchodilation, vasodilation,
and glycogenolysis. These receptor actions are summarized in Table 1.2 along with
the relevant receptor subtypes.

Table 1.2 Adrenergic receptors and major catecholamine responses

ol o2
Potency |E=NE E=NE
Effects Vasoconstriction Vasoconstriction

Smooth muscle relaxation | | Prejunctional NE release

Pupillary dilation | Insulin secretion

1 Platelet aggregation

p1 p2 B3
Potency |E=NE E >>>NE NE >>> E
Effects Cardiac stimulation Vasodilation 1 Lipolysis

1 Lipolysis Bronchodilation 1 BAT heat production

1 Renin secretion THepatic glucose output
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Physiologic Effects of Catecholamines

The regulatory role of catecholamines in controlling organ function may be grouped
into three major categories: circulatory, metabolic, and visceral. The manifestations
of pheochromocytoma reflect the impact of excessive catecholamine stimulation in
these three categories.

Circulatory effects Catecholamines cause vasoconstriction and cardiac stimulation
resulting in high blood pressure and tachycardia, thereby accounting for two of the
most common manifestations of pheochromocytoma: hypertension and palpitations.
The vasoconstrictive effects involve the venous (capacitance) as well as the arterial
(resistance) portions of the circulation and are mediated by the ol and a2 receptors.
Cardiac stimulation is mediated by the 1 receptor [12]. The multiple effects of cat-
echolamines on the circulation are shown graphically in Fig. 1.6.

The effects of catecholamines to diminish plasma volume are particularly important.
Contraction of the great veins increases venous pressure which stimulates the low
pressure baroreceptors; this increase in pressure is read in the CNS as volume expan-
sion, and a diuresis is initiated, thereby diminishing plasma volume. This mechanism
reflects the fact that the body cannot assess volume status directly; it senses volume
by changes in pressure in the capacitance (low pressure) portion of the circulation.

CATECHOLAMINES
[
(+)
I

1 | 1 1
(+) (+) (+) (+)
y v v

Hel"’"t Veins Kid“eys Arterioles
; . |

Rate Contractility Na* Renin
Veno- reabsorption
constriction
*) *) Venous
return All Vaso-
| consltrlctlon
(+) (+)
v R (+)
| Cardiac <_| Aldosterone Peripheral P
Ctpt resistance
—— (+) —> Blood pressure <€ (+) '

Fig. 1.6 Catecholamine effects on blood pressure. Sympathetic stimulation (+) increases blood
pressure by effects on the heart, the veins, the kidneys, and the arterioles. The net result of sympa-
thetic stimulation is an increase in both cardiac output and peripheral resistance. A/l angiotensin II
(Modified from Young and Landsberg [19])
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The venoconstriction thus explains several important features of pheochromocytoma
such as orthostatic hypotension and large swings in blood pressure: low volume
reserve impairs the capacity to compensate for a fall in cardiac output by increas-
ing venous return from the reservoir in the great veins. The diminished plasma
volume also explains the high hematocrit occasionally noted (the so-called stress
polycythemia) [2].

Metabolic effects Catecholamines have two major effects on metabolism: they
cause substrate mobilization (lipolysis, glycogenolysis, and gluconeogenesis) [2, 13]
and an increase in metabolic rate [1, 14—16]. The direct stimulatory effects on stored
fuel are amplified by catecholamine induced suppression of insulin release, since
substrate mobilization depends on a balance between catecholamines and insulin.
Suppression of insulin (mediated by the o2 receptor) and stimulation of hepatic glu-
cose output (B2 receptor) account for the carbohydrate intolerance frequently noted
in pheochromocytoma patients. Lipolysis in white adipose tissue stores is mediated
by the B1 and B3 receptor.

The increase in metabolic rate is secondary to catecholamine stimulation of brown
adipose tissue (BAT). The latter has been noted for decades to be hypertrophied and
activated in patients with pheochromocytoma. BAT is a heat generating organ that oper-
ates via a unique mechanism that uncouples fatty acid oxidation from ATP synthesis
(Fig. 1.7). The generation of heat from BAT may be briefly summarized as follows:

1. When stimulated by catecholamines, hormone-sensitive lipase in BAT generates
free fatty acids which activates uncoupling protein (UCP 1).
2. The latter, a mitochondrial carrier protein, is uniquely localized to BAT.

norepinephrine €—

sympathetic
nerve

AC
B3-AR cellmembrane

mitochondrion (inner membrane)

ATP cAMP
l idation > H+
protein
kinases ATP-synthesis

HSL
Lipid droplet L GEV: CoA / He
I
@ > fary / heat production
acids

Fig. 1.7 BAT stimulation (see text for details)
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3. UCP 1 permits hydrogen ions, formed from the action of the respiratory chain
enzymes and excluded from the inner mitochondrial matrix during substrate oxi-
dation, to reenter the inner mitochondrial matrix along its electromotive gradient
without the synthesis of ATP.

4. In the normal coupled state reentry is tightly coupled to ATP synthesis which
stores the energy released from the exothermic oxidative reactions.

5. When UCPI is activated, ATP synthesis is bypassed, and the heat generated from
the exothermic reactions increases the local temperature of BAT.

6. This heat is then exported to organs throughout the body via the vascular system [1].

During cold exposure this mechanism helps homoeothermic animals to maintain
body temperature. Note that in patients with pheochromocytoma, this does not
result in fever since the central set point for temperature regulation is not altered.
The excess heat is dissipated by sweating, thereby accounting for a major symptom
of pheochromocytoma.

Visceral effects Catecholamines relax visceral smooth muscle in the bronchial
tree, the intestines, and the urinary bladder while stimulating the corresponding
sphincters. The implications of these effects for patients with pheochromocytoma
are less clear than the cardiovascular or metabolic effects described above, although
alterations in GI motility are occasionally noted in pheochromocytoma patients.
Both direct and indirect effects of catecholamines on the kidneys result in enhanced
renal sodium reabsorption. The indirect effects are from stimulation of renin release
and activation of the angiotensin-aldosterone system (Fig. 1.6). These effects might
contribute to the hypertension in patients with a pheochromocytoma.

Pharmacology

The identification of adrenergic receptors was an important prelude to the develop-
ment of agonists and antagonists to the classic a and f receptors and to several of
their subtypes.

Adrenergic Agonists

The naturally occurring catecholamines, E and NE, stimulate a and p receptors and
have limited but important therapeutic uses [8]. E is critical in the treatment of ana-
phylactic reactions, and its appropriate use is frequently lifesaving. E is also used as
a cardiac stimulant in cardiac arrests. NE is a potent pressor agent used in the treat-
ment of severe hypotension or shock. DA, administered intravenously, has a com-
plex pharmacology that is dose dependent: at low doses it stimulates DA receptors
and increases renal and mesenteric blood flow; at intermediate doses it stimulates,
in addition, P receptors, while at high dose it activates a receptors which overrides
the other effects.
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Direct and Indirect Acting Sympathomimetic Amines

Sympathomimetic amines are congeners of the naturally occurring catecholamines
that have been structurally modified to enhance one or more biologic properties
[12]. These modifications influence, singly or in concert, various properties includ-
ing reduction in metabolism and prolongation of action, increase in bioavailability
via the oral route, effect specifically o or  receptors or their subtypes, and dimin-
ished or enhanced CNS penetration. Sympathomimetic amines are said to have
direct effects when they interact with adrenergic receptors directly and indirect
effects when they release the neurotransmitter, NE, from the SNEs. Some sympa-
thomimetic amines have both direct and indirect effects; some are selective for the
al receptor subtype. Some commonly utilized sympathomimetic amines, and their
properties and indications are shown in Table 1.3. These drugs are useful in treating
hypotension; they have also been used with limited success in patients with hepa-
torenal syndrome and pure autonomic neuropathy.

In pheochromocytoma patients, the catecholamine stores in the SNEs are
increased due to the higher levels of circulating catecholamines; this results in an
enhanced response to indirect acting sympathomimetic amines.

Adrenergic Prodrugs

Midodrine, droxidopa, a-methyldopa, and L-DOPA are prodrugs that are metabo-
lized to active moieties in vivo. Midodrine is deglycinated to desglymidodrine, an o1
selective agonist used, with limited efficacy, in patients with hepatorenal syndrome

Table 1.3 Sympathomimetic amines

Agent Action Receptor Therapeutic use
Phenylephrine Direct ol Hypotension
Midodrine Direct ol Orthostatic | BP
Clonidine Direct o2 Hypertension
Isoproterenol Direct p1, p2 Bradycardia
Albuterol Direct B2 Bronchospasm
Terbutaline Direct p2 Bronchospasm
Formoterol Direct p2 Asthma (long acting)
Salmeterol Direct p2 Asthma (long acting)
Dobutamine Direct p1, p2, al CHF
Pseudoephedrine Direct al, a2, f2 Decongestant
Ephedrine Direct/indirect o, B Bronchospasm
Amphetamine Indirect o, B Narcolepsy
Methylphenidate Indirect a, B ADHD

CHF Congestive heart failure, ADHD Attention deficit hyperactivity disorder



1 Catecholamines 11

and orthostatic hypotension. Droxidopa (L-dihydroxyphenylserine, L-DOPS),
a synthetic amino acid that forms NE when decarboxylated by aromatic amino acid
decarboxylase (DOPA decarboxylase), is an enzyme widely distributed throughout
the body. The NE so formed functions as a circulating pressor rather than as a neu-
rotransmitter. It is used with limited success in the treatment of orthostatic hypoten-
sion. a-methyldopa (Aldomet), an antihypertensive medication rarely used today
except in pregnancy induced hypertension, is decarboxylated and -hydroxylated to
a-methyl NE, a centrally active o2 agonist that lowers BP. L-DOPA, when given
orally, is decarboxylated by the same decarboxylase and forms DA in vivo. It is used
in the treatment of Parkinson’s disease with some success. It is given in combination
with carbidopa, a decarboxylase inhibitor that does not cross the blood brain barrier,
thereby allowing increased concentrations of L-DOPA to enter the CNS where it is
converted to DA and partially restores DA mediated neurotransmission in the basal
ganglia [12].

Adrenergic Antagonists (a- and f-Blockers)

Blocking the action of the excessive amounts of catecholamines in patients with
pheochromocytoma is the goal of medical management. The judicious use of adren-
ergic blocking agents will almost always reverse the symptoms of catecholamine
excess and permit safe surgical removal of the tumor [1].

a-Blocking Agents

Two nonspecific a-blockers are useful in the treatment of pheochromocytoma
although their availability may be limited due to short supply and expense [12].
Phentolamine has been used intravenously to provide a short-acting competitive
blockade in the treatment of pheochromocytoma paroxysms. Its use has been
largely replaced by other short-acting specific al-blockers as described below.
Phenoxybenzamine provides long-acting, noncompetitive blockade of both the
al and o2 receptors, features that make it the drug of choice for the treatment of
pheochromocytoma patients prior to surgery. Disadvantages of phenoxybenza-
mine include hypotension after surgical removal of the tumor because of the
long duration of action and accentuation of the tachycardia that occurs in pheo-
chromocytoma patients after a2 blockade which antagonizes the presynaptic
inhibition of NE release at adrenergic synapses. These adverse effects can be
effectively managed by fluid administration on the one hand and f blockade on
the other.

Selective al-blockers with differing duration of action are available and have proved
useful in the treatment of pheochromocytoma (Table 1.4). Doxazosin produces a
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Table 1.4 Adrenergic blocking agents

Agent Receptor Major therapeutic uses

Phentolamine (iv) aol, a2 Pressor crises (pheochromocytoma, cocaine, MAOI)
Phenoxybenzamine al, a2 Pheochromocytoma

Prazosin ol Pressor crises

Terazosin ol Hypertension, BPH

Doxazosin al Pheochromocytoma, hypertension, BPH
Tamsulosin ol BPH

Propranolol p1, p2 Pheochromocytoma, hyperthyroidism, tachycardia
Metoprolol p1 CAD, CHF, tachycardia

Atenolol p1 Hypertension, HCM, hyperthyroidism

Esmolol (iv) p1 OR, ICU: Tachycardia, aortic dissection
Carvedilol p1, p2, al Hypertension, CHF, CAD

Labetalol p1, p2, al Hypertension

MAOI Monoamine oxidase inhibition reactions, BPH Benign prostatic hypertrophy, CAD Coronary
artery disease, HCM Hypertrophic cardiomyopathy

long-acting competitive blockade making it a reasonable alternative to phenoxyben-
zamine for the medical management and preoperative preparation of pheochromocy-
toma patients. Postoperative hypotension may be less with doxazosin than with
phenoxybenzamine, and the ol selectivity may result in less tachycardia. Although
the competitive nature of the blockade means that catecholamine surges from the
tumor could overcome the blockade, doxazosin has been quite successful when used
in the treatment of pheochromocytoma. Prazosin is a selective al-blocker with a very
short duration of action. It has established usefulness in the treatment of individual
paroxysms in patients with pheochromocytoma. Tamsulosin is a selective al-blocker
with specificity for the prostate gland and is used to treat lower urinary tract symptoms
related to prostatic hypertrophy and outflow tract obstruction.

p-Blocking Agents

[-blockers are among the most widely prescribed drugs with a variety of indications
involving cardiovascular and non-cardiovascular diseases, as outlined in Table 1.4
[1, 12]. The so-called first-generation B-blockers nonselectively block B1 and 2
receptors. Propranolol is the prototypic agent in this class and is the drug used most
frequently in the management of patients with pheochromocytoma. It should be
administered to all pheochromocytoma patients but only after o blockade has been
introduced to avoid unopposed a-mediated vasoconstriction. In addition to slowing
the heart rate, p-blockers antagonize anesthesia-related arrhythmias.
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Second-generation B-blockers are selective for the f1 receptor although this
selectivity is only relative and less than that noted for the al-selective agents.
These are also referred to as cardioselective p-blockers and include metoprolol,
atenolol, and esmolol. Esmolol is a very short-acting agent used intravenously in
the intensive care unit and the operating room where rapid onset and offset are
important.

Third-generation B-blockers have a vasodilating moiety which is applied in
addition to blockade of the P receptor. Carvedilol and labetalol are the two
commonly used agents in this class; they block the 1, f2, and the ol adrenergic
receptors. Carvedilol is used in the treatment of CHF and hypertension; the vasodi-
lating moiety lessens the unfavorable metabolic effects of § blockade. Labetalol is
available in intravenous as well as oral formulation and finds its greatest use in
the treatment of severe hypertension. Of note, it may interfere with catecholamine
measurements in the diagnosis of pheochromocytoma. The potency of the effects
on the P receptor is much greater than the effects on the a receptor.
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Chapter 2
Pathology of Pheochromocytoma
and Paraganglioma

John Turchini, Anthony J. Gill, and Arthur S. Tischler

Introduction

Pheochromocytomas and paragangliomas are tumors that arise from related neural
crest-derived cells of the autonomic nervous system. The World Health Organization
classification of endocrine tumors arbitrarily reserves the name pheochromocytoma
for tumors that arise from the chromaffin cells of the adrenal medulla. Paragangliomas
[1] are similar tumors that occur throughout the distribution of sympathetic nerves
and ganglia and along branches of the glossopharyngeal and vagus nerves in the
head and neck. Pheochromocytomas and paragangliomas may be morphologically
and functionally identical or may show functional differences associated with dif-
ferent anatomic sites. Recent molecular and genetic advances have led to greatly
increased understanding of these tumors. It is now known that as many as 30% are
hereditary [2]. While some of the hereditary disorders, including von Hippel-Lindau
syndrome (VHL), MEN2, and neurofibromatosis type 1 (NF1), have been well rec-
ognized for decades, recent discoveries have put a new focus on enzymes within the
Krebs cycle, especially the succinate dehydrogenase (SDH) genes [3, 4]. Pathogenic
germline mutations in the genes encoding subunits of SDH, collectively known as
SDHx genes, now account for the largest share of hereditary pheochromocytoma and
paraganglioma. Moreover, SDH deficiencies have also been identified in gastrointesti-
nal stromal tumor, renal cell carcinoma [35, 6], and pituitary adenoma [9] — summarized
in Table 2.1. Isocitrate dehydrogenase has also been implicated in a small number of
cases [7]. Germline mutations in at least 19 genes have now been identified, and
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many of these have also been reported to occur as somatic-only mutations in genuinely
sporadic tumors [2, 3, 8—11]. Given the newly recognized importance of heredity,
prospective recognition, and accurate pathological diagnosis of pheochromocy-
toma, paraganglioma, and their syndromically associated tumors is now essential
for patient care.

Pheochromocytoma

The World Health Organization classification of endocrine tumors arbitrarily
reserves the name pheochromocytoma for tumors that arise from the chromaffin
cells of the adrenal medulla, while their extra-adrenal counterparts are called para-
gangliomas [1] . The name pheochromocytoma translates to dusky-colored tumor
and is derived from a pigment produced when catecholamines within the tumor
react with oxidizing agents causing the cut surface to turn brown. The color change
was discovered in the mid-nineteenth century by anatomists employing solutions of
chromate salts to study the normal adrenal gland and was consequently named,
somewhat incorrectly, the chromaffin reaction [12]. It was used in diagnosing pheo-
chromocytomas roughly from 1912 [13] until immunohistochemistry became
widely available in the 1980s.

Pheochromocytomas are rare, with a reported annual incidence of 0.4-9.1 cases
per 1 million [14-16]. In some series as many as 61% are found incidentally [17,
18]. They usually present in the 4th to 5th decades of life but can arise at any age
[19]. Hereditary disease is more likely to present in younger patients [19]. In chil-
dren presenting with apparently sporadic pheochromocytoma, hereditary disease is
proven in up to 70% of cases [20]. However older age at presentation and absence
of a family history do not exclude a pathogenic germline mutation [19]. Males and
females are affected equally.

Most symptoms of pheochromocytoma are related to catecholamine synthesis,
as the majority of tumors are functional. The classic triad includes headache, tachy-
cardia/palpitations, and sweating. Although 25% or fewer patients experience the
classic triad, about half have at least one of the symptoms [17]. Sustained hyperten-
sion or paroxysmal hypertension are the most common findings. About 6% of
patients present with constipation [21]. Additional paraneoplastic syndromes can
also occur, the most common of which is Cushing’s syndrome caused by ectopic
production of ACTH [22]. Less often, ectopic VIP can be produced, leading to diar-
rhea and hypokalemia (Verner-Morrison syndrome) [23]. This is especially but not
exclusively associated with composite tumors consisting of pheochromocytoma and
ganglioneuroma. Polycythemia has been reported due to overproduction of, or over-
sensitization to, erythropoietin and is particularly associated with pheochromocyto-
mas arising in the setting of EPAS] or EGLN1/2 mutations [24]. Other presenting
complaints can include orthostatic hypotension and pallor, anxiety, panic attacks,
and tremor. Typically symptoms occur simultaneously in a “spell.” However this is
a non-specific finding raising multiple diagnostic possibilities [25]. Some patients
are asymptomatic, particularly those who have a small tumor or one that secretes
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methylated catecholamine metabolites. It is important to remember that hereditary
pheochromocytomas are often found during evaluation of patients who present with a
syndromically associated tumor such as a gastrointestinal stromal tumor, medullary
thyroid carcinoma, or renal cell carcinoma.

Biochemical testing is mandatory for diagnosis if pheochromocytoma is suspected
and can be of assistance in determining the genotype of a hereditary pheochromocy-
toma. Tumors typically associated with MEN2 or NF1 secrete predominantly epi-
nephrine, whereas those associated with VHL produce norepinephrine. Biochemical
testing also discriminates pheochromocytomas from paragangliomas, which may syn-
thesize norepinephrine or dopamine or be nonfunctional but only extremely rarely
produce epinephrine. Levels of plasma-free metanephrines or fractionated urine meta-
nephrines are sensitive test parameters because tumor-derived catecholamines are
metabolized by intratumoral catechol-O-methyltransferase. Metanephrine and
normetanephrine therefore reflect the presence of pheochromocytoma better than cat-
echolamines themselves, which are produced throughout the normal sympathetic ner-
vous system [26, 27]. High levels of the dopamine metabolite 3-methoxytyramine are
highly suggestive of an SDH-deficient pheochromocytoma or paraganglioma [28,
29] and can be a useful guide to preoperative staging as these tumors are more likely
to be metastatic or multifocal.

Imaging is always warranted when there is biochemical evidence of pheochromo-
cytoma. Anatomic imaging modalities include CT and MRI, whereby the latter pro-
duces the characteristic ring-enhancing lesional mass or lightbulb sign. Other features
which may be seen include calcification, hemorrhage, necrosis, and cystic change.
Functional imaging including '»I-MIBG scintigraphy is also a valuable tool that can
be used to detect metastases and is preferable to CT for that purpose [30]. Somatostatin
receptor imaging, especially by PET/CT using %Ga-DOTATATE or other new soma-
tostatin analogs, is by far the most sensitive and specific modality for detecting metas-
tases or second primaries [31, 32] but is not yet widely available.

The risk of metastasis for pheochromocytoma remains approximately 10% [33],
and there can be a delay between the primary and metastatic disease of years to
decades [34, 35]. Frequent sites of metastasis include regional lymph nodes, lung,
liver, and bone. A staging system for pheochromocytoma and abdominal paragan-
gliomas was introduced in the 8th edition of the American Joint Committee on
Cancer staging manual published in 2017 [36].

Pheochromocytomas usually range in size from 30 to 50 mm but can be over
100 mm or less than 10 mm. Using an arbitrary cutoff, tumors smaller than 10 mm
have often been categorized as hyperplastic medullary nodules, but recent molecular
studies do not support that distinction [37]. Grossly, pheochromocytoma is usually
well circumscribed and unencapsulated. The cut surface is pink, gray, or tan and can
be easily distinguished from the bright yellow of adrenal cortical tumors (Fig. 2.1).
Fibrosis, hemorrhage, central degeneration, and cystic change are common [38].
Large tumors typically compress or obliterate the surrounding adrenal cortex and
may show extensive cystic change.

Microscopically, pheochromocytoma may be well delineated, or there may be
intermingling of tumor cells with the adrenal cortex [38]. Varied architectural pat-
terns and cytological features may be seen, sometimes within an individual tumor.
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Fig. 2.1 Fresh gross
specimen of a
pheochromocytoma. The
pink-tan cut surface
contrasts with the distinct
golden yellow of residual
adrenal cortex

Fig. 2.2 Varied appearances of pheochromocytoma in single adrenal from a patient with MEN2A.
(a) Classic “Zellballen” pattern, with polygonal tumor cells in discrete nests with intervening cap-
illaries. (b) Diffuse spindle cell growth. (¢) Three architecturally and cytologically distinct cell
populations side-by-side. (d) High magnification of nested cells containing numerous eosinophilic
hyaline globules (original magnification a—c¢ 200x)

The most typical pattern is the alveolar “Zellballen” (German for “cell balls™)
architecture characterized by nests of polygonal tumor cells with peripheral susten-
tacular cells, surrounded by capillaries (Fig. 2.2). Other patterns include trabecular
growth or diffuse “sheet-like” growth. Vascular spaces may be prominent, giving
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rise to a pseudoangiomatous pattern (Fig. 2.2) [39]. The cytoplasm is usually
amphophilic or basophilic and granular. Intracytoplasmic hyaline globules may be
present. These are diastase resistant and can be highlighted with a periodic acid
Schiff stain. The tumor cells may closely resemble normal chromaffin cells in size
or may be larger or smaller. Nuclei range from round to oval with fine chromatin
and inconspicuous nucleoli to vesicular with prominent nucleoli. There can be
prominent intranuclear pseudoinclusions. Cells may be conspicuously pleomor-
phic, commonly with “endocrine-type” atypia characterized by nuclear enlargement
and pleomorphism but with relatively preserved nuclear to cytoplasmic ratios
(Fig. 2.2). Other cytological variations, which may be present focally or diffusely,
include spindle cells [40], oncocytic cells with prominent eosinophilic cytoplasm,
and clear cells mimicking adrenal cortex. Mitoses are rare [41]. With the possible
exception of spindle cells [42], none of the cytological variations appears to have
clinical significance. A distinct type of tumor is composite pheochromocytoma,
defined as pheochromocytoma intimately associated with a nonpheochromocy-
toma tumor, including ganglioneuroblastoma, ganglioneuroma, or schwannoma.
To diagnose a composite pheochromocytoma, the complete architecture of the sec-
ond component must be present. Scattered neurons (“‘ganglion cells”) occasionally
present in a pheochromocytoma do not change the diagnosis to composite
pheochromocytoma-ganglioneuroma [38].

The most frequent differential diagnosis of pheochromocytoma is adrenal cor-
tical neoplasia, especially for oncocytic tumors [43]. Others include renal cell
carcinoma, hepatocellular carcinoma, and metastases. In contrast to most tumors
in the differential diagnoses, essentially all pheochromocytomas show diffuse
immunohistochemical staining for chromogranin A [38]. Staining for tyrosine
hydroxylase, which is required for catecholamine synthesis [44], can usually dif-
ferentiate pheochromocytoma from metastases of other neuroendocrine tumors.
Cytokeratin expression is typically absent, although it has been reported very
focally. Adrenal cortical markers SF1, MelanA, and inhibin are also negative [45].
S100 staining frequently highlights sustentacular cells, but these are not always
present [46]. Immunohistochemistry for peptides that may be secreted by the
tumor, such as ACTH, is usually not required for diagnosis but may be helpful to
localize the source of a peptide known to be in excess [47]. Immunohistochemistry
for succinate dehydrogenase B (SDHB) is very useful in determining the pres-
ence of any SDHX mutation, with associated higher risk of metastasis and likely
inheritance (Fig. 2.4) [48-50]. Several notes of caution pertain to differentiation
of pheochromocytoma from adrenal cortical tumors. Both tumor types stain for
synaptophysin, which therefore should not be used to make the distinction. Both
also may contain hyaline globules and intranuclear pseudoinclusions.
Immunohistochemical staining of oncocytic tumors requires particular caution
because of non-specific “stickiness” for some antibodies that may cause artefac-
tual staining [51].

A long-standing conundrum for pathologists has been whether a primary pheo-
chromocytoma can be diagnosed as benign or malignant. Because of the difficulties
in making this distinction, the 2004 World Health Organization classification of



2 Pathology of Pheochromocytoma and Paraganglioma 21

endocrine tumors defined malignancy by the development of metastases, specified
as the occurrence of pheochromocytoma at a site where chromaffin tissue is not
present in order to rule out second primary tumors. While implicitly maintaining
this concept, the 2017 WHO classification considers that all pheochromocytomas
have some metastatic potential, and dichotomous classification has been superseded
by a risk stratification approach [1]. While there is widespread agreement with a
risk-based approach, and several risk stratification schemes have been proposed,
there is no universally accepted system in widespread clinical use. However, several
features are recognized to occur more frequently in pheochromocytomas that metas-
tasize than in those cured by surgery alone. These include invasion, variably defined
as into vessels, the adrenal capsule, or periadrenal soft tissue; certain architectural
patterns including large, irregular, and confluent nests; necrosis, including spotty,
infarct-like, or comedo necrosis; and small cells, spindle cells, and increased prolif-
erative activity indicated by increased mitoses or a high Ki-67 proliferative index
[52, 53]. Other features reported to be associated with increased risk but not as
widely accepted include coarse nodularity, absence of hyaline globules, decreased
sustentacular cells, and tumor size greater than 50 mm [33, 54-56].

Several multiparameter scoring systems based on these and other features have
been developed; however, no system is universally accepted or endorsed. These
include the Pheochromocytoma of the Adrenal Gland Scaled Score (PASS), the
modified PASS, and the grading system for the Adrenal Pheochromocytoma and
Paraganglioma (GAPP). PASS has been proposed to provide a threshold for identi-
fying tumors that may metastasize, whereas GAPP has been proposed as an
assessment for risk of metastasis and patient survival [52, 57]. Both these systems
require further validation in independent cohorts before they can be considered as
routine in clinical practice, and new ways of scoring putative adverse features shared
by PASS and GAPP [42] might still be developed. At present the greatest risk for
metastasis is the presence of SDHB mutations.

Histology can sometimes play a role in identifying patients with genetic muta-
tions. Multiple pheochromocytomas with adrenal medullary hyperplasia are sug-
gestive of MEN2 and can also be indicative of nonheritable germline mutations in
the TMEM 127 gene [58]. Medullary tissue is usually confined to the head and body
of the adrenal. Extension into the tail and alae is highly suggestive of hyperplasia
[38] and should be carefully sought in adrenalectomy specimens [59]. In addition,
the tumor should be confirmed to be originating from within the adrenal gland and
not adjacent to it. This can be confirmed by searching for residual cortex at the
periphery of the tumor. Other features such as small tumor cells, vascular pseudo-
capsule, and myxoid change can suggest von Hippel-Lindau disease (Fig. 2.3) [60].
However these features may be affected by multiple factors including interobserver
disagreement and specimen processing [42]. Therefore, while they may help to link
particular tumors with a higher probability of specific mutations, they cannot replace
molecular testing. A valuable and now widely employed adjunct to molecular test-
ing is immunohistochemical staining for SDHB protein, which becomes negative
when SDHA, SDHB, SDHC, or SDHD are mutated (Fig. 2.4) [48-50].
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Fig. 2.3 Carotid body paraganglioma. (a) Low magnification showing Zellballen more sharply
defined than in the pheochromocytoma in Fig. 2.2, relatively clear cytoplasm, and cavernous blood
vessels. (b) Immunohistochemical stain for S100 showing numerous sustentacular cells highlight-
ing the Zellballen pattern. (¢) Immunohistochemical stain for synaptophysin, showing immunore-
activity in essentially all neuroendocrine cells (“chief cells”). (d) Immunohistochemical stain for
chromogranin A, showing immunoreactivity in scattered cells, often only in a dot-like pattern
corresponding to the Golgi apparatus. Synaptophysin, which is a constituent of secretory granule
membrane, is typically a more sensitive but less specific neuroendocrine marker than granins,
which are in the granule matrix. This tumor was negative for tyrosine hydroxylase and somatostatin
receptor 2A

Fig. 2.4 Unusual features in a carotid body paraganglioma. (a) Sclerosis and cellular pleomor-
phism and nuclear atypia, mimicking invasive carcinoma. (b) Focal immunostaining for keratins,
with pankeratin antibody. Paragangliomas are usually negative for keratins. In this case the anti-
body reacts focally with a subset of sustentacular cells



2 Pathology of Pheochromocytoma and Paraganglioma 23

In view of the very strong association with hereditary disease, it is recommended
that all patients with pheochromocytoma or paraganglioma be offered genetic testing,
with the depth of testing depending on clinical risk factors and local resources [30].
Approximately 30-40% of these tumors are associated with an hereditary suscepti-
bility gene, and 11-24% of patients with a solitary apparently sporadic tumor actu-
ally harbor an occult germline mutation [61-63]. To date, at least 19 separate
susceptibility genes have been identified [64]. Many of these are tumor suppressor
genes, and the mutation causes loss or inactivation of the wild-type allele. RET
proto-oncogene and HIF2A (EPAS1T) are genes that have gain of function mutations
for which a second hit is not required, although allelic imbalance can occur [65].
Inheritance is typically autosomal dominant. However, mutations in SDHD,
SDHAF2, and MAX demonstrate a parent of origin effect, whereby the mutated gene may
be inherited from either parent, but only paternal transmission produces phenotypic
expression [66, 67]. This parent of origin effect can mask family histories by caus-
ing skipped generations [66, 67].

In hereditary pheochromocytomas, mutations are usually mutually exclusive.
Although some double mutations involving hereditary susceptibility genes and
somatic mutations of other genes have been reported [68], the latter usually prove to
involve variants of uncertain significance (VUS) with no effect on the structure of
the encoded protein. The genetics of truly sporadic pheochromocytomas that occur
in patients without germline mutations have become increasingly interesting with
the recognition that they harbor a somatic mutation in one of the hereditary suscep-
tibility genes, usually NFI [4, 69, 70], in up to 20% of cases. A distinguishing fea-
ture of the NF/-associated cases is that it is rare for patients with germline NF/
mutations to present with pheochromocytoma before cutaneous manifestations are
apparent. HRAS and BRAF mutations have been reported to occur as somatic-only
events in 8.9% of pheochromocytomas and appear to be mutually exclusive with
known pathogenic germline mutations [71].

In the absence of germline mutation, somatic-only mutations in the succinate
dehydrogenase genes are extremely rare [69, 70, 72]. Therefore, the demonstration
of somatic dysfunction in the succinate dehydrogenase genes by negative immuno-
histochemistry for SDHB is usually taken as prima facie evidence of germline
mutation in one of the genes encoding SDH subunits (Fig. 2.4) [48-50].

Gene mutations are necessary but do not appear to be sufficient for tumorigene-
sis. The remaining factors that contribute remain unclear, but several genetic altera-
tions in the form of gains and losses are associated with certain mutations. Most
commonly these are loss of tumor suppressor genes on chromosomes 1p and 3q,
11p, 11q, 6q, 17p, 9q, 17q, 19p13.3, and 20q [71], with a range of effects on down-
stream pathways. SDH mutations are most commonly associated with hypermeth-
ylation [73, 74].

Prognosis for patients with pheochromocytomas is mostly predicted by resect-
ability, as complete surgical resection is considered the only cure. The genetic muta-
tions harbored by the tumor also have a bearing on prognosis, with SDHB mutations
being associated with both a particularly high risk of metastasis and the shortest
survival [61, 75, 76]. Soft tissue invasion alone appears to have little or no
adverse effect on survival [77], but local recurrence is common if the tumor is not
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completely resected. Five-year survival after metastasis has been reported to range
from 34% to 60%. If the liver or lungs are involved, then the survival is typically
less than 5 years. When bone involvement occurs alone, survival tends to be longer
[78]. Early identification of hereditary mutations can identify patients requiring
additional surveillance for synchronous or metachronous disease tumors including
paraganglioma, renal carcinoma, GIST, pituitary adenoma, or pancreatic tumors.

Paraganglioma

The autonomic nervous system consists of the parasympathetic system and the sym-
pathetic system. The parasympathetic system arises both from the brain stem
extending branches into the head, neck, and thorax and from the sacral spinal cord
extending branches into the pelvis. In contrast, the sympathetic system arises from
the spinal cord and traverses bilaterally along the entire length of the vertebral col-
umn, extending branches into nearby organs from the neck to the pelvis. During
development, predominantly microscopic groupings of chromaffin cells or
chromaffin-like cells are present in or near the sympathetic ganglia, along sympa-
thetic nerve branches and along mostly proximal regions of the vagus and glosso-
pharyngeal nerves. These microscopic groupings are highly variable in size,
location, and anatomic organization, and in some locations they either involute or
become almost impossible to find in adults [79] . In addition to microscopic struc-
tures, the sympathetic nervous system has two macroscopic organs containing chro-
maffin cells, the organ(s) of Zuckerkandl at the origin of the inferior mesenteric
artery in fetuses and neonates, and the adrenal medulla in adults. Similarly, the
parasympathetic nervous system has the carotid bodies, at the bifurcations of the
carotid arteries. The functions of these anatomically diverse structures vary and in
most locations are poorly understood. All were demonstrated to be capable of pro-
ducing catecholamines by early anatomists using the chromaffin reaction, though
the reaction in the head and neck was weaker and sometimes absent. Because they
were analogous to sympathetic ganglia in development and biochemical function
but were not ganglia, they were called paraganglia [80].

Paragangliomas occur in any location where normal paraganglionic cells are
present during development or in adult life, most frequently where the cells are most
numerous: the adrenal medulla (a pheochromocytoma is an intra-adrenal
paraganglioma); the retroperitoneum, especially near the root of the inferior mesen-
teric artery; the carotid bodies, the jugulotympanic paraganglia in the floor and wall
of the middle ear; and the vagus nerve near the nodose ganglion. Familiarity with
these distributions is essential in formulating a differential diagnosis that includes
paraganglioma for tumors in these locations.

The biochemical function of paragangliomas mirrors their developmental fore-
bears. Sympathetic (also known as sympathoadrenal) paragangliomas are usually
clinically or at least biochemically functional, producing norepinephrine and/or
dopamine. Parasympathetic (also known as head and neck) paragangliomas are usually
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clinically silent mass lesions, but a substantial minority can be shown to produce
norepinephrine or dopamine biochemically, and rare cases are clinically symptom-
atic. In some cases parasympathetic paragangliomas do not express tyrosine
hydroxylase and only focally express chromogranin A, complicating the differential
diagnosis.

Paragangliomas in any site can be morphologically identical to pheochromocy-
tomas [38]. They demonstrate the same range of appearances, frequently with a
“Zellballen” architecture comprised of chief cells and sustentacular cells. Sclerosing,
angiomatous, trabecular, and spindle cell forms may be seen. Mitoses are usually
rare. Despite these morphological overlaps, some histological features in individual
tumors can suggest particular anatomic sites. Paragangliomas of the parasympa-
thetic system are often composed of smaller cells than their sympathetic counter-
parts, have higher cellularity, and have more sharply defined Zellballen. In addition,
they often have cavernous blood vessels.

Somewhat clear cells can be prominent in both sympathetic and parasympathetic
paragangliomas. Caution should be used in assessing bladder biopsies as sympa-
thetic paraganglioma can be misdiagnosed as urothelial carcinoma [81].

Head and Neck Paragangliomas

Head and neck tumors comprise approximately 20% of all paragangliomas and
0.6% of head and neck neoplasms [82, 83]. The reported incidence ranges from 1 in
30,000 to 1 in 100,000.

Paragangliomas can arise in any age from as young at 13 to the elderly [84, 85].
The mean age is 4147 years with a female-to-male ratio of up to 8:1 [86, 87]. The
vast majority of head and neck paragangliomas, around 60%, arise from the carotid
body. The next most common location is at the jugular bulb (23%) and within or
adjacent to the vagus nerve near the ganglion nodosum (13%). Middle ear, or tym-
panic, paragangliomas arising from the medial promontory wall account for 6%
[88, 89]. Paragangliomas arising in the larynx are exceptionally rare and may pres-
ent as thyroid masses. Head and neck paragangliomas are often incidentalomas
detected during imaging of the thyroid or neck or may be found secondarily to nerve
compression.

Hereditary paragangliomas tend to arise in a younger population, about 10 years
earlier than sporadic forms [90]. They may occur in conjunction with sympathetic
paragangliomas or pheochromocytomas. Head and neck paragangliomas can be
bilateral (up to 25%) or multiple (up to 37%), and this is common in hereditary
cases (up to 80%) [85, 89, 91]. Metastasis is uncommon overall, being reported in
4-6% of cases, and appears to be more frequent in younger patients with multifocal
tumors, perhaps because of association with germline SDHB mutations. Metastatic
paragangliomas are more frequently functional (only 3% of paragangliomas are
secretory), and the gender distribution is equal [86, 88, 92]. The most common sec-
ondary sites are cervical lymph nodes (in two thirds of cases) followed by the lung,
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bone, and liver. The 5-year survival for metastatic tumors is 60-80% [86, 92].
Distant metastases presenting in a patient over 50 years of age are associated with
shorter survival. Patients with SDHB mutations have the greatest risk of metastasis,
up to one third by the age of 70 years.

Risk factors for head and neck paragangliomas include chronic hypoxic condi-
tions and familial inheritance [90, 93-96]. Germline mutations occur in up to 18%
of cases, mostly in the genes coding for succinate dehydrogenase (SDHD in 80%,
SDHB in 8%, SDHAF?2 in 6%). VHL accounts for 6% of mutations, while RET,
NFI, and TMEM127 are rare [97, 98]. Again it is recommended that screening for
at least the most common hereditary mutations be offered to all patients [1-11].

By immunohistochemistry, head and neck paragangliomas usually express chro-
mogranin A, synaptophysin, CD56, and somatostatin receptor type 2A (SSTR2A)
[97, 99]. Cytokeratin, carcinoembryonic antigen (CEA), and calcitonin are usually
negative. Tyrosine hydroxylase is expressed in 30% and dopamine beta-hydroxylase
in 11% [100, 101]. S100 and glial fibrillary acid protein (GFAP) are expressed by
the sustentacular cells, which are usually present. The Ki-67 proliferation labeling
is typically less than 1%. Mutations in any of the SDH complex genes will result in
a loss of expression of SDHB. In addition, paragangliomas associated with SDHA
mutation will also lose expression of SDHA (Figs. 2.4 and 2.5) [49, 50, 102].

Recurrence can occur in about less than 10% of cases. However, local recurrence
does not equate to malignancy. Surgery, fractionated radiotherapy, or stereotactic

Fig. 2.5 Immunohistochemistry from serial sections from a paraganglioma stained for both
SDHB (panel a) and SDHA (panel b). (a) In this case the neoplastic cells show completely absent
staining for SDHB, denoting mutation of one of the SDH subunits (SDHA, SDHB, SDHC, or
SDHD). In contrast, the endothelial and stromal cells (arrows) demonstrate preserved cytoplasmic
granular staining for SDHB. This serves as an internal positive control and indicates that the loss
of staining is genuine. (b) The neoplastic cells show diffuse strong positive staining for SDHA in
the typical granular cytoplasmic (mitochondrial) pattern. The positive staining for SDHA excludes
SDHA mutation [102]
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radiosurgery are valid treatment options. However, because the tumors are usually
slow-growing, active surveillance is often the best option to avoid the severe com-
plications associated with interventions [103—105]. An exception is for tumors with
SDHB mutations where early intervention may be preferred [106].

Sympathetic Paragangliomas

Sympathetic paragangliomas develop at all ages and have an equal sex distribution.
The highest incidence is between 40 and 50 years of age. Pediatric paragangliomas
are more likely to be bilateral, multifocal, and familial [107]. The reported inci-
dence of metastasis ranges from 2.5% to 50% and is higher in the pediatric popula-
tion [108-110]. About one third are hereditary, and, as for head and neck
paraganglioma and pheochromocytoma, genetic testing should be offered for all
patients.

Most sympathetic paragangliomas arise below the diaphragm, particularly near
the adrenal gland (42%), the organ of Zuckerkandl (28%), and the urinary bladder
(10%). About 12% arise in the thorax, with the heart constituting about 2% [111—
115]. Hematuria may be the presenting symptom in 40-50% of tumors involving
the urinary bladder. Unlike most head and neck paragangliomas, sympathetic para-
gangliomas usually are capable of catecholamine synthesis, and their signs and
symptoms may be similar to those of pheochromocytoma. However, they do not
usually secrete epinephrine because phenylethanolamine N-methyltransferase, the
enzyme required for conversion of norepinephrine to epinephrine, is absent in nor-
mal extra-adrenal paraganglia. High levels of normetanephrine and/or methoxy-
tyramine without elevated metanephrine therefore usually point to an extra-adrenal
source. An important exception is pheochromocytoma in VHL syndrome [121].
From 17 to 43% of sympathetic paragangliomas are clinically nonsecretory [53,
116, 117]. Invasion into adjacent organs is rare. If metastases occur, lymph nodes,
lung, liver, and bone are most common sites. Metastases to the pleura, ovary, testis,
and peritoneum can also occur [117, 118].

Immunohistochemical findings are similar to those in head and neck paragan-
gliomas, with the exception that tyrosine hydroxylase and dopamine beta-hydroxylase
are more often expressed. Reportedly, dopamine beta-hydroxylase is always
expressed, even in nonfunctional tumors, distinguishing them from parasympathetic
paragangliomas [118].

Similarly to pheochromocytoma, the concept of benign and malignant paragan-
glioma has been replaced by an approach based on risk stratification. As discussed
above, various grading systems, most recently the GAPP system [53], have been
proposed to stratify risk. These systems are based on invasion, proliferative activity,
necrosis, and growth patterns but need further validation before they are adopted for
widespread clinical use. Other factors contributing to prognosis are older age, tumor
size, high Ki-67 proliferative index, and biochemical phenotype [119-122].
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Composite Pheochromocytoma and Composite Paraganglioma

Composite pheochromocytomas are tumors with two components: a pheochromo-
cytoma or paraganglioma and a related neurogenic tumor. They comprise approxi-
mately 3-9% of all pheochromocytomas and less than 1% of paragangliomas. The
second component is usually ganglioneuroma but in up to 20% of cases can be a
ganglioneuroblastoma or, extremely rarely, malignant peripheral nerve sheath tumor
[123-127]. Macroscopically they may appear heterogeneous, but most are only rec-
ognized microscopically. The diagnosis requires the presence of a pheochromocy-
toma or paraganglioma with a second tumor that has sufficient features to also be
regarded as a tumor in its own right. The presence of occasional ganglion cells in an
otherwise ordinary pheochromocytoma or paraganglioma is insufficient for the
diagnosis.

Immunohistochemical findings should also be appropriate to the two source tumors.
The second population of cells is usually associated with Schwann cell-containing
stroma that can be stained for S100 and Sox10 as an aid to diagnosis [128].

Composite pheochromocytomas arise in the adrenal medulla and can be bilateral
in up to 7% of cases [125]. They are most frequent in adults but can occur in chil-
dren as young as 5 and in the elderly. Median age of diagnosis is 40-50 years. Male-
to-female ratio is equal [123, 125]. Signs and symptoms are identical to those of
conventional pheochromocytoma; however, the Verner-Morrison syndrome due to
overproduction of VIP is more frequent [123, 125, 129]. Expression of RET protein
and VIP are often associated with neuronal differentiation [130, 131].

NF1 is the most common mutation associated with composite pheochromocy-
toma, being present in 17% of cases, of which up to 50% are bilateral [125]. Two
composite pheochromocytomas associated with MEN2A have been reported [132,
133]. There have also been reported associations with hemangiomas and renal angi-
omyolipoma [134, 135].

Metastatic risk is low, and the reported sites of metastasis are the same as for con-
ventional pheochromocytoma. Metastasis is more common in tumors containing gan-
glioneuroblastoma and malignant peripheral nerve sheath tumor [125]. Metastatic
deposits may harbor one or both components of a composite tumor [127]. It has also
been reported that some primary conventional pheochromocytomas have the potential
to metastasize as composite tumors [127, 136], but this is clearly a rare event and
could potentially be attributable to undersampling of the primary tumor. Similarly to
pheochromocytomas, composite pheochromocytomas that are completely surgically
excised usually do not metastasize or recur. However, long-term follow-up remains
important as the clinical course can be unpredictable [137].

Composite paragangliomas can arise at any age and have been reported in
patients as young as 15 months, females slightly more often than males.
Morphologically they are identical to composite pheochromocytomas [138, 139].
Almost all composite paragangliomas reported to date have consisted of paragan-
glioma with ganglioneuroma or, extremely rarely, ganglioneuroblastoma. No malig-
nant peripheral nerve sheath tumors have been reported in composite paraganglioma.
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Composite paragangliomas most commonly occur in the urinary bladder and the
retroperitoneum, filum terminale, and mediastinum. Most are clinically silent.
One case has been reported with local lymph node invasion [140] and none with
metastases. It is of interest that no composite paragangliomas have been reported in
the head and neck [123, 140-143], probably reflecting developmental differences
between normal sympathetic and parasympathetic paraganglia.
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Chapter 3
Clinical Features of Pheochromocytoma
and Paraganglioma

Lewis Landsberg

Overview

Pheochromocytoma is a rare disease; it is estimated that only one in a thousand
hypertensive patients has a pheochromocytoma. The rarity, however, should not
obscure its importance. Promptly diagnosed and properly treated, it is almost always
curable; delay in diagnosis or improper treatment usually results in death. Unselected
autopsy series suggest that more than one-half of pheochromocytomas are not diag-
nosed during life, and retrospective review suggests that in most of these undiag-
nosed cases, the pheochromocytoma was responsible for the demise [1]. Many
potential cases, it seems, are being missed.

Other indicia of importance include the facts that 1 in 20,000 general anesthesias
for unrelated diseases uncovers an unsuspected pheochromocytoma (Dr John
Hedley-Whyte, personal communication) and that a small but significant number of
incidentally discovered adrenal masses turn out to be pheochromocytomas. Since
pheochromocytoma is rare and many of the manifestations are common, the trick is
to think of it; this requires knowing the unusual, as well as the common, modes of
presentation.

The clinical features of pheochromocytoma are due predominantly to the release
of biologically active compounds from the tumor. These are principally catechol-
amines, but a variety of peptide hormones are also occasionally produced, and these
contribute importantly to the clinical features in individual cases [2]. Table 3.1 lists
some of the other important biologically active moieties that may be secreted by
pheochromocytomas.
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Table 3.1 Peptide hormones produced and secreted by pheochromocytomas

Hormone Clinical association®

Adrenomedullin Hypotension, shock

ACTH Ectopic ACTH syndrome (Cushing’s syndrome)

VIP Watery diarrhea, hypokalemia, achlorhydria syndrome (WDHA)
PTHrP Hypercalcemia

Erythropoietin Polycythemia

Interleukin-6 Fever, systemic inflammatory response syndrome

aSee text for details

Catecholamine Storage and Release from Pheochromocytomas
and Paragangliomas

The normal adrenal contains about 75-80% epinephrine (E) and 20-25% norepi-
nephrine (NE). In pheochromocytomas the concentration of NE is higher. Extra-
adrenal pheochromocytomas (paragangliomas) by contrast contain and secrete only
NE since, with vanishingly rare exceptions, they do not contain the E-forming
enzyme (PNMT). Increased excretion of E, or its major metabolite metanephrine
(MN), is diagnostic of an adrenal pheochromocytoma [2]. The predominant cate-
cholamine secreted by the tumor cannot be predicted by the clinical symptoms.
Increased excretion of dopamine (DA) or its major metabolite homovanillic acid
(HVA) is suggestive but not diagnostic of malignancy [3].

As in the normal adrenal, catecholamines are stored in typical chromaffin gran-
ules. In distinction from the normal adrenal medulla, pheochromocytomas are not
innervated; the mechanisms involved in the release of catecholamines and other
biologically active compounds from these tumors are poorly understood. Changes
in blood flow, external pressure, and hemorrhagic necrosis may be involved. A vari-
ety of drugs, as described later in this chapter, are also capable of stimulating cate-
cholamine release from pheochromocytomas.

Clinical Manifestations and Pathophysiology

Hypertension

High blood pressure is the most common clinical feature of pheochromocytoma
(Table 3.2) [4]. The traditional estimate is that 90% of pheochromocytoma patients
are hypertensive; the normotensive ones are found incidentally during imaging for an
unrelated problem or during the process of family screening in kindreds with syn-
dromic pheochromocytomas. It is worth emphasizing that with increasing recognition
of familial pheochromocytoma, those cases found by screening will likely increase.
The hypertension is sustained in more than one-half of these patients and truly
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Table 3.2 Hypertension in Sustained 60%
pheochromocytoma With crises 27%

Without crises 33%
Paroxysmal 30%

Normotensive between attacks

No hypertension 10%

Discovered incidentally or through screening

paroxysmal in about one-third; in the latter group BP is not elevated between parox-
ysms. It is noteworthy that more than one-half of pheochromocytoma patients do not
have discrete spells. This is the group that masquerades as essential hypertension.
That said, it is not unusual for those with sustained hypertension to have increased BP
variability and some of the metabolic features of pheochromocytoma such as sweat-
ing, weight loss, and carbohydrate intolerance.

The pathogenesis of the hypertension depends upon enhanced catecholamine
stimulation of the heart, the vasculature, and the kidneys (see Chap. 1, Fig. 1.7). Both
a and P receptors are involved, but the o effects on the vasculature are the most impor-
tant, as indicated by the BP response to o blockade in pheochromocytoma patients.

The Paroxysm

Although hypertension is the most common manifestation of pheochromocytoma,
the paroxysm is the defining feature [4]. Also known as “spells” or “pressor crises,”
the paroxysm is a presenting symptom in 55-60% of pheochromocytoma patients.
The typical paroxysm (Table 3.3) is associated with very high BP, headache, palpi-
tations, and sweating, the “classic” triad. Chest or abdominal pain is not infrequent,
as is a sense of impending doom. Pallor is usual although sometimes flushing may
occur. Paroxysms typically last 5 min to an hour but occasionally last even longer.
Not all paroxysms are classic; many variations have been noted, but spells of any
kind that are recurrent should raise the question of pheochromocytoma. Very rarely
spells are not accompanied by hypertension; usually the opportunity to observe a
spell and measure the BP will help establish the diagnosis.

The paroxysm is the pathological expression of unrestrained release of catechol-
amines and other bioactive compounds from the tumor.

Other Manifestations (Table 3.4)

Chest pain may reflect cardiac ischemia from either an increase in demand or a
decrease in supply of blood and oxygen to the myocardium. Increased demand
reflects the well-known effects of catecholamines on myocardial oxygen
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Table 3.3 The typical paroxysm

L. Landsberg

Episodic, unregulated release of catecholamines

Symptoms and signs:

Headache, sweating, and palpitations

Very high BP (frequently with tachycardia)

Chest or abdominal pain

Pallor/flush

Apprehension (sense of impending doom)

Duration

5 min to an hour (or longer)

Frequency

Episodic; variable periodicity (more frequent and severe over time)

Table 3.4 Some other manifestations of pheochromocytoma

Carbohydrate intolerance

Suppression of insulin; glycogenolysis and gluconeogenesis

Increased metabolic rate

Stimulation of non-shivering thermogenesis (BAT)

Weight loss; sweating

Increased hematocrit

Decreased plasma volume (“stress polycythemia’)

Erythrocytosis (erythropoietin production)

Rhabdomyolysis

Intense vasoconstriction — muscle necrosis

Myoglobinuric renal failure

Ischemic colitis

Cardiac ischemia

Increased oxygen demand; coronary artery spasm

Congestive heart failure

Hypertension, myocardial fibrosis

Cholelithiasis

Shock with multi-organ failure and ARDS (shock lung)

Adrenomedullin release

Fever with SIRS

IL-6 production

consumption: 1 heart rate, 1 contractile state, and 1 wall tension. Decreased supply
reflects the more unusual, but well-recognized, coronary artery spasm. Myocardial
infarction has been noted in pheochromocytoma patients, sometimes with clean

coronaries, a finding that suggests coronary spasm [4, 5].

Congestive heart failure in patients with pheochromocytoma may occur as a result
of diastolic dysfunction (preserved ejection fraction) due to catecholamine-induced
cardiac hypertrophy or as a result of myocardial fibrosis induced by catecholamine
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excess (diminished ejection fraction) [6]. Although CHF has long been recognized as
an important manifestation of pheochromocytoma, recent reports have described an
association with Takotsubo cardiomyopathy, a ballooning of the apical portion of the
heart, first described in association with physical or emotional “stress” and concomi-
tant sympathetic stimulation. In patients with a pheochromocytoma, ballooning of
the basal or mid-ventricular portion of the heart appears to be common, an abnormal-
ity known as inverted Takotsubo syndrome. The importance of the association of
pheochromocytoma with Takotsubo cardiomyopathy is twofold: (1) Takotsubo car-
diomyopathy may be the presenting manifestation of pheochromocytoma, necessitat-
ing an evaluation for pheochromocytoma in all cases with ballooning cardiomyopathy;
and (2) successful treatment of the pheochromocytoma usually results in complete
resolution of this syndrome [7-10].

Abdominal pain, which may be associated with nausea and vomiting, often
reflects hemorrhagic infarction within the tumor. Bowel ischemia from vasocon-
striction is another possible cause. The incidence of cholelithiasis appears to be
increased in patients with a pheochromocytoma and may contribute to the abdomi-
nal pain; the pathogenesis is not understood.

Sweating reflects the increase in heat production stimulated by catecholamines.
The site of the 1 thermogenesis is likely brown adipose tissue which has been known
to be hypertrophied in pheochromocytoma patients for decades. The 1 in thermo-
genesis does not result in fever since the temperature set point remains intact; sweat-
ing reflects the physiological response, heat dissipation, mediated by the sympathetic
cholinergic nerves. It is not the direct result of catecholamines. The sweating is
eccrine, that is, cholinergic, not adrenergic [2].

Weight loss in pheochromocytoma patients is another consequence of the 1 in
metabolic rate. The old saw “forget a fat pheochromocytoma” is not always appli-
cable but serves as a reminder that most patients will have lost weight prior to their
initial presentation.

Orthostatic hypotension is an important manifestation of pheochromocytoma.
In fact, in an untreated hypertensive patient, a prominent fall in BP on standing
(20/10 mmHg) should raise the suspicion of pheochromocytoma. The mechanism
responsible depends upon the fact that the body cannot measure volume directly but
is very good at measuring changes in pressure [2]. Catecholamine-induced vasocon-
striction increases the pressure in the great veins (capacitance portion of the circula-
tion), thereby transmitting impulses to the CNS that are read as volume expansion
(““a full tank™). As a consequence a diuresis is initiated. But in fact the tank is not
full; it is just smaller, rendering the pheochromocytoma patient unable to increase
venous return upon assuming the upright position. This diminished volume reserve
must be addressed in the preparation of patients for surgery, explaining the need for
sodium repletion after o adrenergic blockade.

Another potential contributor to orthostatic hypotension in pheochromocytoma
patients is the impact of high catecholamine levels on the sympathetic reflexes that
defend the circulation during hydrostatic stress. Under these conditions, it is possi-
ble that these reflexes lose their training and no longer restore BP during standing.
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Carbohydrate tolerance is diminished in many patients with pheochromocy-
toma [4, 11]. New onset diabetes mellitus is not infrequent in pheochromocytoma
patients. Often erroneously attributed to increased fp receptor-mediated stimulation
of hepatic glucose output from glycolysis and gluconeogenesis, a moment’s reflec-
tion will reveal the inadequacy of this explanation. Any increase in glucose level as
a consequence of these mechanisms should result in a compensatory increase in
insulin secretion with restoration of the glucose level providing that insulin is
unrestrained. The real explanation, therefore, is that insulin secretion is suppressed
by the high levels of catecholamines that inhibit the release of insulin by a well-
recognized a receptor effect. The initiation of o blockade will frequently restore
carbohydrate tolerance to normal.

An elevated hematocrit is a frequent finding in pheochromocytoma patients.
This is usually attributable to diminished plasma volume (“stress polycythemia’)
with a normal red cell mass. Rarely, however, it reflects true erythrocytosis second-
ary to the ectopic production of erythropoietin by the tumor [12].

Hypercalcemia is occasionally noted in pheochromocytoma patients due to the
production and secretion of parathyroid hormone-related protein (PTHrP).

Rhabdomyolysis and ischemic colitis are rare complications of pheochromocy-
toma secondary to intense vasoconstriction in the skeletal muscle and colon, respec-
tively. Myoglobinuric renal failure may accompany rhabdomyolysis if the latter is
sufficiently severe [4].

Hypotension or shock is infrequent but important manifestations of pheochromo-
cytoma since they may be associated with significant morbidity or death. The patho-
genesis was poorly understood until a potent hypotensive peptide, adrenomedullin,
was found in these tumors [13, 14]. Secretion of this compound by the pheochromo-
cytoma, coupled with the aforementioned diminished plasma volume, is the likely
cause of the hypotensive reactions.

Acute respiratory distress syndrome (ARDS) or “shock lung” is a rare but serious
complication of pheochromocytoma. In some cases it is the presenting manifesta-
tion; in others it develops in the wake of a particularly severe paroxysm. It is fre-
quently associated with hypotension, presumably due to the release of adrenomedullin
from the tumor. Damage to the pulmonary capillary endothelium is the likely cause
of this noncardiac pulmonary edema [6]. Release of pro-inflammatory cytokines
may also contribute (see below).

Acute abdominal catastrophe is another infrequent but well-recognized presen-
tation. It is associated with abdominal pain, frequently shock, but sometimes with
high and/or fluctuating blood pressure. The cause is usually hemorrhage into the
tumor, sometime with the extravasation of blood into the peritoneal space; the amy-
lase level may be elevated suggesting pancreatitis, with the pulmonary endothelium
the likely source of the 1 in amylase. ARDS may be associated. Abdominal imaging
usually suggests the diagnosis with the demonstration of hemorrhage in an adrenal
mass [15]. Bowel ischemia is another potential cause of an abdominal catastrophe
in pheochromocytoma patients.
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Systemic inflammatory response syndrome (SIRS) due to the release of inter-
leukin-6 (IL-6) from the tumor has also been well described in patients with
pheochromocytoma. This rare manifestation of pheochromocytoma presents
with recurrent bouts of fever, chills, headache, and leukocytosis frequently with
dyspnea and non-cardiogenic pulmonary edema. The fever here represents a
cytokine-induced elevation of the core temperature set point, in distinction to
the increased thermogenesis with normal core temperature described above
[16-18].

Abnormal blood pressure responses (1 or |) to drugs, anesthesia, or diagnos-
tic manipulations such as needle biopsy (which should not be done unless
pheochromocytoma has been excluded). Watery diarrhea with hypokalemia
and achlorhydria has also been described [19] likely the result of the ectopic
secretion of VIP.

Adverse Impact of Drugs and Diagnostic Tests

A number of drugs and diagnostic interventions are associated with unanticipated
swings in BP which may be either up or down. As a consequence serious morbidity
and even death has occurred as shown in the illustrative cases presented at the end
of this chapter. Offending pharmaceuticals cause adverse effects in at least four
different ways (Table 3.5): direct release of catecholamines from the tumor, block-
ade of neuronal uptake of catecholamines, inhibition of catecholamine metabo-
lism, and release of catecholamines from the augmented stores in the sympathetic
nerve endings [2, 4].

Table 3.5 Adverse drug
reactions in patients with
pheochromocytoma

Release of catecholamine from the tumor
OPIOIDS
Metoclopramide

Glucagon

Histamine

Glucocorticoids

ACTH

Intra-arterial radiographic contrast media
Blockade of neuronal uptake of catecholamines

Tricyclic antidepressants

Cocaine

Inhibition of metabolism of catecholamines
MAO inhibitors
Indirect-acting sympathomimetic amines

Nasal decongestants
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Direct Release of Catecholamines from the Tumor

By far the most dangerous are those agents that directly release catecholamines
from the tumor itself. First and foremost among this group are opioids. A not
uncommon scenario often plays out as follows: a patient with an unsuspected
pheochromocytoma presents to an emergency room or urgent care center with
headache, and high BP is noted resulting in opioid administration; the BP rises,
the headache worsens, and more opioid analgesic is administered resulting in fur-
ther worsening and sometimes death. Since pheochromocytoma may also present
with chest or abdominal pain, the same scenario may apply. Clinical features that
should suggest the possibility of pheochromocytoma in these cases include a
history of spells, tachycardia, wide swings in BP, and diaphoresis. Similarly,
preanesthetic medication with fentanyl in a patient undergoing unrelated surgery
may induce a severe paroxysm.

Other agents that stimulate release of catecholamines from the tumor include
glucagon, metoclopramide, histamine, glucocorticoids, ACTH, and radiographic
contrast media when administered intra-arterially to the tumor (intravenous con-
trast media is safe).

Release of Catecholamines from the Augmented Stores
in Sympathetic Nerve Endings

In pheochromocytoma patients, the high circulating levels of catecholamines
result in increased storage in sympathetic nerve terminals throughout the body.
These increased stores are susceptible to release by a variety of indirect-acting
sympathomimetic amines. Most commonly over-the-counter decongestants such
as pseudoephedrine are responsible (see illustrative cases). In addition to stimu-
lating release, many of these compounds block reuptake into the sympathetic
nerve endings further potentiating the pressor response [2].

Interference with Inactivation of Catecholamines

Drugs that block the neuronal uptake process, the major inactivating process for
NE released from sympathetic nerve endings, aggravate the manifestations of
pheochromocytoma, particularly hypertension [2]. Antidepressants that block NE
reuptake, particularly the tricyclic antidepressants, are the major offenders.
Cocaine is a potent blocker of NE reuptake and also appears to increase central
sympathetic outflow; as such it can cause pressor crises that resemble the parox-
ysms of pheochromocytoma as well as accentuating the symptoms in patients
with pheochromocytomas.
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Monoamine oxidase inhibitors (MAOI) increase the storage of NE in sympa-
thetic terminals rendering the increased stores more susceptible to release by
indirect-acting sympathomimetic amines.

Features that Warrant Screening for Pheochromocytoma
in Hypertensive Patients

It is neither feasible nor necessary to screen all hypertensive patients for the pres-
ence of a pheochromocytoma; only a small minority of patients with high BP
should be screened, but given the gravity of a missed diagnosis, it is important to
note those characteristics that suggest the need to screen (Table 3.6).

Characteristics of the blood pressure are important: young age of the patient,
recent onset of hypertension, severe or malignant hypertension, great blood pressure
variability, orthostatic hypotension in the untreated state, and difficult to control
hypertension. Presence of any of the characteristic features of pheochromocytoma:
headache, sweating, palpitations, tachycardia, and weight loss; spells of any kind;
carbohydrate intolerance and recent onset diabetes; unanticipated changes (1 or |)
in BP in response to drugs, diagnostic procedures, or unrelated surgeries; Takotsubo
cardiomyopathy; high hematocrit; adrenal mass on unrelated imaging; and positive
family history for pheochromocytoma syndromes.

The presence of any of these manifestations should raise the possibility of pheo-
chromocytoma and the consideration of screening. The best way to screen is with a
24-h urine collection for free fractionated catecholamines and/or metanephrines or
plasma metanephrines. Imaging should generally be reserved for those patients with
positive biochemical evidence of catecholamine overproduction.

Table 3.6 Features in hypertensive patients that warrant screening for pheochromocytoma

Spells of any kind
Weight loss
Recent onset of hypertension

Young age

Severe or malignant hypertension

Tachycardia
Marked BP lability
Carbohydrate intolerance or overt new onset diabetes mellitus

Adrenal mass on imaging

Orthostatic hypotension in untreated state

Family history of pheochromocytoma

Unanticipated prominent changes in BP (up or down) in response to drugs or diagnostic
manipulations
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Adrenal Incidentalomas

Incidentally discovered adrenal masses larger than 1 cm. in diameter occur in about
3-5% of subjects, as judged from CT and autopsy studies. They are more common
in the elderly. Pheochromocytoma accounts for about 5% of these lesions; pheo-
chromocytoma needs to be ruled out in all incidentally discovered adrenal masses
despite the absence of symptoms since even asymptomatic pheochromocytomas are
potentially dangerous [20, 21]. Needle biopsy of these incidentally discovered
lesions should be avoided until pheochromocytoma is excluded (see illustrative
case). Twenty-four hour urine collection for catecholamines and metanephrines is
the appropriate tests to rule out pheochromocytoma and should be performed
despite imaging characteristics that are not suggestive of a chromaffin tumor.

Characteristics of Pheochromocytoma in Familial Syndromes

Although the major clinical features of pheochromocytoma are similar in sporadic
and familial cases, some differences in location, E production, the likelihood of extra-
adrenal tumors, and the incidence of malignancy in the genetic syndromes are worth
pointing out (Table 3.7). It should also be noted that many pheochromocytomas in the
familial syndromes are found during the screening of asymptomatic relatives [2].

MEN Syndromes

The most distinctive features of pheochromocytoma in the MEN 1 and 2 syn-
dromes include very high incidence of bilateral adrenal tumors; multicentric
tumors within each affected adrenal; predominance of E secretion, especially early
in the course; the virtual absence of extra-adrenal pheochromocytomas; and the
virtual absence of malignancy. The lesions begin as adrenal medullary hyperplasia

Table 3.7 Syndromic pheochromocytoma

Syndrome | Mutation Pheochromocytoma Associated diseases

MEN 2A | RET—1TK Bilateral adrenal MTC; hyperpara

MEN 2B | RET—1TK Bilateral adrenal MTC; mucosal neuromas

VHL THIF—-1VEGF Bilateral adrenal; Hemangioblastomas; renal cell
extra-adrenal carcinoma

NF1 TRAS Bilateral adrenal Neurofibromas;café au lait

spots; skeletal abnormalities

PGL1 SDHD—THIF—1VEGF | Extra-adrenal; bilateral
adrenal

PGL4 SDHB—1HIF—1VEGF | Extra-adrenal; bilateral
adrenal (1 malignancy)

See text for details
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and progress to multicentric tumors. Early in the course, increase in urinary excretion
of E is the only abnormality, a fact that has important ramifications for screening
family members within an affected kindred: measurement of 24-h urinary excretion
of E is required [22].

Approximately 50% of MEN patients either have a pheochromocytoma at pre-
sentation or will develop a pheochromocytoma later in the course necessitating
follow-up screening in these patient at yearly intervals or sooner if signs or symp-
toms occur. Many MEN kindreds have been discovered by the diagnosis of a pheo-
chromocytoma in the propositus. The pathogenesis involves the constitutive
activation of a transmembrane tyrosine kinase by the RET proto-oncogene.

All patients with the MEN syndrome require a total thyroidectomy, but a pheo-
chromocytoma should be excluded or removed before operating on the thyroid.
In the case of bilateral pheochromocytomas, both adrenals should be removed in
total; because of the adrenal medullary hyperplasia and multicentric tumor
formation, sparing the adrenal cortex is not advisable. Doing so commits the patient
to close follow-up for life and increases the likelihood of a difficult reoperation.

Von Hippel-Lindau (VHL) Retinal Cerebellar
Hemangioblastomatosis

The incidence of pheochromocytomas in the VHL syndrome is highly variable and
depends on the particular mutation in the VHL gene: some kindreds do not have
pheochromocytomas, while others have a very high incidence of chromaffin tumors.
If pheochromocytomas have appeared in any members of a kindred, the risk of
developing a pheochromocytoma in an affected family member is high [23]. The
pheochromocytomas in the VHL syndrome are often bilateral in the adrenals, and
the presence of extra-adrenal tumors is not uncommon. The extra-adrenal lesions
are most commonly located in the abdomen and, less frequently, in the thorax.
Malignancy has been noted but is uncommon. The molecular pathogenesis involves
increased activity of hypoxia inducible factor a (HIFa) which activates vascular
endothelial growth factor (VEGF) and other mitogenic compounds.

Pheochromocytoma should be excluded or removed before operating on the
other tumors characteristic of this syndrome. In patients with bilateral adrenal
tumors, it may be feasible to spare the normal adrenal cortex in an effort to avoid
lifelong steroid replacement. There is however a high incidence of recurrence (at
least 10-25%) necessitating a more difficult reoperation.

Neurofibromatosis Type 1 (NF1)

NF1 is usually suspected on clinical grounds based on the presence of the usual NF
stigmata including multiple café au lait spots, spinal abnormalities, axillary freck-
ling, and neurofibromas. The incidence of pheochromocytoma in NF1 patients is
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estimated at about 1-3% but is higher if the patients are hypertensive. Bilateral
pheochromocytomas are not uncommon, and extra-adrenal pheochromocytomas
do occasionally occur. Malignancy occurs in about 10% of these tumors [24].
The pathogenesis involves impaired inactivation of the oncogene RAS.

Paraganglioma (PGL) Syndromes: Succinic Acid
Dehydrogenase (SDH) Mutations

The SDH gene plays a role in the Krebs cycle and the mitochondrial electron
transport system [2, 25]. Of the four subunits of the SDH gene, two have been
principally identified with syndromic paragangliomas. The SDHD mutation gives
rise to the PGL 1 syndrome; the SDHB mutation is associated with the PGL 4
syndrome. The molecular pathogenesis involves hypoxia inducible factor o
(HIF); the degradation of HIF is impaired in these syndromes producing a
pseudo-hypoxic state with resultant increased production of vascular endothelial
growth factor (VEGF) and other mitogens. The genetic mutation is expressed if
and when the normal allele undergoes somatic inactivation. Although the inheri-
tance is autosomal dominant, the SDHD (PGL 1) syndrome is virtually always
inherited from the male parent.

PGL 1 (SDHD) is associated with bilateral adrenal and extra-adrenal pheochro-
mocytomas (paragangliomas) located in the abdomen, thorax, and the head and
neck. The head and neck tumors do not usually secrete catecholamines but may
secrete VIP with associated diarrheal syndrome. PGL 4 (SDHB) is also associated
with bilateral and extra-adrenal pheochromocytomas, mostly abdominal and thoracic;
the incidence of malignancy is higher in the PGL 4 syndrome, particularly in the
extra-adrenal lesions.

Pheochromocytoma of the Urinary Bladder

Extra-adrenal Pheochromocytomas (Paragangliomas)

Most extra-adrenal pheochromocytomas are located within the abdomen, princi-
pally around the pre-aortic plexuses; about 10% are located in the thorax generally
around the sympathetic paravertebral ganglia. Head and neck paragangliomas con-
stitute about 3% of the total extra-adrenal lesions; these rarely secrete catechol-
amines, are more common in children, and occasionally produce vasoactive intestinal
protein (VIP) with a severe diarrheal syndrome. One percent of extra-adrenal pheo-
chromocytomas are located in the urinary bladder. Very rarely pheochromocytomas
may be located within a variety of other viscera.
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Characteristics of Bladder Pheochromocytomas

Pheochromocytomas located in the urinary bladder are of special interest for two
reasons: (1) the association of paroxysms with micturition and (2) the fact that they
may, occasionally, be associated with normal catecholamine measurements. About
50% of patients with bladder pheochromocytomas have typical pressor crises dur-
ing or shortly after urination [26, 27]. The prominent symptoms include headache,
palpitations, and sweating in association with high blood pressure. Syncope has also
been noted. The likely cause of the paroxysm is the contraction of the bladder detru-
sor muscle which stimulates catecholamine release. About one-half of these patients
have hematuria. A minority of bladder pheochromocytomas will have normal cate-
cholamine measurements at the time of diagnosis. This reflects, presumably, the fact
that these tumors may become symptomatic at a time when they are quite small so
that the impact on overall catecholamine production is trivial. Bladder pheochromo-
cytomas may be well visualized by standard imaging techniques. Many will be
visible at cystoscopy.

Differential Diagnosis

The diseases that may be confused with pheochromocytoma are summarized in
Table 3.8. Most can be easily distinguished from pheochromocytoma, but occasion-
ally difficulties present themselves [2].

Hyperthyroidism superficially resembles pheochromocytoma because of tachy-
cardia, sweating, and palpitations. Although the systolic BP may be elevated, the
diastolic pressure is usually low, the wide pulse pressure reflecting the increase in
cardiac output occasioned by the hypermetabolic state. Some of the hyperadrener-
gic manifestations of the hyperthyroid state reflect enhanced sensitivity to the nor-
mal level of sympathetic tone in these patients. In any event thyroid function tests
reveal the hyperthyroid state, and catecholamine levels are normal.

Table 3.8 Differential diagnosis

NE/NMN Diagnosis
Hyperthyroidism Normal 1T4, 1713, |TSH
Carcinoid syndrome Normal 15-HIAA urinary
Hyperadrenergic Normal Negative imaging
Essential hypertension
Pressor crises
Cocaine +—-1 Drug screen/history
MAOI + tyramine 1+ NMN History
Clonidine withdrawal +-1 History
Intracranial catastrophe ) Imaging/coma
Factitious +—-1 Psych history
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The periodic flushes of the malignant carcinoid syndrome may raise the suspi-
cion of pheochromocytoma, but the manifestations are really quite different. Pallor
rather than flushing is the usual skin change during pheochromocytoma paroxysms,
although occasionally flushing does occur during or after a pressor crisis in patients
with a pheochromocytoma. The major difference is the BP which is low in the car-
cinoid syndrome due to the formation of vasodepressor kinins by kallikrein released
from the carcinoid tumor. Diarrhea and hepatomegaly are also characteristic of car-
cinoid tumors. Catecholamine production is normal, while urinary 5-HIAA, the
major metabolite of serotonin, is elevated in patients with the carcinoid syndrome.

Drug-related pressor crises may resemble the paroxysms of pheochromocytoma
[2]. The responsible agents are cocaine, clonidine withdrawal, and MAQO inhibitors
with indirect-acting sympathomimetic amines. Cocaine overdose may cause intense
vasoconstriction with hypertension, muscle necrosis, ischemic colitis, and
occasionally myocardial infarction. Since cocaine blocks NE uptake into the SNS,
there may be a small increase in catecholamine measurements. Drug screen and
history secure the proper diagnosis. In patients on MAOI, indirect-acting sympa-
thomimetic amines may cause release of NE from the enhanced stores in the sym-
pathetic nerve endings. The resultant pressor crisis may be life threatening.
Tyramine, formed in foodstuffs from the bacterial metabolism of tyrosine, is a
common offender; any foods that undergo fermentation may cause the syndrome.
Over-the-counter sympathomimetic amines in decongestants are also common
causes. NMN is increased in these cases (deamination is blocked). The diagnosis is
established from the history. Indirect-acting sympathomimetic amines may accen-
tuate hypertension in pheochromocytoma patients without MAOI as well, because
of the increased stores of NE in the sympathetic nerve endings. Abrupt withdrawal
from the antihypertensive agent clonidine may cause a pressor crisis; slight eleva-
tions in catecholamine measurements are possible. Again the diagnosis is made
from the history. In all of these cases, treatment should be with o adrenergic antag-
onists; B-blockers are to be avoided at least until the a-blockers lower the BP.

Panic attacks are episodic often without identifiable trigger. They are usually
characterized by hyperventilation with attendant paresthesias of the fingers, toes,
and lips and dizziness sometimes with fainting. The BP may be high or low with
tachycardia. It is often possible to reproduce the attacks by voluntary hyperventila-
tion. Frequent sighing is a tip off to the presence of hyperventilation. Catecholamine
measurements are normal. The classic patient is a young female, but men and older
adults may have panic attacks as well.

An intracranial catastrophe such as subarachnoid or cerebral hemorrhage may
be associated with increased central SNS activity resulting in high BP and increased
catecholamine production. In these patients an obvious calamitous CNS event has
occurred.

Factitious pheochromocytoma has also been noticed with the surreptitious addi-
tion of NE or E to a 24 h urine collection. This is most common in hospital workers
frequently with a psychiatric history.
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The most important, and the most challenging, differential diagnosis is essential
hypertension with hyperadrenergic features. Also called “pseudopheochromocy-
toma,” these patients may have borderline elevations in catecholamine measure-
ments. Tachycardia, flushing, and palpitations, along with excessive sweating, may
be noted. Despite the fact that extensive imaging is negative, many of these patients
are convinced that they have a small pheochromocytoma that defies diagnosis.
These patients have hyperactive SNS activity; they never turn out to have an occult
pheochromocytoma.

Neuroblastoma, Ganglioneuroblastoma, and Ganglioneuroma

These childhood tumors, like pheochromocytomas and paragangliomas, arise from
neural crest (Fig. 3.1) and produce catecholamines and catecholamine metabolites.
Measurement of these compounds is useful in diagnosis. Although these tumors
almost always arise in childhood, they rarely present for the first time in adults [28].
The more differentiated ganglioneuroma, in particular, may occur in adults and is
associated with clinical features resembling pheochromocytoma.

Neuroblastoma (NB) and ganglioneuroblastoma (GNB) have similar biologic
properties and clinical manifestations. Histologically NB is composed of primitive
neuroblasts, while GNB is composed, by definition, of at least 50% mature ganglion

SA Progenitor Cells
-

Adrerlwal Extra-adrenal Sympathetic Ganglion
Chromaffin Cells Chromaffin Cells Cells

Neuroblastoma

Extra-Adrenal
Pheochromocytoma Ganglioneuroma Ganglioneuroblastoma
(Paraganglioma)

Adrenal
Pheochromocytoma

Fig. 3.1 Ontogeny of sympathoadrenal tumors (Used with permission from Landsberg [2])
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cells. NB and GNB are derived from neuroblasts in the sympathetic ganglia and the
adrenal medulla and usually present as mass lesions in early infancy; NB is the most
common solid malignancy in children. About 50% of these lesions appear before the
age of one, and these have the best prognosis. These tumors originate in the adrenal
medulla in approximately 40% of cases; 25% arise from sympathetic ganglia in the
abdomen and 15% in the thorax. The latter are located in the paravertebral SNS
ganglia and frequently present as posterior mediastinal masses. In the cervical
region, they frequently cause Horner’s syndrome. The natural history of these tumors
is highly variable. Spontaneous regression occasionally occurs but is poorly under-
stood. Spontaneous maturation to mature ganglioneuromas has also been described.
These tumors also have the potential for aggressive malignant spread with metasta-
ses to lymph nodes, skin, bone, and liver. A characteristic metastatic site, although
not very common, is to the orbit with purplish ecchymosis and proptosis.

Catecholamine Production in NB and GNB

Like the SNS and the adrenal medulla, these tumors possess the amine uptake trans-
port system which means they take up radiolabeled MIBG, thus permitting visual-
ization by scintiscan. They store catecholamines in storage granules as shown in
electron photomicrographs. The concentration of catecholamines is sufficient to give
a bright image on T2-weighted MRI scans. Curiously, despite the catecholamine
content and storage, paroxysms are rare in NB and GNB. This may reflect, at least
in part, the fact that metabolism of NE and DA to VMA and HVA within these
tumors is common and may take precedence over release. Over 90% of NB and
GNB patients excrete increased amounts of VMA and HVA in urine thus establish-
ing measurement of these metabolites as useful tests in confirming the diagnosis [29,
30]. The ectopic production and secretion of VIP have also been noted in association
with the watery diarrhea hypokalemia achlorhydria syndrome.

Ganglioneuroma

This tumor, generally considered benign, is composed of mature ganglion cells
with some Schwann cells intermixed [31]. Most common in the pediatric age group
but older than NB and GNB (average age at presentation about 7 years), GN does
occur in adults as well. Location is predominantly in the thoracic paravertebral
sympathetic ganglia often presenting as a posterior mediastinal mass; location in
or about an adrenal has also been noted. About 50% of these tumors secrete NE
and concentrate MIBG; those that do resemble paragangliomas (extra-adrenal pheo-
chromocytomas). Diagnosis and treatment are the same as for extra-adrenal pheo-
chromocytomas. These tumors may also secrete VIP; the resulting severe diarrheal
syndrome is often the clue to the diagnosis [29].
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Presentation of Pheochromocytoma: Illustrative Cases

Pheochromocytoma Masquerading as Spells or Seizures

A 54-year-old woman was referred for evaluation of “spells.” She was in good
health until about 4 years ago when she noted peculiar sensations with lighthead-
edness, tremulousness, and feeling like she might faint. She said “it felt like some-
thing was taking over my whole body.” These episodes occurred about once a
month and lasted about 15-20 min. She was evaluated many times but defied
diagnosis. Blood pressure was in the range of 140/90 mm/Hg. She was eventually
diagnosed with epilepsy, although the EEG was normal and the spells were not
improved with Dilantin.

Over the ensuing years, these spells increased in frequency and severity and
were occurring almost weekly. She was admitted to the hospital for further evalu-
ation. On the first hospital day, she obliged with a typical spell. Blood pressure
was taken and found to be 210/140 with a pulse rate of 118. The markedly elevated
BP and tachycardia suggested the proper diagnosis, and a 24-h urine for catechol-
amines showed markedly elevated levels. She was started on phenoxybenzamine
with complete resolution of her symptoms. A left-sided pheochromocytoma was
confirmed by imaging and removed uneventfully. She remains symptom free with
normal catecholamine excretion.

Illustrative point The opportunity to observe a spell and record the BP will
[frequently suggest the diagnosis of pheochromocytoma.

Pheochromocytoma Presenting as Malignant Hypertension

A 38-year-old man, a carpenter in rural Maine, presented to his local hospital with
headache, sweating, and palpitations. His BP was 260/170. He had lost significant
weight over the preceding 6 months. On presentation he was very thin, tremulous,
and diaphoretic. He had flame hemorrhages on funduscopic exam and was diag-
nosed with malignant hypertension. His BP failed to respond to diuretics, vasodila-
tors, and PB-blockers. One of his attending physicians considered the possibility of
pheochromocytoma and managed to obtain some phenoxybenzamine which pro-
duced marked improvement in BP and sense of well-being. He was transferred to a
tertiary care facility in Boston where phenoxybenzamine was continued with good
BP control. He was also noted to have hard nodules in both lobes of his thyroid
gland. Subsequent work-up revealed markedly elevated urinary catecholamines and
very high plasma calcitonin. Imaging revealed large, bilateral, heterogeneous, adre-
nal masses thus securing the diagnosis of MEN 2 (Sipple’s syndrome). After
2 weeks of preparation with phenoxybenzamine and, additionally, propranolol,
bilateral adrenalectomies were performed; the cut surface of the adrenals showed
multicentric lesions with extensive areas of hemorrhage and necrosis. After
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recovery from the adrenal surgery, he underwent total thyroidectomy which showed
bilateral medullary carcinoma with amyloid production.

Subsequent family screening revealed a small unilateral E secreting adrenal
tumor and medullary carcinoma in his 9-year-old son who was treated and appar-
ently cured but requires long-term follow-up.

Illustrative points (/) Malignant hypertension requires work-up for pheochromo-
cytoma; (2) bilateral pheochromocytomas are always familial and necessitate
appropriate genetic family screening.

Pheochromocytoma Presenting as Essential Hypertension

A 47-year-old man was referred for evaluation and treatment of poorly controlled
hypertension. He had been in good health except for obesity (BMI 31) and diet-
controlled glucose intolerance. His blood pressure ranged between 160—170 systolic
and 95-105 diastolic. There were no spells, headaches, or palpitations, but he had
lost 20 pounds over the preceding 6 months. He brought with him an aortogram
obtained as part of his work-up for hypertension; it revealed normal renal arteries
without adrenal masses. Work-up for pheochromocytoma was undertaken because
of poor response to treatment. It was a surprise when the results of a 24 h urine col-
lection showed increased total catecholamines (550 pg, 75% NE). Subsequent imag-
ing showed a 5 cm adrenal tumor. Further analysis revealed that the aortogram failed
to show the tumor because it was shot below the superior adrenal artery (a branch of
the inferior phrenic artery) which provided the blood supply to the tumor.

His BP responded to phenoxybenzamine, and his carbohydrate intolerance
improved. Surgical removal was uneventful, and his blood pressure, although still
elevated off treatment (150/90), was now responsive to conventional antihyperten-
sive agents.

Illustrative points (1) BP poorly responsive to conventional treatment warrants
work-up for secondary causes including pheochromocytoma; (2) the old saw
“forget a fat pheochromocytoma” may not cut much wood, but recent weight loss is
characteristic.

Adrenal Incidentaloma, Metastatic Tumor, or
Pheochromocytoma?

A 45-year-old woman with history of mild hypertension underwent a mastectomy
for breast cancer [32]. During the surgery her BP was note to vary between 140/80
and 160/100. After the surgery, as part of staging the malignancy, she underwent an
abdominal CT which demonstrated a 4.8 by 3.7 nonhomogeneous mass above the
right kidney, suggestive of a metastatic lesion. In an attempt to establish the
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diagnosis, a fine needle aspiration biopsy was attempted. As the needle passed into
the tumor, the patient complained of pounding occipital headache and palpitations;
BP rose from 120/80 to 185/90 with a significant increase in pulse rate. She then
received fentanyl, and the blood pressure remained elevated for several hours. No
further attempts at biopsy were undertaken. The diagnosis of pheochromocytoma
was suggested by the procedure-related increase in BP and confirmed by elevated
urinary catecholamines and metanephrines along with the characteristic bright
appearance of the right adrenal mass on T2-weighted MRI scan.

Preoperative preparation with phenoxybenzamine and surgical resection were
performed without difficulty, and she remains asymptomatic with normal follow-up
of urinary catecholamines.

Ilustrative points (/) At least 5% of incidentally discovered adrenal masses turn
out to be pheochromocytomas, so these should never be biopsied or manipulated
before pheochromocytoma is ruled out by a 24-h collection for catecholamines and
metanephrines. This is true even if the imaging characteristics are not suggestive of
pheochromocytoma. (2) Fentanyl was a poor choice after symptoms began and prob-
ably explains why the BP stayed elevated for hours, emphasizing that the adverse
effects of opioids in pheochromocytoma patients are insufficiently appreciated.

Noncardiac Pulmonary Edema and Abdominal Catastrophe

A 51-year-old woman with a lifelong history of neurofibromatosis (NF1) and high
blood pressure for 1 year was admitted to hospital after she presented to the emer-
gency room with sinus congestion, nausea and vomiting, and malaise. On exami-
nation she was noted to have significant orthostatic hypotension and was admitted
for further evaluation. Of note she had been admitted to hospital during the pre-
ceding month for surgical resection of neurofibromas and a schwannoma.
Postoperative blood pressures were recorded at 210/92 and pulse rate of 118 [32].

She was aggressively hydrated and given sympathomimetic amines orally and
intranasally in the ER and admitted. Her blood pressure remained low, although
occasionally hypertensive spikes were noted. Over the next day, she became pro-
gressively dyspneic, tachypneic, and hypoxic followed by atrial fibrillation
requiring cardioversion. Obtundation developed and she was intubated and
placed on mechanical ventilation. Chest x-ray which had been normal in the ER
now showed bilateral pulmonary consolidation with normal wedge pressure. Her
deterioration continued with tachycardia to the 150 range, and occasional BP
spikes as high as 210/130. Abdominal pain, spiking fever, persistent diarrhea
with negative stool cultures, rising levels of transaminases, and an elevated
serum amylase suggested pancreatitis or an abdominal abscess; these findings
led to an abdominal CT scan which showed a 7.2 cm heterogeneous mass above
the left kidney, thus clarifying the diagnosis which was confirmed with markedly
elevated urinary catecholamine and catecholamine metabolite excretion. She
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responded well to 2 weeks of adrenergic blockade and volume expansion.
Following successful surgical resection, she was discharged normotensive off all
antihypertensive drugs.

Illustrative points (/) Although only 2 or 3% of NFI patients develop pheo-
chromocytomas, the incidence is higher in those with hypertension; this fact,
along with the elevated BPs following the preceding unrelated surgeries, were
important unrecognized clues to the diagnosis. (2) The sympathomimetic amines
administered as decongestants probably worsened her symptoms by releasing
catecholamines from the increased NE stores in the peripheral sympathetic
nerves. (3) The hypotension and pulmonary edema, although uncommon mani-
festations of pheochromocytoma, are well described; adrenomedullin, a hypoten-
sive peptide released from some pheochromocytomas, is the likely explanation for
the hypotension. (4) Release of interleukin-6 from the tumor is the cause of the
fever and the systemic inflammatory response involving multiple organs and
damaging the pulmonary endothelium. (5) The diarrhea may have reflected the
ectopic production and release of vasoactive intestinal peptide (VIP) from the
tumor. (6) The trick is to think of the diagnosis; confirmation is usually easy. (7)
CT scan may be helpful in establishing the diagnosis. (8) The astonishing effect
of appropriate treatment (although delayed in this case) is well demonstrated.

Cushing’s Syndrome and Pheochromocytoma

A 47-year-old woman with a 1 year history of resistant hypertension was admitted
to hospital for evaluation. Her blood pressure was not controlled on a regimen of
four agents. In addition she complained of episodic sweating, flushing, palpita-
tions, puffiness of the face, and hirsutism. On exam BP was 220/120 and pulse 95
[33]. Noted as well were facial plethora, supraclavicular fat pads, and increased
hair above the upper lip. Laboratory exam revealed a hypokalemic alkalosis and a
glucose of 284 mg/dL. The diagnosis of Cushing’s syndrome secondary to ectopic
ACTH secretion was established by markedly increased urinary and plasma corti-
sol, failure to suppress on high-dose dexamethasone, and elevated ACTH levels.
Interestingly, marked variation in the levels of ACTH and cortisol was noted from
day to day. The diagnosis of pheochromocytoma was established by a fivefold
elevation in the excretion of catecholamine metabolites. After treatment with
phenoxybenzamine, the BP fell and catheterization of the adrenal veins revealed a
substantial step-up of ACTH and NE on the left as well as a vascular mass in the
left adrenal.

At surgery the left adrenal was removed, and pathology revealed a 3 cm
pheochromocytoma with hyperplastic adrenal cortex adjacent to the medullary
tumor. After surgical removal of the tumor, the ACTH levels became undetectable;
catecholamine excretion returned to normal as did the BP and the plasma glucose.



3 Clinical Features of Pheochromocytoma and Paraganglioma 59

Hlustrative point Pheochromocytomas may produce biologically active compounds
in addition to catecholamines, and these may influence the clinical manifestations
and confuse the diagnosis.

Adverse Effects of Mistreatment and Importance of Family
Screening

A 56-year-old Russian immigrant came to the ER with a severe and unrelenting
headache not responsive to over-the-counter analgesics [32]. She described a
10-year history of throbbing bifrontal headaches, accompanied by pallor and visual
distortions; these occurred up to three times per week and lasted about 10 min. Over
the next several years, the headaches increased in severity and duration. After emi-
grating to the USA, the headaches worsened and were accompanied by sweating
and palpitations. Two months prior to her presentation, the headaches were occur-
ring daily, and she sought medical attention; hypertension was noted and a diuretic
was prescribed. Heat intolerance worsened, and 1 week before her presentation to
the ER, pseudoephedrine was prescribed for a “sinus headache.”

In the ER her BP was 210/100; hct was noted to be 45. She was given Demerol
for the headache and sent home, only to return 2 h later with a much worse head-
ache. BP was now 220/110. Demerol was repeated, and the symptoms worsened
with headache, sweating, and palpitations. BP was measured at 240/140 and hct was
60! She failed to respond to morphine and nitro-vasodilators and was admitted to
the ICU. In the morning light of the next day, pheochromocytoma was considered,
a 24-h urine demonstrated greater than a tenfold increase in catecholamines and
metanephrines, and abdominal CT scan showed bilateral adrenal masses. She
responded well to adrenergic blockade and underwent surgical removal of both
tumors (3.0 and 6.5 cm in diameter).

Serum calcitonin was markedly elevated, and after recovery from the adrenal
surgery, on steroid replacement, total thyroidectomy was performed, and bilateral
medullary carcinoma was removed. Calcium levels and PTH were normal, but after
two decades nephrolithiasis developed, and hyperparathyroidism was diagnosed.
She is currently awaiting surgery.

Family history revealed that her mother (deceased) and 25-year-old son suffered
similar symptoms. Her son was subsequently discovered to have bilateral pheochro-
mocytomas and MCT and underwent surgical excision of adrenals followed by total
thyroidectomy.

Illustrative points (/) Adverse effects of pseudoephedrine and particularly
opiates, (2) 1 hct secondary to hemoconcentration ( “stress polycythemia”), and (3)
importance of family history and necessity of lifelong screening for the syndrome
components.
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High Stakes of a Missed Diagnosis: Unhappy Ending

A 42-year-old woman presented to an urgent care center with a complaint of headache.
She had been without significant health problems. Her headache was occipital
in location and throbbing in character. It had bothered her on and off for the last few
days. On exam she appeared nervous and upset. BP was 160/105, pulse 100, with
the remainder of the physical exam normal. She was given a prescription for hydro-
chlorothiazide and an appointment to return to clinic the next day for a complete
evaluation.

She could not wait. That night she returned to the emergency ward complaining
of worsening headache and chest pain. BP was 180/115. EKG was normal. She was
given morphine im. Fifteen minutes later she had a seizure. BP was 210/130. She
then suffered a cardiac arrest and could not be resuscitated. Postmortem exam
revealed a 3.5 cm right adrenal pheochromocytoma; the cut surface revealed fresh
hemorrhage and necrosis.

Illustrative points (/) Even in retrospect it is not clear what should have been
done differently; pheochromocytoma is rare and her symptoms were common. A more
complete history and exam might have been revealing. (2) The adverse effects of
opiates on the release of catecholamines from a pheochromocytoma were starkly
demonstrated.
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Chapter 4
Heritable and Syndromic
Pheochromocytoma and Paraganglioma

Peter Kopp

Introduction

Pheochromocytomas (PCC) and paragangliomas (PGL) are rare neuroendocrine
neoplasias that originate either in the adrenal medulla or paravertebral extra-adrenal
ganglia. The majority are benign, but they can lead to significant morbidity and
mortality secondary to excessive catecholamine secretion [1]. PGL are subdivided
into sympathetic and parasympathetic tumors. Sympathetic chromaffin-positive
PGL, which can be located in any of the ganglia in the thorax, abdomen, and pelvis,
typically secrete catecholamines [2]. In contrast, most parasympathetic chromaffin-
negative PGL, which are mostly found in the head and neck, are usually nonsecre-
tory [3]. Roughly 25% of PCC/PGL have a malignant behavior and metastasize to
other tissues [4]. The treatment options for metastatic PCC/PGL are scarce, and the
prognosis is typically poor [5]. PCC/PGL can occur sporadically or as part of hered-
itary tumor syndromes [1, 6]. Remarkably, about 30% of patients with apparently
sporadic PCC/PGL harbor a germline mutation in one of the predisposing suscepti-
bility genes (Table 4.1) [7—10]. In case of a positive family history for PCC/PGL, up
to 79% are positive for a germline mutation in one of these genes [8, 11].

The clinical features, diagnosis, and therapeutic management of PCC/PGL are
discussed elsewhere in this book and have been outlined in detailed guidelines [12].
This chapter is focused on the discussion of the genetics of hereditary PCC/PGL
and recent insights into the somatic genetic mechanisms underlying the develop-
ment of these tumors.
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Inheritance

Von Hippel-Lindau disease (VHL) and neurofibromatosis type 1 (NF1) are classic
examples of the Knudson two-hit model inactivating both alleles of a tumor sup-
pressor gene [13]. In this instance, a germline mutation is inherited in an autosomal
dominant fashion inactivating one allele of the involved tumor suppressor gene.
If the second allele acquires a somatic mutation (or undergoes silencing through an
epigenetic mechanism) in an affected cell, this “second hit” or “loss of heterozygos-
ity” results in inactivation of the other allele and subsequent neoplastic growth.
Thus, although the predisposing germline defect is transmitted in a dominant mode,
tumorigenesis results from a biallelic loss of the tumor suppressor gene in the
affected tissue. The later occurrence of the second somatic hit in one or several cells
or tissues explains the variability in the time of manifestation and the spectrum of
disease manifestations in the syndromic forms.

In contrast to mutations in VHL and NF1, the autosomal dominant inheritance of
multiple endocrine neoplasia type 2 (MEN?2) is explained by the constitutive activa-
tion of one allele of the RET tyrosine kinase receptor. Mutations in the SDHD,
SDHAF2, SDHC, and SDHB genes are also associated with an autosomal dominant
inheritance pattern following the two-hit concept, but in the case of SDHD and
SDHAF?2 mutations, it is usually limited to paternal inheritance due to silencing of
the maternal allele (Table 4.1). For SDHA, monoallelic mutations have been associ-
ated with PGL, whereas biallelic mutations lead to Leigh syndrome (autosomal
recessive juvenile encephalopathy).

In addition to classic germline transmission, PCC/PGL can also occur in patients
in whom a postzygotic mutation leads to somatic mosaicism as, for example, in the
case of EPAS1/HIF2A mutations [14]. Similarly, mosaic mutations leading to a
syndrome involving PCC/PGL and giant-cell bone tumors of the bone were reported
in association with the H3F3A gene [15]. Whether mosaicism occurs in PCC/PGL
in other susceptibility genes has not been systematically examined. Of note, how-
ever, VHL and NF1 mutations have been detected as mosaic mutations in patients
affected by VHL and NF1 [16-19]. Taken together, mosaicism and somatic trans-
mission might occur more frequently in PCC/PGL [14].

Von Hippel-Lindau Disease

Von Hippel-Lindau (VHL) disease is an autosomal dominant syndrome character-
ized by the presence of a broad spectrum of tumors [20]. Characteristic manifesta-
tions include hemangioblastomas, renal cysts and clear cell renal carcinoma
(RCC), pancreatic cysts, neuroendocrine tumors of the pancreas, endolymphatic
sac tumors, meningiomas, and epididymal cystadenomas [21]. The incidence of VHL
has been estimated at about 1:36,000 [22]. PCC occur in 10-20% of VHL patients;
they are usually located in the adrenal glands and frequently bilateral [23-25].
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Extra-adrenal and neck PGL are uncommon [24, 25]. The malignancy rate is
approximately 5% [21].

The VHL tumor suppressor gene is located on chromosome 3p25-26 and consists
of three exons [26]. It encodes two VHL proteins consisting of 213 or 160 amino
acids. These proteins are involved in regulating the transcription of hypoxia-
inducible genes [27, 28]. The predominant function of the VHL protein consists in
its E3 ubiquitin ligase activity that marks protein for degradation. Hypoxia-inducible
factor lo (HIF 1), a transcription factor that regulates the expression of several fac-
tors involved in angiogenesis [29], is its best characterized target. Under conditions
with normal oxygen levels, VHL binds to HIF1a through two hydroxylated prolines
and then ubiquinates its target, which leads to HIF 1o degradation in the proteasome.
Under conditions of hypoxia, the proline residues on HIF1« are no longer hydroxyl-
ated, which disrupts the binding of VHL. Alternatively, the interaction between
VHL and HIFla can be disrupted by mutations in the VHL gene, which subse-
quently alters the expression of genes regulated by HIFla through its binding to
hypoxia response elements (HRE) [27]. More than 1000 mutations have been
described in the VHL gene [30]. Among mutations in the VHL gene, there is a clear
genotype-phenotype correlation in terms of the risk for developing a PCC [30, 31].
Type 1 mutations consist of truncations, which are associated with a high risk for
RCC but a low risk of PCC; type 2 mutations consist of missense mutations, which
can be associated with either an increased risk for RCC or PCC depending on their
location [30]. Mutations that disrupt the VHL-HIF 1« interaction are associated with
an increased risk for RCC, whereas mutations in other regions of the VHL protein
increase the risk for PCC [26, 32, 33]. This suggests that the development of PCC
occurs independently of primary HIFla regulation.

Clinical Vignette

Figure 4.1 shows a characteristic pedigree of family affected by von Hippel-
Lindau disease (VHL). The transmission is autosomal dominant. The index patient
was diagnosed with bilateral pheochromocytomas at the age of 12 years. At age
35, she presented with cardiac decompensation due to Takotsubo cardiomyopathy.
The biochemical work-up showed a 24-h norepinephrine level of 4142 mcg/24 h
(<80), an epinephrine level of 104 mcg/24 h (<20), and a dopamine level of 1016
mcg/24 h (<500). Imaging studies revealed a 6.4 cm retrocaval heterogeneous
mass of 6.5 cm. She was treated with doxazosin. Against medical advice, she
conceived her fifth child. Pregnancy and Cesarean section was completed success-
fully under close blood pressure control. The patient was then lost to follow-up.
The patient illustrates the risk for bilateral PCC, an increased risk for aggressive
behavior, and a predominant noradrenergic secretory phenotype associated with
VHL mutations.
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Fig. 4.1 Pedigree of a family with von Hippel-Lindau disease with exclusive pheochromocyto-
mas. (Left panel) The pedigree is consistent with autosomal dominant transmission. The patient
(arrow) underwent bilateral adrenalectomy for PCC at the age of 12 years. (Right panel) At the
age of 35, the index patient presented with cardiac decompensation to Takotsubo cardiomyopathy.
The biochemical work-up showed a predominant noradrenergic phenotype, CT imaging demon-
strates an enhancing mass measuring cm consistent with recurrent pheochromocytoma, the left
adrenal gland is surgically absent. The patient illustrates the risk for bilateral PCC, an increased
risk for aggressive behavior, and a predominant noradrenergic secretory phenotype associated with
VHL mutations.

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) or Recklinghausen’s disease is characterized by a
wide and variable spectrum of manifestations that includes, among others, neurofi-
bromas, café-au-lait spots with a regular border, freckling, hamartomas of the iris
(Lisch nodules), optic nerve gliomas, macrocephaly and bone malformations, and
peripheral nerve sheath tumors [34]. NF1 is caused by mutations in the NF/ tumor
suppressor gene located on chromosome 17q12. It includes 60 exons and encodes
neurofibromin, a large 2818 amino acid protein that functions as a GTPase-
inactivating RAS and thus the MAPK signaling pathway [35].

Mutations in NF1 lead to a loss of function and subsequent constitutive activation
of RAS and the MAPK, PI3K, and mTOR pathways [36]. While NF1 can be inherited
in an autosomal dominant way, about 50% of patients have de novo germline muta-
tions. Penetrance (manifestation of the phenotype in individuals with a mutant geno-
type) and expressivity (severity of the phenotype in individuals expressing the
phenotype) vary even among patients with the same mutation [34, 35]. Because of the
incomplete penetrance, individuals who carry the mutation but have no evidence of
the disease can still transmit the disorder to subsequent generations [13].

The diagnosis of NF1 is based on clinical manifestations [34]. Screening for
PCC is only recommended for patients with hypertension [37]. PCC occur in about
5-7% of patients with NF1 and are usually unilateral; the malignancy rate is roughly
12% [38]. Genetic testing and mutational analysis are performed only rarely because
the diagnosis can be made on clinical grounds and the fact that the analysis of the
NF1 gene is labor-intensive, at least with traditional sequencing methods.
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Multiple Endocrine Neoplasia Type 2

Multiple endocrine neoplasia type 2 (MEN2) is an autosomal tumor syndrome
caused by missense mutations in the RET proto-oncogene located on chromosome
10q11.2 [39]. It encodes the RET tyrosine kinase receptor, which is involved in
regulating cell proliferation and apoptosis through the PI3 kinase pathway. The mis-
sense mutations result in a gain-of-function, and therefore a mutation in a single
allele is sufficient to cause aberrant signaling and autosomal dominant transmission
of the disease.

MEN? is divided into several subtypes based on the phenotypic manifestations
[39, 40]. MEN2A consists of medullary thyroid cancer (MTC), PCC, and hyper-
parathyroidism (HPTH). If the phenotype is limited to MTC, it is also designated as
familial medullary thyroid cancer (FMTC). In MEN2B, patients present with MTC,
PCC, ganglioneuromas, and a marfanoid habitus. Of note, while the penetrance of
MTC is complete, this is not the case for the other manifestations such as PCC and
hyperparathyroidism.

There is a strong genotype-phenotype correlation, and RET gene mutations are
classified into three risk categories (moderate, high, highest) for the development of
MTC (Table 4.2) [40]. In addition, the incidence of PCC and HPTH, as well as less
common manifestations such as cutaneous lichen amyloidosis and Hirschsprung
disease, is variable depending on the specific mutation (Table 4.2) [40, 41].

Table 4.2 Common RET mutations and risk of MTC, PCC, and HPTH

RET mutation MTC risk | Incidence of PCC | Incidence of HPTH |CLA |HD
G533C Moderate |+ - No No
C609F/G/R/SIY Moderate | +/++ + No Yes
C611F/G/S/W Moderate | +/++ + No Yes
C618F/R/S Moderate | +/++ + No Yes
C620F/R/S Moderate | +/++ + No Yes
C630Y Moderate | +/++ + No Yes
D631Y Moderate | +++ - No No
C634F/G/R/S/W/Y | High +++ ++ Yes No
K666E Moderate |+ - No No
E768D Moderate | — - No No
L790F Moderate |+ - No No
V804L Moderate |+ + No No
V804M Moderate |+ + Yes No
A883F High +++ - No No
S891A Moderate |+ + No No
RI12P Moderate | — - No No
MI18T Highest +++ - No No

Modified from 2015 Revised American Thyroid Association guidelines for the management of
medullary thyroid carcinoma [40] with permission.

MTC medullary thyroid cancer, PCC pheochromocytoma, HPTH hyperparathyroidism, CLA lichen
amyloidosis, HD Hirschsprung disease, + corresponds to risk of ~10%, ++ ~20-30%, +++ ~50%
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Certain mutations are associated with a PCC risk of ~50%; others have a lower or
no risk for the development of PCC (Table 4.2). PCC are frequently bilateral [42]
but rarely malignant (<5%) [43]. The implementation of genetic testing had a sig-
nificant impact for the management of families affected by MEN2 and allows early
identification of carriers and subsequent testing for MTC, PCC, and HPTH accord-
ing to the risk levels of individual mutations [40].

Clinical Vignette

Figure 4.2 illustrates a FMTC/MEN2A pedigree. The transmission is autosomal dom-
inant, but in contrast to VHL or NF1, this is due to a gain-of-function mutation. In this
family, all affected individuals developed MTC. The affected individuals are positive
for the V804 L mutation in the RET tyrosine kinase receptor. This mutation is associ-
ated with a moderate risk for MTC according to the 2015 Revised American Thyroid
Association guidelines for the management of medullary thyroid carcinoma and a low
risk of PCC and HPTH [40]. Carriers of the mutation need to be screened for (parox-
ysmal) hypertension and abnormal hypersecretion of plasma metanephrines and
normetanephrines or 24-h urinary metanephrines and normetanephrines.

PHEO
MTC 7

MTC MTC
PHEQ / PHEQ
HPTH HPTH

" O
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MTC MTC MTC
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Fig. 4.2 Pedigree of a family with Familial Medullary Thyroid Cancer/Multiple Endocrine
Neoplasia Type 2A. The individuals shown with black filled symbols all carry a C643R mutation
in the RET tyrosine kinase receptor first detected in the index patient (III-3; arrow). The transmis-
sion is autosomal dominant, but in contrast to VHL or NF1, this is due to a gain-of-function muta-
tion. In this family, all affected individuals developed MTC. The C643R mutation is associated
with a high risk for PCC (Table 2). The index patient has been diagnosed with bilateral PCC at age
20 and died secondary to metastatic disease. He and several other individuals also developed
HPTH. Two of his daughters (individuals I1I-6 and III-7) also developed bilateral PCC. Carriers of
the mutation need to be screened for (paroxysmal) hypertension and abnormal hypersecretion of
plasma metanephrines and normetanephrines or 24-hour urinary metanephrines and
normetanephrines
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Paraganglioma (PGL) Syndromes

The paraganglioma syndromes types 1-5 (PGL 1-5) are autosomal dominant disorders
with a predisposition for developing PGL, less commonly PCC, RCC, gastrointes-
tinal tumors (GIST), more rarely pituitary adenomas, and other neoplasias [44].
The PGL syndromes are caused by mutations in genes encoding the four subunits of
succinate dehydrogenase (SDH) or the assembly factor SDHAF2 (Fig. 4.3) [44, 45].
SDH, also referred to as mitochondrial complex II, is a heterotetrameric protein that
transfers electrons directly to the ubiquinone pool as a member of the respiratory
chain at the inner membrane of mitochondria, and it is involved in the Krebs cycle
[46]. The penetrance of disease is highly variable, and there are divergent pheno-
types among the PGL syndromes [44].

PGLI1: SDHD Mutations

PGL1 is caused by mutations in SDHD [44, 47—49]. The SDHD gene is located on
chromosome 1123, spans 4 exons, and encodes a 103 amino acid protein which
forms the anchoring subunit of SDH [50]. It contains a ubiquinone binding site
which accepts electrons from the SDHB subunit.

Succinate dehyrogenase
Complex Il

Inner mitochondrial
membrane

Matrix

Succinate Fumarate Malate Oxaloacetate

Fig. 4.3 Succinate dehydrogenase. Succinate dehydrogenase (SDH), also referred to as complex
11, consists of four subunits (A-D); the succinate dehydrogenase assembly factor 2 exerts flavina-
tion of SDHA. SDH is a component of the tricarboxylic acid (TCA) cycle and the mitochondrial
electron transport chain. The PGL syndromes 1-5 are caused by mutations in genes encoding the
four subunits of succinate dehydrogenase (SDH) or the assembly factor SDHAF2. Fumarate
hydratase (or fumarase) (FH) catalyzes the reversible hydration/dehydration of fumarate to malate;
malate dehydrogenase 2 catalyzes the reversible oxidation of malate to oxaloacetate. Germline
mutations in FH confer predisposition to malignant PCC/PGL; mutation of MDH2 has been found
in malignant PGL
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The inheritance of PGLI is autosomal dominant, and predisposition to tumor
development occurs usually only if the mutated allele is inherited from the father
[51]. One possible explanation is that the maternal copy of the gene is imprinted and
inactive, but the data supporting this model remain controversial [52-54]. Some stud-
ies have documented monoallelic paternal SDHD expression in tumor tissue [52],
whereas other studies documented biallelic expression [47, 53, 54]. Moreover, possi-
ble maternal transmission has been reported in isolated cases [55, 56]. The penetrance
increases with age, and by age 70, it is 90% or higher [51, 57]. The main manifestation
includes multiple head and neck PGL, but adrenal PCC can also occur, and the malig-
nancy rate is below 5% [51, 58].

PGL2: SDHAF2 Mutations

The SDHAF?2 gene is located on chromosome 11q12.2 and encodes a 167 amino acid
mitochondrial protein that exerts flavination of SDHA. SDHAF2 mutations are uncom-
mon but should be considered in PGL patients negative for mutations in the SDHB,
SDHC, or SDHD subunit genes [44, 59]. The inheritance of PGL2 susceptibility is also
autosomal dominant, and similar to SDHD mutations, it is associated with paternal
inheritance [59—61]. The clinical manifestation includes predominantly multiple head
and neck PGL, penetrance is high and up to 100%, and the malignancy rate is low [61].

PGL3: SDHC Mutations

The SDHC gene is located on chromosome 1q23.3 and encodes the 140 amino acid
subunit carrying the cytochrome b, and together with SDHD it is one of the two
hydrophobic membrane anchor subunits (Fig. 4.3) [50]. Compared to mutations in
SDHD and SDHB, mutations in SDHC are less common [11, 62—64]. They are
inherited in an autosomal dominant fashion without parent-of-origin effect. The
characteristic tumor manifestation consists of solitary head and neck PGL, and the
malignancy risk is very low [11, 65].

PGL4: SDHB Mutations

The SDHB gene, located on chromosome 1p36.1-35, encodes the hydrophilic iron
sulfur subunit of the SDH complex. Tumor predisposition is inherited in an autoso-
mal dominant way, and the tumorigenic mechanism involves inactivation of the sec-
ond allele in a somatic way according to the Knudson two-hit model [66]. The loss
of both alleles results in overexpression of HIFla [67, 68]. Patients develop often
unifocal PGL located anywhere between the neck and the bladder [11, 51, 69].
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Penetrance is age dependent but as high as 80-100% by age 70 [11, 51, 69].
The malignancy risk is substantial and has been estimated to be as high as 71% [1, 51,
57, 70]. More than 200 SDHB mutations occurring in all eight coding exons have
been described, and there is no evidence for a genotype-phenotype correlation [44].
Carriers of SDHB mutations have an increased risk for RCC and GIST [69, 71, 72].

Clinical Vignette

A 35-year-old male patient with uncontrolled non-paroxymal hypertension and dia-
betes mellitus type 1 since the age of 18 years developed proteinuria [73].
Computerized tomography (CT) of the abdomen and pelvis revealed a bladder mass.
A PGL was not suspected. During a cystoscopy, the patient developed a hypertensive
crisis. Biochemical evaluation demonstrated increased norepinephrine and normeta-
nephrine levels. A 'Ziodine-meta-iodobenzylguanidine (MIBG) scan showed intense
uptake in the mass (Fig. 4.4). The family history was negative for PCC/PGL. Surgical
resection was performed after appropriate alpha- and beta-blockade. The surgical
pathology showed a bladder PGL with aggressive features, and mutational analysis
revealed a novel SDHB mutation (W200R) [73].

PGL5: SDHA Mutations

The SDHA gene is located on chromosome 5p15 and encodes the 621 amino acid
catalytic flavoprotein subunit of SDH (Fig. 4.3). Individuals with biallelic mutations
in SDHA develop autosomal recessive juvenile encephalopathy (Leigh syndrome)
[74]. A monoallelic mutation has first been identified in a patient with an abdominal

Fig. 4.4 Paraganglioma in the bladder in a patient with PGL syndrome 4 with a SDHB mutation.
A Pjodine-meta-iodobenzylguanidine (MIBG) scan fused with CT shows intense uptake in the
mass. The tumor was detected incidentally in a patient with non-paroxysmal hypertension, diabe-
tes mellitus, and proteinuria. Cystoscopy led to a hypertensive crisis. Surgical pathology showed
aggressive histology and mutational analysis revealed a novel SDHB mutation (W200R) [73].
(MIBG image courtesy of Dr. Grazia Aleppo, Northewestern University, Chicago)
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PGL, and subsequently a few additional patients were found to harbor SDHA
mutations [75]. SDHA mutations are thought to be a rare cause of PGL accounting
for roughly 3% of all cases, and the penetrance may be low, which suggests that
alterations in modifier genes or other contributing factors need to be present for the
development of the phenotype [76]. GIST and pituitary adenomas have also been
described in patients with PGLS5 [77-79]. Mutational analysis of the SDHA gene is
complicated by the presence of three pseudogenes (SDHAPI, SDHAP2, SDHAP3) —
similar but nonfunctional sequences — but immunohistochemistry can be useful for
the identification of tumors harboring SDHA mutations [75].

TMEM127

TMEM127 is a more recently identified PCC/PGL susceptibility gene located on
chromosome 2q11.2 encoding a 238 amino acid transmembrane protein [80]. The
exact pathophysiological role of TMEM127 is still poorly defined. It is a tumor sup-
pressor gene, and tumor susceptibility is inherited in an autosomal dominant way,
and tumor development requires a second somatic hit. Mutations in TMEM 127 have
been found in patients with bilateral, extra-adrenal PCC and head and neck PGL
[81-83]. The penetrance is incompletely defined, and the malignancy rate is very
low [81, 82].

MAX

Exome sequencing of three unrelated individuals with hereditary PCC has led to the
identification of mutations in the MAX (MYC associated factor X) gene as PCC/
PGL susceptibility gene [84]. Subsequent analysis identified additional mutations
as well as gene rearrangements involving MAX [84, 85, 86]. The inheritance is auto-
somal dominant with preferential paternal transmission [84]. MAX-mutated PCC/
PGL are rare, typically bilateral, and associated with a distinct biochemical pheno-
type with larger increases in normetanephrine and an intermediate metanephrine
level, not typical of the adrenergic or noradrenergic phenotype [2, 85].

Mutations in Other Elements of the Tricarboxylic Acid (TCA)
Krebs Cycle: Fumarate Hydratase (FH) and Malate
Dehydrogenase Type 2 (MDH2)

Several novel PCC/PGL susceptibility genes have been recently discovered through
whole-exome sequencing [87, 88]. In addition to the mutations in the SDHx and
SDHAF?2 genes, loss-of-function mutations in other elements of the tricarboxylic
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acid (TCA) Krebs cycle, FH (fumarate hydratase) and MDH?2 (malate dehydrogenase
type 2), predispose to PCC/PGL [87, 88]. FH catalyzes the hydroxylation of fuma-
rate to malate, and MDH2 catalyzes the oxidation of malate to oxaloacetate.
Accumulation of fumarate through FH mutations inhibits the action of prolyl
hydroxylase domain proteins that hydroxylate HIF 1o and thus leads to activation of
the HIF signaling pathway [88]. Remarkably, PCC/PGL that are deficient in FH
show an identical pattern of epigenetic deregulation as SDHB-mutated tumors [87].

Mutations in Endothelial PAS Domain Protein 1/Hypoxia-
Inducible Factor Type 2A

(EPASI/HIF2A)

Somatic gain-of-function EPAS1/HIF2A (endothelial PAS domain protein 1/
hypoxia-inducible factor type 2A) mutations have first been described in patients
with multiple PGL, somatostatinoma, and polycythemia [89]. Although initially con-
sidered to be nonheritable, recent studies have shown that these mutations may be
present in numerous locations through somatic mosaicism acquired through postzy-
gotic mutations occurring in early developmental stages and, occasionally, also as
germline mutations [90, 91]. Patients with EPAS1/HIF2A mutations present with
significantly elevated plasma norepinephrine and normetanephrine levels due to
involvement of HIF-2a in catecholamine synthesis [89, 92].

Other Susceptibility Genes

A growing list of other genes has been implicated in conferring a risk for developing
PCC/PGL along with other neoplasias. They include, among others, PDHI, PDH?2,
KIF1B, MERTK, MET and H3F3A (Table 4.1) [14, 15]. Their rare occurrence makes
it in part difficult to establish a causative link in all instances. The detection of these
less common variants can, however, be of great value for a better understanding of
the pathways involved in the development of these tumors.

Correlation Between Genetic Mutation and Biochemical
Phenotype

The details surrounding the biochemical work-up of patients with PCC/PGL are dis-
cussed elsewhere in this book (Chapter 5). Measurements of catecholamine metabo-
lites, plasma-free metanephrines, or urinary fractionated metanephrines are the
recommended initial tests [2, 93-95]; the measurement of plasma 3-methoxytyramine
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(3-MT) can be used to further characterize the secretory phenotype of the tumor
[96-98]. About 50% of PCC/PGL almost exclusively secrete norepinephrine, while
the other 50% secrete both epinephrine and norepinephrine [2, 99]. Based on the
biochemical profile, PCC/PGL can be divided into three biochemical subtypes: (1) a
noradrenergic phenotype with predominant secretion of norepinephrine, (2) an
adrenergic phenotype with predominant secretion of epinephrine, and (3) a rare sub-
type secreting predominantly dopamine.

The noradrenergic phenotype is associated with tumors that are primarily located
in extra-adrenal areas, but they can occasionally also occur in the adrenal gland
[99]. Clinically, these patients present more commonly with non-episodic hyperten-
sion [100]. The noradrenergic phenotype is usually associated with the so-called
cluster 1 mutations, i.e., mutations resulting in stabilization of hypoxia-inducible
factors and activating the hypoxia signaling pathways (Table 4.3) [9]. The expres-
sion of the phenylethanolamine N-methyltransferase (PNMT) gene and protein is
reduced, resulting in a decreased or absent conversion of norepinephrine to epineph-
rine. Mechanistically, this has been explained by epigenetic silencing of the PNMT
gene through hypermethylation of the promoter region [101]. Patients with the
adrenergic phenotype present more frequently with paroxysmal events (Chap. 3).
These tumors tend to be located in the adrenal glands and are more differentiated
[102]. The expression of PNMT is high [100, 103]. They are associated with muta-
tions resulting in the activation of kinase signaling pathways and are referred to as
cluster 2 mutations (Table 4.3). Cluster 2 includes MEN2 and NF1, as well as muta-
tions in the TMEM 127 and MAX genes [2], although PCC/PGL with MAX muta-
tions can have an intermediate phenotype (normetaepinephrine > metanephrines;
metanephrines intermediate) [85, 86].

The dopaminergic phenotype, with very low increases in norepinephrine and
epinephrine, is extremely rare and can be characterized by measuring dopamine and
3-MT [96, 97]. The tumors are most commonly extra-adrenal, and they can be
malignant [98]. They have reduced levels of dopamine p-hydroxylase, which results
in decreased production of norepinephrine and accumulation of dopamine [2].
Lastly, silent PGL without secretion of catecholamines or metanephrines can occur
very rarely [104]. They can become clinical apparent because of mass effects.

Table 4.3 Gene clusters and associated phenotypes

Biochemical
Genes Mechanisms phenotype Tumor location
Cluster 1 | VHL, SDHA, Induction of Predominantly | Predominantly
mutations | SDHB, SDHC, pseudohypoxic noradrenergic | extra-adrenal. Can
SDHD, FH, condition occur within the
MDH?2, EPAS1/ adrenal gland,
HIF2A, particularly in VHL
(SDHAF2)
Cluster 2 | MEN2, NF1I, Alterations in kinase | Predominantly | Predominantly
mutations | TMEM 127, MAX | signaling pathways: adrenergic adrenal
activation of
proliferation,
inhibition of apoptosis
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Characteristics of Pediatric Compared to Adult PCC/PGL

PCC/PGL in children have a higher prevalence of hereditary disease associated with
germline mutations in susceptibility genes than adults [7, 105-107]. Secondly, chil-
dren with PCC/PGL have more frequently bilateral, multiple, and extra-adrenal
tumors [108]. In a recent study including 748 patients with PCC/PGL, including 95
patients with a first presentation during childhood, the prevalence of hereditary
causes was 80.4% in children versus 52.6% in adults, extra-adrenal manifestations
occurred in 66.3 versus 35.1%, multifocal tumors in 32.6 versus 13.5%, metastatic
disease was found in 49.5 versus 29.1%, and recurrences in 29.5 versus 14.2%
(Fig. 4.5) [6]. Biochemically, there was a higher prevalence of noradrenergic tumors
with a relative lack of plasma metanephrine secretion, which confirms the observa-
tion by Hume published in 1960 demonstrating that most pediatric PCC/PGL pre-
dominantly secrete norepinephrine [105]. Six hundred eleven patients included in
this study underwent genetic testing; 74/92 children (80.4%) and 273/519 (52.6%)
adults were found to have a germline mutation in one of the tumor susceptibility
genes. Mutations in cluster 1 genes were more common in children compared to
adults with 76.1 versus 39.3% [6]. These findings strongly support that that all chil-
dren with PCC/PGL should undergo genetic testing and be managed at specialized
centers with appropriate expertise [6, 12]. Because of the higher risk for extra-
adrenal tumors, Pamporaki et al. recommend that children should be evaluated with
high-signal intensity on T2-weighted magnetic resonance imaging (MRI), rather
than with CT as suggested by the Endocrine Society guidelines [12]. In pediatric
mutation carriers, biochemical surveillance is indicated in all mutation carriers
beginning at an early age of 5 years, and clinical surveillance needs to be tailored to
the specific mutation and associated syndrome [6].

Mutational Analysis

PCC/PGL have a very high degree of heritability of close to 50%, and genetic test-
ing has been recommended for all patients independent of a positive family history
[12]. The genetic heterogeneity, i.e., a similar phenotype caused by mutations in
more than 15 susceptibility genes, is, however, a challenge for genetic testing [109].
Several algorithms for genetic testing based on the clinical and biochemical presen-
tation have been proposed in the recent past [8, 9, 12, 110]. In patients with a syn-
dromic or familial presentation, targeted sequencing of the most plausible candidate
gene is often the first step, as, e.g., in VHL and MEN2.

However, in the absence of other clinical clues, targeted sequencing of single
genes may not be readily informative, and it is cost- and labor-intensive. Advances
in next-generation sequencing (NGS) techniques now permit sequencing of com-
prehensive validated gene panels, and this is ideally suited for the mutational analy-
sis of patients with PCC/PGL [111]. A recent consensus statement on next-generation
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sequencing-based diagnostic testing of hereditary pheochromocytomas and para-
gangliomas provides a detailed overview on this rapidly evolving approach and
associated challenges [14]. While NGS is greatly facilitating genetic testing in this
setting, it must be recognized that access to these platforms and insurance coverage
vary widely. Hence, careful and thorough clinical and biochemical evaluations, in
combination with traditional Sanger sequencing of candidate genes, continue to be
essential first steps and of high value in the characterization of patients affected
by PCC/PGL.

PCC/PGL
Somatic Mutations in the Pathogenesis of PCC/PGL

The understanding of the somatic alterations in the genomic landscape of PCC/PGL
have fundamentally changed with the recent publication of the Comprehensive
Molecular Characterization of Pheochromocytoma and Paraganglioma study as a
part of The Cancer Genome Atlas (TCGA) initiative of the National Cancer Institute
[10]. This had been preceded by a number of studies that identified mutations in
several genes (e.g., EPAST (HIF2a), RET, VHL, RAS, NF I, and ATRX) and recurrent
copy number variations [10, 112, 113].

In the PCC/PGL TCGA, 173 PCC/PGL were submitted to a comprehensive inte-
grated analysis using a multiplatform approach including whole-exome DNA
sequencing, DNA copy number analysis, mRNA sequencing, miRNA sequencing,
DNA methylation, and protein array analysis. The age range of the included patients
was 19-83 years (median 47 years), 16 had aggressive tumors, and 11 had distant
metastatic events. The integrated analysis identified a genetic alteration in 95% of
the tumors. The analysis revealed that PCC/PGL exhibit a low somatic mutation rate
but a remarkably diverse spectrum of driver mutations disrupting distinct biological
pathways through germline and somatic mutations (Fig. 4.6), as well as somatic
gene rearrangements and copy number variations. The integration of the mutational
profile and gene expression patterns allowed to classify PCC/PGL into four distinct
molecular subtypes based on the mutational profile and gene expression patterns:
(1) kinase signaling (cluster 2), (2) pseudohypoxia (cluster 1), (3) WNT-altered, and
(4) cortical admixture subtype. In addition to the confirmation of known driver
genes (HRAS, RET, EPASI, NFI), the TCGA has identified loss-of-function muta-
tions in the CSDEI (cold shock domain containing EI) gene as a new important
driving mechanism and discovered several somatic gene fusions involving genes
such as MAML3, BRAF, NGFR, and NFI. Somatic mutations were also found in
RET, NFI, and VHL. Usually, the mutations were limited to one of the affected
pathways indicating mutual exclusivity among these mutations. Markers associated
with a poor outcome included, among others, the presence of MAMLS3 gene fusions,
SDHB germline mutations, somatic mutations in SETD2 or ATRX, a high mutation
rate within the tumor, hypermethylation, extra-adrenal tumor manifestation, and a
nonsecretory phenotype.
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Mutations in the Kinase Subtype

Cluster 2 mutations in Table 4.3 were associated with better outcomes.
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Conclusion

In patients presenting with PCC/PGL, the elucidation of the underlying genetic
predisposition can have important clinical ramifications. It assists in identifying
patients at risk for developing multifocal or malignant lesions, or associated neopla-
sias, and it has impact for the identification of carriers within the family and genetic
counseling. For these reasons and the fact that about 30-40% with supposedly spo-
radic PCC/PGL and more than 50% with PGL carry germline mutations in one of
the susceptibility genes, recent recommendations emphasize that the threshold for
genetic testing should be low [1, 8, 110]. In particular, all patients with multiple
lesions or presenting at a young age should undergo formal genetic testing [1, 6].
The advent of NGS permitting to analyze gene panels now allows more efficient
analysis of all potential candidate genes [14]. Moreover, the elucidation of the
genomic landscape of the germline and somatic mutations present in PCC/PGL may
also permit identifying patients at risk for developing metastatic disease, and these
insights are crucial for the development of novel targeted therapeutic modalities for
metastatic tumors [10].
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Chapter 5
Pheochromocytoma and Paraganglioma
in the Pediatric Population

Rachel Kadakia, Monica Bianco, Elizabeth Dabrowski,
and Donald Zimmerman

Introduction

Pheochromocytomas (PHEO) and paragangliomas (PGL) are neural crest-derived
tumors that can arise from both the sympathetic and parasympathetic paraganglia
from the base of the skull to the pelvis. PHEO refers specifically to a catecholamine-
secreting tumor originating in the adrenal medulla, while PGL are extra-adrenal
in location and can be catecholamine secreting (functional PGL) or dormant (non-
functional PGL).

PHEO and PGL are rare lesions in pediatrics. The overall incidence of PHEO
and PGL is <0.3 cases per million per year with 10-20% of these cases diagnosed
during childhood. These tumors are slightly more common in boys and are diag-
nosed at an average age of 11 years [1-3].

In contrast to PHEO and PGL in adults, in pediatric patients these tumors are far
more likely to be due to a genetic condition than a sporadic occurrence. 50-80% of
individuals presenting with PHEO or PGL in childhood had germline mutations
[4-6]. Genetic mutations giving rise to PHEO or PGL are most likely to occur in the
following genes: VHL, RET, NF1, SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX,
and TMEM127. Furthermore, hereditary PHEO or PGL are more likely than spo-
radic tumors to be multifocal, to present at an earlier age, to be extra-adrenal in loca-
tion, and to be malignant [4]. Genetic testing is essential for any child presenting
with a PHEO or PGL, even in the absence of a family history, given the impact it
may have on the development of malignancy risk or additional related disease.
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Clinical Presentation

The presentation of PHEO and PGL is variable and depends on whether the lesion
is catecholamine producing. Typical symptoms in pediatrics include hypertension,
headaches, palpitations, diaphoresis, syncope, orthostatic hypotension, anxiety, and
tremor. Hypertension in pediatric patients is more often sustained as compared to
paroxysmal in adults [2]. In addition, 1-2% of pediatric patients who are diagnosed
with hypertension have a PHEO or functional PGL [7, 8]. Children can also present
with nonspecific symptoms such as abdominal pain, fatigue, worsening school per-
formance, behavioral problems, difficulty concentrating, blurry vision, diarrhea,
weight changes, or low-grade fever. Hematuria can signify a bladder lesion. Both
functional and nonfunctional lesions can present with signs and symptoms of mass
effect such as hearing loss, tinnitus, voice hoarseness, dysphagia, and cough for
head and neck lesions.

In a pediatric case review of 30 patients with PHEO or PGL over a 30-year
period, 30% presented with signs and symptoms related to mass effect, and 57%
presented with one or more typical symptoms such as sweating, nausea, vomiting,
or diarrhea. Sixty-four percent of patients had hypertension. Forty-seven percent of
cases were malignant, with PGL more commonly malignant than PHEO [9].
Another case review of seven patients demonstrated that only two patients presented
with hypertension, while the remainder had nonspecific symptoms such as sweat-
ing, nausea, visual disturbances, or mental status changes [10]. These cases high-
light that a high index of suspicion is necessary to make the diagnosis of a PHEO or
PGL in the pediatric population.

The European-American Pheochromocytoma-Paraganglioma Registry includes
2001 patients with PHEO or PGL of whom 177 or 9% were diagnosed before age
18. 81% of these patients had one of the following hereditary syndromes: von
Hippel-Lindau (53%), PGL1 (10%), PGL4 (14%), neurofibromatosis type 1 (3%),
multiple endocrine neoplasia type 2 (1%), PGL3 (1%), and familial pheochromocy-
toma syndrome (1%) [11]. Follow-up of all pediatric patients showed that 38% of
patients with a PGL developed a second PGL with a mean interval of 25 years from
initial diagnosis and that a significantly higher percentage of patients with heredi-
tary syndromes developed second tumors compared with patients with sporadic dis-
ease. A retrospective study of 748 patients with PHEO or PGL of whom 95 presented
in childhood demonstrated that lesions in children were more likely to be extra-
adrenal, noradrenergic, were twice as likely to have recurrent primary tumors, and
1.7 times as likely to have metastatic disease [6].

Syndromes Associated with PHEO and PGL

We will briefly review the hereditary conditions associated with PHEO and PGL in
the pediatric population.
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Von Hippel-Lindau

Case An l1-year-old boy with a 2-week history of nausea and vomiting was seen
by his PCP for evaluation. He was noted to have tachycardia and a heart murmur,
so an echocardiogram was obtained revealing moderate concentric hypertrophy
and mildly decreased left ventricular systolic and diastolic dysfunction. He was
referred to cardiology where his HR was 120 beats per minute. Due to weakness and
elevation of brain natriuretic peptide (BNP) to 402.65 pg/ml (<100 pg/ml), he was
admitted for observation. Upon admission, his blood pressure increased to
200/100 mmHg, and he was started on doxazosin and intravenous nicardipine, with
the later addition of propranolol. Prior to this admission, he denied any episodes of
headaches, chest pain, or palpitations, though he did endorse episodes of sweating
when playing video games. The patient’s father and paternal aunt both had a his-
tory of pheochromocytoma.

An MRI of the abdomen revealed a 4.6 x 4.1 x 5.7 cm well-circumscribed mass
in the right adrenal gland and a 3.3 x 2.9 x 3.2 cm rounded lesion in the left adre-
nal gland. Plasma metanephrines were 35 pg/ml (<57), plasma normetanephrines
were 19,693 pg/ml (<148), and 24 h urine normetanephrines were 532 mcg/24 h
(67-503). MIBG scan showed MIBG localization in bilateral retroperitoneal
masses, compatible with bilateral pheochromocytoma.

The patient underwent a bilateral adrenalectomy and was subsequently placed
on glucocorticoid and mineralocorticoid replacement. He was weaned off of his
antihypertensive medications over time. Genetic testing was pursued and revealed
a ¢.250G > A (Val84Met) missense mutation in VHL. Interestingly, this patient’s
mutation had not previously been characterized but was consistent with a diagnosis
of von Hippel-Lindau syndrome in the patient’s clinical context. An ophthalmology
examination was notable only for hypertensive retinopathy. Routine surveillance for
additional VHL manifestations was performed. Two years later, his plasma meta-
nephrines became elevated, and imaging revealed a right paraspinal paragangli-
oma which was subsequently resected. The patient is now 17 years old and has not
yet developed any other clinical manifestations of VHL.

Von Hippel-Lindau (VHL) is caused by a mutation in the VHL gene which is
transmitted in an autosomal dominant pattern of inheritance with variable pene-
trance. VHL is responsible for 50% of all PHEO in pediatric patients and is associ-
ated with noradrenergic PHEO/PGL, CNS and retinal hemangioblastomas, renal
cysts and clear cell renal cell carcinoma, pancreatic cysts and cystadenomas, endo-
lymphatic sac tumors, papillary cystadenomas of the epididymis in males and of the
round ligament in females, and nonfunctioning pancreatic endocrine tumors. While
PHEDO typically presents in the third decade in patients with VHL, it can be the first
manifestation of VHL in the pediatric population [12]. In a study of 273 patients
with VHL, 25% initially presented with a PHEO in childhood, with the youngest
age at diagnosis being 5.5 years [13]. In pediatric patients with known VHL, screen-
ing for PHEO should begin at age 5. Patients with VHL are at a 38% risk for devel-
oping a recurrence or a second PGL [11].
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VHL can be characterized into four subtypes. VHL type 1 is typically due to
mutations related to disrupted folding of the VHL protein. Clinical manifestations
include retinal angioma, CNS hemangioblastoma, renal cell carcinoma, pancreatic
cysts, and neuroendocrine tumors. The risk of PHEO in VHL type 1 is quite low. In
contrast, VHL type 2 is characterized by a high risk for PHEO and is often due to a
missense mutation. VHL type 2 can be divided into three subtypes: type 2A has a
low risk for renal carcinoma; type 2B has a high risk for renal carcinoma; and type
2C is typically associated only with pheochromocytoma and an absence of other
VHL manifestations [14].

Familial PGL Syndromes

Case A [3-year-old male was referred to a pediatric endocrinologist for manage-
ment of an SDHD gene mutation identified on genetic screening. His father had
recently died secondary to complications from bilateral carotid paraganglioma
resection. Postmortem genetic diagnosis in the father revealed the presence of an
SDHD mutation. At the patient’s initial visit, he denied headaches, diaphoresis,
palpitations, anxiety, flushing, hematuria, hoarse voice, tinnitus, or diarrhea. His
heart rate was noted to be 128 beats per minute, and his blood pressure was
115/75 mmHg. Screening labs revealed elevated plasma normetanephrines of
957 pg/mL (<146 pg/mL), elevated total plasma metanephrines of 999 ng/mL
(<205 pg/mL), elevated 24 h urine normetanephrine of 1916 mcg/24 h (67-503
mcg/24 h), and elevated chromogranin A of 36 ng/mL (<15 ng/mL).

The patient underwent a whole-body MRI which uncovered a T2 hyperintense
and T1 isointense 2.4 cm right periaortic mass with mild mass effect and anterolat-
eral displacement of the inferior vena cava with narrowing of the right renal artery.
The presence of the periaortic mass was atypical in this patient; 40-50% of PGL in
SDHD mutations are located in the head and neck, and 15% are located in the
chest, abdomen, and pelvis. Compared to patients with SDHB mutations, patients
with an SDHD mutation have an odds ratio of 24 for a head and neck
PGL. Additionally, in SDHD mutations, tumors are less likely to produce catechol-
amines than with other genetic mutations. Given the unusual location of the mass
that would require an open laparotomy for resection, a PET scan was obtained to
further characterize the lesion which revealed an avid focus of increased radio-
tracer uptake corresponding to the mass identified on MRI. Preoperatively, the
patient was started on doxazosin, and the mass was resected uneventfully. At follow-
up, urine and plasma catecholamine levels were within or lower than the normal
ranges, and blood pressure and heart rate remained normal off medication.

Familial PGL syndromes (PGL1-4) are due to mutations in one of the subunits of
the mitochondrial complex II succinate dehydrogenase (SDH) enzyme gene. All of
these syndromes are associated with PGL, and some include a risk of PHEO as well.
PGLI1 and PGL3 are due to mutations in SDHD and SDHC, respectively. Both
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conditions are associated primarily with parasympathetic head and neck paragan-
gliomas. PGL2 is caused by mutations in SDHS5 (also known as SDHAF?2) and is
associated with parasympathetic head and neck PGL. PGL4 is due to an SDHB
mutation and most commonly causes sympathetic PGLs in the thorax, abdomen, or
pelvis. PGLs associated with the SDHB mutation have the highest likelihood of
malignant potential [15].

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is an autosomal dominant disease characterized by
at least two of the following: six or more café au lait macules, two or more neurofi-
bromas of one plexiform neurofibroma, axillary or inguinal freckling, optic glioma,
two or more Lisch nodules, bony lesions such as thickening of the long-bone cortex
or pseudoarthrosis, and a first-degree relative with NF1. Approximately 3% of indi-
viduals with NF1 have PHEO or PGL, and these lesions are more likely to be malig-
nant than are sporadic PHEO or PGL [16, 17]. Prevalence estimates may be higher
in those undergoing active surveillance for PHEO/PGL.

Multiple Endocrine Neoplasia Types 2A and 2B

Multiple endocrine neoplasia types 2A and 2B (MEN2A and MEN2B) are caused
by a mutation in one of several codons of the RET proto-oncogene. MEN2A is com-
prised of medullary thyroid carcinoma, hyperparathyroidism secondary to parathy-
roid gland hyperplasia, PHEO, and Hirschsprung’s disease. The phenotype of
MENZ2B includes medullary thyroid carcinoma in virtually all patients, PHEO, gas-
trointestinal ganglioneuromatosis, and a marfanoid body habitus. Up to 50% of
individuals with MEN2 will manifest a PHEO [18]. PHEO can be the first clinical
manifestation of MEN2A [19]. The risk of development of PHEO in patients with
MEN2A and MEN2B is mutation dependent. Those with mutations in codon 634,
exon 11 have a particularly high risk of PHEO [20].

Diagnosis

Diagnosis of PHEO and PGL in pediatrics can be challenging as symptoms are often
vague and the lesions are relatively rare. Evaluation begins with the measurement of
plasma metanephrines or 24 h urine metanephrines [3, 21]. Liquid chromatography-
tandem mass spectrometric (LC-MS/MS) methodology is preferred for these assays
as it is more sensitive than the enzyme-linked immunoassay method and it is less
prone to interference by other drugs compared to the high-performance liquid



94 R. Kadakia et al.

chromatography method [22]. Furthermore, age-specific reference ranges should be
used, as there are age and body size related increases in normal catecholamine levels
[23]. The upper limit of the pediatric reference range is lower than that of the adult
range and could lead to a missed diagnosis if only adult ranges are used [24]. Levels
that are four times higher than the upper limit of the reference range are considered
highly suspicious of a PHEO or functional PGL with nearly 100% probability.
Several drugs, including acetaminophen, tricyclic antidepressants, phenoxybenza-
mine, and decongestants, are known to interfere with plasma and urine metanephrine
testing, and these medications should be avoided prior to sample collection. Blood
samples should be collected after lying in a supine position for 30 min to avoid and
false positive results from stress or exercise. Careful instructions must be given in
order to ensure that urine samples are collected for a full 24 h.

Chromogranin A is a protein present in the chromaffin cells of the adrenal
medulla and co-secreted from storage granules with catecholamines. It serves as a
tumor marker for PHEO and may correlate with malignant potential [3, 25, 26]. In
addition, it may be a useful marker of SDH-related paragangliomas which are often
clinically silent [3].

Children who have positive biochemical results should undergo imaging studies
to determine the location of the lesion. While PHEO and PGL can be imaged via CT
or MRI, MRI is preferable in children due to the substantial radiation exposure
associated with CT scans. MRI of the abdomen and pelvis is recommended first,
followed by imaging of the head and neck if the initial MRI does not yield a diag-
nosis. MIBG scanning can be considered if no lesion is identified on MRI; however,
care should be taken to ensure the patient is not on medications that can impair
MIBG uptake.

Malignancy

Though rare, PHEO and PGL can be malignant, with malignancy more common in
pediatric versus adult patients. Malignancy is defined as distant metastatic lesions
in locations where PGL no not typically occur. Twelve percent of PHEO and PGL
in pediatrics are malignant [2]. Features more commonly associated with malig-
nancy are extra-adrenal location, tumor necrosis, coarse nodularity of the primary
tumor, absence of hyaline nodules, high proliferative index, and size larger than
5 cm [27].

Treatment

Treatment of pediatric PHEO and PGL requires a careful and thoughtful medical
and surgical management plan in order to reduce risk of complications. There is a
lack of pediatric-specific evidence-based recommendations on which to guide
treatment.
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Functional lesions require initiation of medical therapy prior to surgery, and a
comprehensive preoperative plan should be created in collaboration with an experi-
enced pediatric surgeon and pediatric anesthesiologist. The major preoperative
goals are to normalize blood pressure and heart rate, restore volume depletion, and
prevent intra- and postoperative hemodynamic instability and cardiac dysrhythmias
that can result from surgical manipulation of the lesion.

Typically, medical therapy should be initiated 1-2 weeks prior to the planned
surgery and start with an a-adrenergic blocker. o blockade will lower blood pressure
and decrease vascular tone; however, postoperatively there is risk for hypotension.
The use of a noncompetitive o blocker, such as phenoxybenzamine, is associated
with a higher postoperative risk of hypotension than the use of a selective a; blocker.
However, selective a; blockers can cause postural hypotension after just one dose
but are associated with less reflex tachycardia than a noncompetitive a blocker. If o
blockade fails to achieve normotension, addition of a calcium channel blocker can
be considered [3, 28, 29].

After adequate o blockade is achieved, therapy with a f-blocker should be initi-
ated if reflex tachycardia is present. f-blockers should never be used in isolation due
to unopposed catecholamine effects at a receptors that could lead to worsening
hypertension [21]. Fluids or volume expansion is important in the immediate preop-
erative period in an attempt to reduce severe postoperative hypotension [29].

There is also risk of hyperglycemia preoperatively as pancreatic o stimulation
inhibits insulin release. All patient should have glucose levels monitored and insulin
therapy initiated if necessary [28].

Surgical resection can proceed once preoperative hemodynamic stability is
achieved. Intraoperatively, careful management of the patient’s hemodynamic and
fluid status by an experienced anesthesiologist is necessary. Postoperatively, patients
should be monitored closely for hypotension, hypoglycemia, and in the case of
bilateral PHEO resection — glucocorticoid and mineralocorticoid deficiency [21,
28]. Cortical-sparing procedures are favored in the clinical scenario of bilateral
PHEO to minimize the chance that the patient will require lifelong glucocorticoid
and mineralocorticoid replacement [30].

For patients with malignant disease or distant metastasis, additional techniques
such as radiation therapy, radiofrequency ablation, MIBG, and chemotherapy can
be considered but are not well studied in children [3].

For nonfunctional lesions, surgical resection remains the mainstay, but careful
attention remains necessary as the location of PGLs can be near important struc-
tures such as the carotid sheath.

Genetic Testing Considerations

As there are many hereditary disorders associated with PHEO and PGL, genetic
testing should proceed in a systematic manner. In patients presenting with PHEO,
mutations in VHL are most common. In patients presenting with PGL or malignant
disease, SDHB should be considered. Testing for RET mutation is recommended in
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patients with PHEO and an adrenergic predominance. Screening for genetic
mutations in the context of a family history should occur in all first-degree relatives
by age 10 years or at least 10 years prior to the earliest age at diagnosis in the family
[15]. If the mutation is known, directed testing can be pursued in family members.
Those who are found to have a pathogenic variant can proceed with screening per
recommended surveillance protocols. Testing should always be ordered in consulta-
tion with an experienced geneticist or genetic counselor.

Conclusions

PHEO and PGL are very rare in the pediatric population, and a high index of suspi-
cion is necessary to make the diagnosis. Knowledge of the strong association with
genetic mutations is imperative as this can have direct impact on a patient’s man-
agement and risk of associated conditions. A multidisciplinary team inclusive of
endocrinologists, surgeons, anesthesiologists, and genetic counselors specifically
trained in the management of pediatric PHEO and PGL is necessary for optimal
patient care.
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Chapter 6
Diagnosis of Pheochromocytoma
and Paraganglioma

William F. Young

Evolution in the Clinical Presentation of Pheochromocytoma
and Paraganglioma

There has been a dramatic evolution in both the clinical presentation and the meth-
ods used to diagnose pheochromocytoma and paraganglioma (PPGL) over the past
nine decades. From 1926 to 1945, the diagnosis of PPGL was suspected based on
signs and symptoms of catecholamine hypersecretion and confirmed with explor-
atory laparotomy [1, 2]. In an effort to preoperatively diagnose PPGL in symptom-
atic patients, provocative stimulation tests (e.g., with histamine) were developed in
the 1940s and suppression tests (e.g., with phentolamine) in the 1950s [2—6]. The
first reliable biochemical tests to detect PPGL were developed in the 1960s—mea-
surement of 24-h urinary excretion of the catecholamine metabolites vanillylman-
delic acid and total metanephrines [7-9]. Additional biochemical testing advances
followed and included high-performance liquid chromatography (HPLC) with elec-
trochemical detection (EC) for measurement of catecholamines in blood and urine
in the 1970s [10], measurement of plasma fractionated metanephrines by HPLC-EC
in the 1990s [11, 12], and the stable isotope dilution liquid chromatography/tandem
mass spectrometry method preceded by solid phase extraction of metanephrines in
2002 [13, 14].

Advances in imaging studies to localize PPGL paralleled the development of
biochemical testing and included aortography and selective angiography before
1960 [15, 16], intravenous pyelography and adrenal vein sampling from 1960 to
1980 [17-20], cross-sectional imaging with computed tomography starting in the
mid-1970s [21, 22], “'T-metaiodobenzylguanidine scintigraphy in 1981 [23],
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Fig. 6.1 The mode of diagnosis of pheochromocytoma and paraganglioma at Mayo Clinic has
evolved over the nine decades since the first patient was operated in 1926 [1]. Before 1980, inci-
dental discovery was very infrequent (3—7%) and occurred at surgery [29, 30]. In the most recent
patient series (2005-2014), incidental discovery occurred prior to surgery on cross-sectional imag-
ing in 60% of patients [31]

abdominal magnetic resonance imaging in the 1980s [24, 25], positron emission
tomography (PET) with 18F-flurodexoyglucose in the 1990s, and gallium 68 (68-
Ga) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-octreotate
PET-CT in 2015 [26-28].

The advances in biochemical testing and imaging have dramatically impacted
how PPGLs are detected and diagnosed in 2018. For example, in the Mayo Clinic
series of 138 patients with PPGL who were treated surgically between 1926 and
1970, 90% were detected because of symptoms (paroxysms or hypertension)
(Fig. 6.1) [29]. That experience is contrasted with the 106 patients with PPGL who
were treated surgically at Mayo Clinic between 1971 and 1980, where 84% were
detected because of either paroxysms or hypertension and 7% were diagnosed
because of family testing for familial forms of PPGL [30]. Whereas, in the most
recent report from Mayo Clinic on 222 patients with PPGL who were treated surgi-
cally between 2005 and 2014, the most common (60%) reason for detecting PPGL
was incidental discovery on cross-sectional imaging done for other reasons (Fig. 6.1)
[31]. A symptom-based (paroxysms or hypertension) diagnosis of PPGL was made
in only 28% of patients, followed by genetic case detection testing in 12% [31].
PPGLs discovered due to symptoms were larger than those discovered incidentally
or by genetic case detection testing (5.3 vs. 4.7 vs. 3.6 cm, respectively; P = 0.04)
[31]. In addition, some of the patients with PPGL who were diagnosed based on an
incidental finding on cross-sectional imaging actually had normal biochemical test-
ing but went to surgery based on the adrenal mass imaging phenotype (Fig. 6.2).
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Fig. 6.2 An incidentally discovered “prebiochemical” adrenal pheochromocytoma. This 39-year-
old woman had a computed tomographic (CT) scan of the abdomen performed for the evaluation
of small bowel ileus following an ectopic pregnancy. She was normotensive and asymptomatic.
Panel A, CT scan axial image shows a 1.9 x 1.3 cm left adrenal mass with a precontrast CT attenu-
ation of 39 Hounsfield units and a 40% contrast washout at 10 min. The biochemical testing for
pheochromocytoma was normal and included plasma metanephrine, 0.44 nmol/L (normal, <0.5);
plasma normetanephrine, 0.82 nmol/L (normal, <0.9); and 24-h urine norepinephrine, 29 pg (nor-
mal, <170); epinephrine, 8.6 pg (normal, <35); dopamine, 22 pg (normal, <700); metanephrine,
325 pg (normal, <400); and normetanephrine, 557 pg (normal, <900). However, because the CT
imaging phenotype was consistent with pheochromocytoma and because the plasma and urine
metanephrine levels were high-normal, she was advised to have laparoscopic left adrenalectomy.
Panel B, cut section of a 2.0 x 1.4 x 1.2 cm left adrenal pheochromocytoma. The postoperative
plasma fractionated metanephrines dropped further into the reference ranges: metanephrine,
<0.3 nmol/L (normal, <0.5) and normetanephrine, 0.53 nmol/L (normal, <0.9)

Differential Diagnosis for Patients with Symptomatic
Presentations

Numerous disorders can cause signs and symptoms that may prompt the clinician to
test for PPGL. The disorders span much of medicine and include endocrine disor-
ders (e.g., primary hypogonadism), cardiovascular disorders (e.g., idiopathic ortho-
static hypotension), psychologic disorders (e.g., panic disorder), pharmacologic
causes (e.g., withdrawal from an adrenergic inhibitor), neurologic disorders (e.g.,
postural orthostatic tachycardia syndrome), and a wide variety of other disorders
(e.g., mast cell disease) (Table 6.1) [32]. Indeed, most patients tested for a
catecholamine-secreting tumor do not have it. In addition, levels of fractionated
catecholamines and metanephrines may be elevated in several clinical scenarios,
including withdrawal from medications or drugs (e.g., clonidine, alcohol), acute
illness (e.g., subarachnoid hemorrhage, migraine headache, preeclampsia), and
administration of many medications (e.g., tricyclic antidepressants, buspirone, and
antipsychotic agents) (Table 6.2) [33].
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Table 6.1 Differential diagnosis of pheochromocytoma-type spells

W. E. Young

Endocrine causes

Carbohydrate intolerance

Hyperadrenergic spells

Hypoglycemia

Pancreatic tumors (e.g., insulinoma)
Pheochromocytoma

Primary hypogonadism (menopausal syndrome)
Thyrotoxicosis

Cardiovascular causes

Angina

Cardiovascular deconditioning
Labile essential hypertension
Orthostatic hypotension
Paroxysmal cardiac arrhythmia
Pulmonary edema

Renovascular disease

Syncope (e.g., vasovagal reaction)

Psychological causes

Factitious (e.g., drugs, Valsalva)
Hyperventilation

Severe anxiety and panic disorders
Somatization disorder

Pharmacologic causes

Chlorpropamide alcohol flush
Combination of a monoamine oxidase inhibitor and a decongestant

Illegal drug ingestion (cocaine, phencyclidine, lysergic acid diethylamide)

Sympathomimetic drug ingestion
Vancomycin (“red man syndrome”)
Withdrawal of adrenergic inhibitor

Neurologic causes

Autonomic neuropathy

Cerebrovascular insufficiency
Diencephalic epilepsy (autonomic seizures)
Migraine headache

Postural orthostatic tachycardia syndrome
Stroke

Other causes

Carcinoid syndrome

Mast cell disease

Recurrent idiopathic anaphylaxis
Unexplained flushing spells
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Table 6.2 Medications that may increase measured levels of fractionated catecholamines and
metanephrines

Tricyclic antidepressants (including cyclobenzaprine)

Levodopa

Buspirone and antipsychotic agents

Serotonin and noradrenaline reuptake inhibitors

Monoamine oxidase inhibitors

Drugs containing adrenergic receptor agonists (e.g., decongestants)

Amphetamines

Prochlorperazine

Reserpine
Withdrawal from clonidine and other drugs (e.g., illicit drugs, ethanol)

Illicit drugs (e.g., cocaine, heroin)

Case Detection Testing

Pheochromocytoma should be suspected in patients who have one or more of the
following:

* Hyperadrenergic spells (e.g., self-limited episodes of nonexertional forceful pal-
pitations, diaphoresis, headache, tremor, or pallor)

e Resistant hypertension

e A familial syndrome that predisposes to catecholamine-secreting tumors (e.g.,
multiple endocrine neoplasia type 2, neurofibromatosis type 1, and von Hippel-
Lindau disease)

* A family history of pheochromocytoma

* An incidentally discovered adrenal mass with imaging characteristics consistent
with pheochromocytoma [34, 35]

e Pressor response during anesthesia, surgery, or angiography

* Onset of hypertension at a young age (e.g., <20 years)

* Idiopathic dilated cardiomyopathy [36]

Measurement of Fractionated Metanephrines
and Catecholamines in Blood and Urine

The diagnosis of PPGL should be confirmed biochemically by the presence of
increased concentrations of fractionated metanephrines and catecholamines in urine
or plasma [33, 37, 38]. The metabolism of catecholamines is primarily intratumoral,
with formation of metanephrine from epinephrine and normetanephrine from nor-
epinephrine [39]. Most laboratories now measure fractionated catecholamines
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(dopamine, norepinephrine, and epinephrine) and fractionated metanephrines
(metanephrine and normetanephrine) by high-performance liquid chromatography
with electrochemical detection or by tandem mass spectrometry [13]. These tech-
niques have overcome the problems with fluorometric analysis, which include false-
positive results caused by a-methyldopa, labetalol, sotalol, and imaging contrast
agents.

At Mayo Clinic, the most reliable case-detection strategy is measurement of
fractionated metanephrines and catecholamines in a 24-h urine collection (sensitiv-
ity, 98%; specificity, 98%) [37, 38, 40]. Some groups have advocated that plasma
fractionated metanephrines should be a first-line test for PPGL [41, 42] because the
predictive value of a negative test is extremely high, and a normal result excludes
PPGL except in patients with early preclinical disease (Fig. 6.2) and those with
strictly dopamine-secreting neoplasms [40]. A plasma test is also attractive because
of simplicity. Although measurement of plasma fractionated metanephrines has a
diagnostic sensitivity of 96% to 100%, the diagnostic specificity at some centers is
suboptimal at 85—-89%; the diagnostic specificity falls to 77% in patients older than
60 years [40, 43, 44]. Because of the suboptimal specificity, it has been estimated
that 97% of patients with hypertension seen in a tertiary care clinic who have plasma
normetanephrine measurements above the reference range will not have a PPGL,
resulting in excessive healthcare expenditures because of subsequent imaging and
potentially inappropriate surgery [43, 45]. The suboptimal specificity of plasma
fractionated metanephrines may be due in part to the setting used for blood sam-
pling—most centers use seated venipuncture in non-fasting patients. Whereas,
obtaining blood from an indwelling cannula after 30 min of supine rest in a fasted
patient improves specificity [33, 46-48]. However, the supine rested indwelling
cannula approach to testing plasma fractionated metanephrines is associated with
increased cost and simply not available at most clinics and hospitals. Thus, the most
reliable initial case detection test for PPGL is a 24-h urine for fractionated meta-
nephrines and catecholamines (Fig. 6.3) [38, 42].

The 24-h urine collection for fractionated metanephrines and catecholamines
should include measurement of urinary creatinine to verify an adequate collection.
The diagnostic cutoffs for most 24-h urinary fractionated metanephrines assays are
based on normal ranges derived from normotensive volunteer reference groups, and
this can result in excessive false-positive test results. For example, in normotensive
laboratory volunteers, the 95th percentiles are 428 pg for normetanephrine and
200 pg for metanephrine, whereas the corresponding values in individuals who are
being tested for pheochromocytoma as part of routine clinical practice but who do
not have the neoplasm are, respectively, 71% and 51% higher than those of the nor-
mal volunteers (<900 pg for normetanephrine and <400 pg for metanephrines) [38].
These higher cutoffs for normality are what is used at Mayo Clinic, and levels above
these cutoffs are considered abnormal, and those patients merit further investigation
for PPGL.

Although it is preferred that patients not receive any medication during the diag-
nostic evaluation, treatment with most medications may be continued. Tricyclic
antidepressants are the drugs that interfere most frequently with the interpretation of
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Fig. 6.3 Diagnostic pathways for detection of pheochromocytoma and paraganglioma based on
clinical presentation and setting. Abbreviations used: HU Hounsfield units, /CU intensive care
unit, PGL paraganglioma, and PPGL pheochromocytoma and paraganglioma

24-h urinary catecholamines and metabolites. To effectively screen for
catecholamine-secreting tumors, treatment with tricyclic antidepressants and other
psychoactive agents listed in Table 6.2 should be tapered and discontinued at least
2 weeks before any hormonal assessments. There are clinical situations for which it
is contraindicated to discontinue certain medications (e.g., antipsychotics), and if
case-detection testing is positive, then CT or MRI of the abdomen and pelvis would
be needed to exclude a catecholamine-secreting tumor. Furthermore, catecholamine
secretion may be appropriately increased in situations of physical stress or illness
(e.g., stroke, myocardial infarction, congestive heart failure) [49, 50]. There are no
reliable reference ranges for fractionated metanephrines or catecholamines in
patients requiring intensive care unit hospitalization. Thus, the best case detection
test for PPGL in the patient in the intensive care unit is CT with contrast of the abdo-
men and pelvis (Fig. 6.3) [50].

Test Selection and Clinical Context

The clinician should assess the relative likelihood of pheochromocytoma in each
patient. Decisions for the type of test performed may be subject to clinical avail-
ability, cost, clinical experience of the ordering physician, and the local laboratory.
If measurement of plasma fractionated metanephrines is performed, a positive test
result in a high-risk setting (such as a genetically predisposed individual or an
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individual with a known adrenal mass with imaging characteristics consistent with
pheochromocytoma) (Fig. 6.3) or a negative result in a low-risk setting (such as a
patient with resistant hypertension) is highly predictive of confirming or refuting the
diagnosis, respectively. However, a negative result in a high-risk setting (such as
testing of a genetically predisposed patient or a patient with a known vascular adre-
nal mass) or a positive result in a low-risk setting (such as resistant hypertension)
must be interpreted with some caution [51]. For example, in the clinical context of
an incidentally discovered 2-cm vascular adrenal mass, PPGL should be suspected
even if measurements of fractionated metanephrines and catecholamines are normal
(Fig. 6.2). The clinician should understand that all PPGLs are “prebiochemical” in
their early stages. Whereas, if the clinical context is a patient with marked parox-
ysms, then if a PPGL is responsible for the paroxysms, the increases in the fraction-
ated metanephrines and catecholamines should be similarly impressive; in this
clinical setting, minimal increases in fractionated metanephrines and catechol-
amines are not consistent with PPGL as the cause for the symptoms. Finally, because
pheochromocytomas are lipid poor, lipid-rich (defined as a precontrast CT attenua-
tion of <10 Hounsfield units) adrenal incidentalomas cannot be pheochromocyto-
mas, and biochemical testing is not needed (Fig. 6.3).

Most of the false-positive test results are due to mild elevations in plasma
normetanephrine or 24-hr urinary normetanephrine (the later when the reference
range is based on normotensive laboratory volunteers rather than patients proven to
not have PPGL). When appropriate cutoffs are used, all patients with abnormal test
results should be evaluated further for possible PPGL. If a patient is taking a medi-
cation (Table 6.2) that could result in the abnormal laboratory value, it should be
tapered and discontinued. Testing can be repeated 3—4 weeks later.

Measurement of 24-h urinary dopamine or plasma dopamine and methoxy-
tyramine can be very useful in detecting the rare tumor with selective dopamine
hypersecretion, because plasma and urine metanephrine fractions are not direct
metabolites of dopamine and may be normal in the setting of a dopamine-secreting
tumor [40, 52-54]. Two additional clinical pearls regarding dopamine-secreting
tumors include the following: they tend to be located in the skull base and neck
(Fig. 6.3), and because of the renal sulfation of dopamine, the 24-h urinary dopa-
mine may be falsely normal, and measurement of plasma catecholamines or
methoxytyramine is indicated (Fig. 6.3).

Other Tests That Have Been Used to Assess
Jor Pheochromocytoma and Paraganglioma

Because of poor overall accuracy in testing for pheochromocytoma, measurement
of plasma catecholamines no longer has a role except to detect dopamine-secreting
paragangliomas [12]. Chromogranin A is stored and released from dense-core
secretory granules of neuroendocrine cells and is increased in 80% of patients with
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pheochromocytoma [55]. Chromogranin A is not specific for pheochromocytoma,
and elevations may be seen with other neuroendocrine tumors [56-58]. The 24-h
urinary vanillylmandelic acid excretion has poor diagnostic sensitivity and specific-
ity compared with fractionated 24-h urinary metanephrines.

The high false-positive rate for plasma fractionated catecholamines and fraction-
ated metanephrines triggered the development of a confirmatory test, the clonidine
suppression test [59]. This test is intended to distinguish between PPGL and false-
positive increases in plasma fractionated catecholamines and metanephrines.
Clonidine is a centrally acting a2-adrenergic receptor agonist that normally sup-
presses the release of catecholamines from neurons but does not affect the catechol-
amine secretion from a pheochromocytoma. Clonidine (0.3 mg) is administered
orally, and plasma fractionated catecholamines or metanephrines are measured
before and 3 h after the dose [60, 61]. In patients with essential hypertension, plasma
catecholamine concentrations decrease (norepinephrine + epinephrine <500 pg/mL
or >50% decrease in norepinephrine), as do plasma normetanephrine concentrations
(into the normal range or >40% decrease) [62]. However, these concentrations
remain increased in patients with pheochromocytoma.

Special Situations

Renal Failure Measurements of urinary catecholamines and metabolites may be
invalid if the patient has advanced kidney disease [63]. Serum chromogranin A
levels have poor diagnostic specificity in these patients [64]. In patients without
PPGL who are receiving hemodialysis, plasma norepinephrine and dopamine
concentrations are increased threefold and twofold above the upper limit of nor-
mal, respectively [65]. However, standard reference ranges can be used for inter-
preting plasma epinephrine concentrations [66]. Therefore, when patients with
renal failure have plasma norepinephrine concentrations more than threefold
above the upper normal limit or epinephrine concentrations greater than the upper
normal limit, PPGL should be suspected. The findings of one study suggested that
plasma concentrations of fractionated metanephrines are increased approximately
twofold in patients with renal failure and may be useful in the biochemical evalu-
ation of patients with marked chronic kidney disease or renal failure [67].
However, the results of an earlier study suggested that concentrations of plasma
fractionated metanephrines could not distinguish between 10 patients with pheo-
chromocytoma and 11 patients with end-stage renal disease who required long-
term hemodialysis [68].

Factitious Pheochromocytoma As with other similar disorders, factitious pheo-
chromocytoma can be very difficult to confirm [69, 70]. The patient usually has a
medical background. The patient may “spike” the 24-h urine container, or the cate-
cholamines may be administered systemically [71, 72].
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Chapter 7
Localization of Pheochromocytoma
and Paraganglioma

Carla B. Harmath and Hatice Savas

Introduction

Located above the kidneys, the adrenal glands are usually inverted Y, V, or T shaped,
routinely identified on computed tomography (CT) and magnetic resonance (MR).
If a pheochromocytoma is clinically suspected or diagnosed, the goal of imaging is
lesion localization, and there are anatomical and functional imaging modalities used
for it. CT is the anatomical modality of choice to identify an adrenal lesion or the
less common extra-adrenal paragangliomas, and MIBG is the most widely used
functional modality. Paragangliomas are frequently intra-abdominal [1], located in
the retroperitoneum near the level of the SMA origin or aortic bifurcation (organ of
Zuckerkandl) [2]. However, they may be encountered anywhere from the base of the
skull to the urinary bladder, as they develop in the chromaffin tissue of the sympa-
thetic nervous system [1], and other common extra-adrenal locations include the
bladder wall, other parts of the retroperitoneum, heart, mediastinum, carotid body,
and glomus jugulare body. MR is an alternate anatomical imaging localization
modality; however, due to the greater availability, better spatial resolution and lower
cost, CT remains the preferred initial anatomical imaging modality. The functional
imaging modalities include nuclear medicine exams with a variety of radiotracers,
including more specific tracers being developed as the biochemical characteristics
of the tumors are better understood.
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Adrenal pheochromocytomas are rarely found as incidental lesions on imaging
exams, and usually if so, they are larger than 4 cm and most with subclinical hyper-
function [3, 4]. Functional tumors can be very small, found to be as small as 5 mm
[5]. Both CT and MR can be used as initial modalities to investigate for a pheochro-
mocytoma or a paraganglioma given their optimal spatial resolution which facilitates
surgical planning and can be helpful in evaluating metastasis and multifocal abdom-
inal lesions. Functional imaging has higher specificity and has great value as a con-
firmatory exam, and also to evaluate the possibility of multifocal lesions in
abdominal and extra-abdominal locations, as well as metastatic lesions. In pediatric
patients a similar imaging algorithm is followed; however, MRI is preferred over
CT due to lack of ionizing radiation, and ultrasound (US) may have a role as the
initial imaging step for evaluation of the adrenal glands.

Imaging Modalities, Imaging Protocols, and Lesion
Characteristics

The imaging modalities for identification and characterization of adrenal pheochro-
mocytoma and paragangliomas can be divided in anatomical and functional as
above. Anatomical modalities include computed tomography, magnetic resonance
imaging, and ultrasound. Functional modalities include traditional gamma emission
nuclear medicine exams such as metaiodobenzylguanidine (MIBG) labeled with
2]odine or "'Todine ('*’I- and "“'I-MIBG), octreotide labeled with ''Indium
(M"In-Octreoscan), and positron-emission tomography (PET) exams using different
PET tracers such as '8Fluorine-flourodeoxyglucose (**F-FDG) and %Gallium (**Ga)
DOTA agents.

Computed Tomography (CT)

Computed tomography is the anatomical imaging modality of choice for the local-
ization of pheochromocytomas and paragangliomas. It is widely available, fast and
has a relative lower cost compared with other imaging modalities such as MRI. The
typical protocol used for CT imaging of the adrenal gland includes thin section
images (3 mm or less), with a three-phase acquisition: initial non-contrast study,
followed by an intravenous contrast-enhanced exam at the portal venous phase (usu-
ally about 70 s after intravenous contrast administration), and a 15-min delayed
exam to evaluate the enhancement washout pattern of the adrenal lesion. The goal
of the three-phase exam is to attempt characterization of other potential coincidental
adrenal lesions such as adenomas, myelolipomas, and cysts. Each of the phases can
be obtained in less than 1 min with the current multislice detector capabilities of
CT. This markedly decreases potential respiratory motion artifact and allows for
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Fig. 7.1 Triphasic CT adrenal protocol. (a) Non-contrast axial image demonstrating a low attenu-
ation mass in the right adrenal gland (arrow). (b) Post-contrast image demonstrating heteroge-
neous enhancement. (¢) 15-min delayed phase image; the lesion “washes out” but not to the same
degree expected for an adrenal adenoma. This was surgically removed with the pathologic diagno-
sis of pheochromocytoma

visualization and characterization of small lesions. CT images have the advantage
of their excellent spatial resolution, and the ability of reconstructing the obtained
axial images in different planes, facilitating surgical planning. However, it does
involve ionizing radiation and includes the use of iodinated contrast, which can be
detrimental to renal function and is not recommended for patients with renal insuf-
ficiency, especially on those with a glomerular filtration rate of less than 30 ml/
min/1.73m?. In patients with decreased renal function, a single-phase non-contrast
exam can be obtained, with the goal of identifying an adrenal or extra-adrenal mass,
with the aid of functional modalities for further characterization. There was a theo-
retical concern of eliciting a hypertensive crisis when giving CT ionic iodinated
contrast to patients with pheochromocytoma. However, more recent studies have
demonstrated safety of the current nonionic iodinated contrasts [4, 6, 7]. The use of
oral contrast is not universal for the CT adrenal protocol; however, it may be helpful
in differentiating an extra-adrenal lesion from unopacified bowel. Oral neutral con-
trast, such as low suspension barium (Volumen™), or regular barium may be used.
The radiation dose for a three-phase CT exam of the abdomen will vary. Newer
scanners use strategies such as modulation to adjust the radiation dose to the body
part to be scanned and patient’s body mass index (BMI) [8]. The effective radiation
dose can be calculated by multiplying the dose length product (DLP), which is basi-
cally the radiation output of the scanner, by a conversion factor of 0.015 for the
abdomen and pelvis. The average DLP for the three-phase adrenal CT protocol is of
1100 milligray cm (mGycm), or approximately 16.5 mSv effective dose (note
1 mGy = Imilisievert, or I mSv). For reference, the average effective radiation dose
for a routine CT scan of the abdomen is of 10 mSv, and the effective radiation dose
of a two-view chest X-ray (posterior-anterior and lateral) is of 0.06 mSv [9].
Background cosmic radiation at ground level is 0.06 pS.

On CT pheochromocytomas commonly present as a round, well-circumscribed,
homogenous soft tissue mass, usually greater than 3 cm upon discovery [10]. The
lesion usually has soft tissue attenuation greater than 10 Hounsfield units (Fig. 7.1).
However, the appearance can vary widely, and lesions can contain macroscopic fat,
a typical feature of adrenal myelolipomas, or can have enough intracellular lipid to
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mimic adenomas, with a non-contrast CT density of 10 or less HU. They can have
cystic degeneration and calcification and can also hemorrhage [1], which are non-
specific features and can be seen with adrenocorticocarcinomas and metastasis.
They are usually unilateral and benign, but bilateral and malignant pheochromocy-
tomas are found in up to 10% of the cases [2].

Following intravenous contrast they typically enhance avidly, but often heteroge-
neously, mostly due to areas of cystic degeneration. These degenerated areas show
no enhancement although the associated thickened septaec and wall do enhance
(Fig. 7.1). The 15-min delayed CT exam, routinely used to characterize adrenal
adenomatous versus non-adenomatous lesions due to their enhancement washout
characteristics, is not always reliable as some pheochromocytomas may wash out to
the same degree and therefore mimic adenoma [11, 12]. This was demonstrated in
as many as 33% of the cases in some series [13, 14]. Therefore pheochromocytomas
have nonspecific CT imaging characteristics [14], and their CT appearance overlaps
with that of other adrenal lesions. So when looking for a pheochromocytoma, if an
adrenal lesion with imaging characteristics of an adenoma or myelolipoma is identi-
fied, further imaging with functional characterization should be sought for confir-
mation [15].

Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging has the advantage of no ionizing radiation for the
acquisition of images. However, the acquisition is longer, and several different
imaging series are required for an exam to be completed. Even with the current
technology, most exams take 20 min or longer to be completed. The usual MRI
adrenal protocol usually includes contrast media, which is gadolinium based, and
not iodine based as is the case with CT exams. Gadolinium-based agents have the
advantage of being safe in patients with allergy to the CT iodinated contrasts; how-
ever, some gadolinium based contrast agents may be unsafe in patients with renal
failure, not due to toxic effects on the renal function, but due to the potential devel-
opment of nephrogenic systemic sclerosis (NSF). Additionally, there have been
reports of gadolinium deposition in the brain of patients who had

undergone contrast enhanced MRI exams in the past.

A typical MRI protocol for adrenal imaging includes fat-saturated T1 weighted
images with and without contrast, T2 weighted images with and without fat satura-
tion, and in- and out-phase imaging. Acquisitions are usually performed on both the
axial and coronal planes. Diffusion-weighted sequences are part of most protocols,
predominantly in academic centers. MRI is more costly and involves several breath
holds, which can be difficult to tolerate for some patients. The currently available
MRI bore diameters can be claustrophobic to some patients. Open MRI scanners
would not be recommended as their resolution can be significant lower, limiting the
visualization of the adrenal glands. In general the spatial resolution of MRI is still
lower than most CT exams; however, MRI has greater tissue resolution in MRI
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Fig. 7.2 MRI images of a typical pheochromocytoma. (a) T2WI images: a right adrenal pheo-
chromocytoma (¥) with high signal, similar to the fluid in the stomach (S) and cerebral spinal fluid
(blue arrow). (b) T2WI with fat saturation: redemonstrating the high T2 signal of the pheochromo-
cytoma. (¢) TIWI with fat saturation: slightly heterogeneous low signal in the pheochromocytoma.
(d) TIWI post-contrast fat-saturated image: the pheochromocytoma enhances heterogeneously

compared with CT (i.e., tissues of different quality such as the fluid and muscle, e.g.,
have a very different appearance), and this may help differentiate lesion patterns.
The typical MRI appearance of pheochromocytomas is always described as a
well-circumscribed lesion with bright signal on T2 weighted images, with signal
greater than fat and approximating fluid, and low signal, isointense to the muscle
and hypointense to the liver in T1 weighted images [16]. Following contrast, the
lesion avidly enhances, and this MRI appearance is also known as “light bulb.”
Unfortunately this so-called “light bulb” appearance is reported to be seen in
10-66% of the cases in some series [1, 4, 11, 16] (Fig. 7.2). Typically they are lipid
poor and do not drop in signal (i.e., have a darker appearance) on the out-of-phase
imaging compared with the in-phase imaging, which is a usual feature of lipid-rich
adenomas. Occasionally, pheochromocytomas can have drop in signal when there is
intralesional fat degeneration, but usually the observed drop in signal is minimal,
unlike adenomas in which the drop in signal is more extensive and uniform. When
the lesions have large areas of fat degeneration, these can be seen as macroscopic
fat, a characteristic feature of myelolipomas, confusing the imaging diagnosis, as
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can happen on the CT exam [14]. MRI can demonstrate several prominent tumor
vessels within pheochromocytomas, resulting in a salt and pepper appearance on T2
weighted images due to flow void effects.

Ultrasound (US)

Ultrasound is a portable imaging modality of low cost, without associated ionizing
radiation. Ultrasonography is not a reliable imaging modality for the investigation
of pheochromocytomas in adults, as often the adrenal glands and retroperitoneum
are not well visualized. This modality is very dependent on the patient’s body habi-
tus, as well as the expertise of the technologist or physician performing the exam.
When encountering a suprarenal lesion on ultrasound in adults, it can be difficult to
ascertain its adrenal origin. When visible, the sonographic appearance of pheochro-
mocytomas on US is usually a round and well-circumscribed lesion, isoechoic or
hypoechoic to the adjacent renal parenchyma. As on CT and MRI, the lesion can
vary widely in appearance. It can have cystic degeneration, which is seen as anechoic
areas with or without low-level internal echoes; calcifications, which can be seen as
echogenic areas with posterior acoustic shadowing; and hemorrhage, which is usu-
ally homogeneously or heterogeneously echogenic, but not shadowing. A single
lesion may have a combination of these features. In children the modality can be
very helpful as retroperitoneal masses such as those of adrenal origin are better
detected given the patient’s smaller body habitus. Contrast-enhanced ultrasound
(CEUS) has been used in Europe and more recently approved for use in the United
States; however, there has been little documentation on their value evaluating the
adrenal glands. The currently available literature describes the potential value of
adrenal lesion evaluation with CEUS in children with von Hippel-Lindau syndrome:
an adrenal pheochromocytoma investigated with this modality demonstrated
enhancement of the solid component of the lesion similar to the hepatic enhance-
ment. Moreover, the benefits of US for the pediatric population include the advan-
tage of not using ionizing radiation needed for the CT exams, nor requiring sedation,
as usually necessary for MRI exams [17]. It may be a promising modality for the
routine screening in syndromic patients.

Functional Imaging

Functional imaging aims to localize the lesion by focusing on the biochemical
characteristics of the pheochromocytomas and paragangliomas. An intravenously
injected radioactive tracer tailored to specific biochemical steps of the lesion will
be uptaken by the primary tumor as well as the well-differentiated metastases.
Tracers used in the functional imaging of pheochromocytomas and paragangliomas
use the pathways of catecholamine synthesis, storage, and secretion for lesion
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detection. In the recent years, besides traditional nuclear medicine studies, there
has been great progress in molecular imaging and positron-emission tomography
(PET) with the increased knowledge of the specific biochemical characteristics of
pheochromocytomas, especially those associated with syndromes [18]. With this
knowledge, new radiotracers and radiopharmaceuticals have evolved for the local-
ization and detection of these lesions. Gamma emitters *'Todine- and **Iodine-
labeled metaiodobenzylguanidine ('*'I-MIBG and 'I-MIBG) and PET tracers
8F]uorine-fluorodopamine (*¥F-FDA), '®Fluorine-fluorodihydroxyphenylalanine
(8F-FDOPA), and "'C-hydroxyephedrine PET (HED PET) are radiotracers associ-
ated with the catecholamine production pathways. Somatostatin receptor binding
mechanism agents include '''Indium-pentetreotide as a gamma emitter and
%Gallium-labeled somatostatin analog peptides (*Ga-DOTA-TOC, %Ga-DOTA-
NOC, %Ga-DOTA-TATE) as PET agents. The %Gallium agents have been available
in Europe for almost a decade, and ®®*Ga-DOTA-TATE has been FDA approved for
clinical use in the United States in June 2016. A third category imaging agent is of
8F]uorine-flourodeoxyglucose (**F-FDG), which is a glucose analog and widely
available [19].

Functional Imaging Approach

MIBG: MIBG scintigraphy has been the first line and most commonly used molecu-
lar imaging modality for paragangliomas for years [20]. It is a norepinephrine ana-
log and useful to detect the tumors that arise from the embryologic precursors of the
sympathetic nervous system, particularly the neural crest cells. It uses the cell mem-
brane norepinephrine transporter (NET) to enter the cells. Once inside the cell, it is
transported and stored in the presynaptic neurosecretory granules via the vesicular
monoamine transporter 1 (VMAT1) [21].

The normal distribution of the MIBG includes the heart, salivary glands, spleen,
and adrenal medulla. It is also uptaken by tumors containing adrenergic and neuro-
blastic tissues, due to rich adrenergic innervation. MIBG can be labeled with either
B1odine or '**ITodine. The '*’I-labeled MIBG has lower radiation and higher image
quality than the B'I, with high sensitivity especially with the use of SPECT-SPECT/
CT [22]. 2¥311-MIBG can be uptaken by the pheochromocytomas that arise in the
chromaffin cells of the adrenal medulla (85% of the lesions) and by the 15% extra-
adrenal tumors (paragangliomas), arising in chromaffin cells mainly along the aorta
and in the neck. The sensitivity of MIBG may be lower in metastatic paraganglio-
mas due to dedifferentiation of VMAT receptors in the metastatic tissue [23]. It has
been also suggested that the sensitivity of MIBG is lower in the head and neck
paragangliomas due to under-expression of VMAT1 receptors in these tumors [24].

The usual radiopharmaceutical doses for the MIBG exam are of 40-80 MBq
(1.2-2.2 mCi) for ¥11-MIBG and 400 MBq (10.8 mCi) for '*I-MIBG. After intra-
venous administration of the radiolabeled MIBG, whole-body imaging is usually
obtained at 4-24 h and may be delayed up to 48 or 72 h (Fig. 7.3). The hybrid imag-
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Fig. 7.3 '»I-labeled MIBG imaging with 24 h and 48 h anterior and posterior views. There is
physiologic accumulation of the radiotracer in the salivary glands, nasal mucosa, liver, gastrointes-
tinal tract, and urinary bladder. However, there are multiple additional sites of abnormal tracer
accumulation in the abdomen and chest, including a large focus in the left mid abdomen, consistent
with metastatic pheochromocytoma (arrows)

ing with a single-photon emission computed tomography (SPECT) or SPECT/CT
improves anatomical localization and increases the sensitivity, specificity, diagnos-
tic accuracy, and reader agreement for the exam (Fig. 7.3). The sensitivity of MIBG
ranges from 80% to 90% in the detection of pheochromocytomas, and the specific-
ity ranges from 90% to 100% [2]. The one important point in the clinical practice is
that MIBG has well-known drug interactions due to its cellular mechanism.
Therefore a careful drug history should be obtained with specific attention to tricy-
clic antidepressant, cocaine, alpha- and beta-blocker labetalol, calcium channel
blockers, and sympathomimetics, among others. Upon consultation with the refer-
ring physician, the interfering drugs should be withheld, if possible, for an adequate
time prior imaging [25]. In addition, thyroid blockade with nonradioactive aqueous
iodine, also known as Lugol’s solution, or potassium iodide/perchlorate should be
done prior to imaging.

MIBG imaging is commonly used for detection of pheochromocytoma but also
detects neuroblastomas and several other tumors including carcinoid tumors and
medullary thyroid carcinomas. Overall, based on the recommendations, '**I-labeled
MIBG is the first line of choice given the more favorable dosimetry and better image
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quality which allows an accurate anatomical localization by the use of SPECT/CT
hybrid systems. The *'I-MIBG is widely available and is preferred due to the pos-
sibility of obtaining delayed scans. In addition, '*'I-MIBG should be the choice if
estimation of tumor uptake and retention measurement is required for MIBG ther-
apy planning [25].

Octreoscan: '"Indium-pentetreotide (Octreoscan) scintigraphy is another method
to image pheochromocytomas and paragangliomas. It binds to somatostatin recep-
tors (SSR), which are expressed in paragangliomas. There are five different SSR
subtypes, and ''In-pentetreotide binds to SSR types 2, 3, and 5, with the highest
affinity to SSR2 and SSRS [26]. In general practice '''In-pentetreotide scintigraphy
is less preferred method than '>I-MIBG to detect adrenal paraganglioma due to
lesser sensitivity. It has somewhat higher sensitivity to detect metastatic disease and
head and neck paragangliomas than the primary adrenal lesions, most likely due to
higher somatostatin receptor expression in the lesions. The imaging protocol is
5 mCi (185 MBq) of the radiopharmaceutical given intravenously and whole-body
imaging performed at 4 and 24 h after the injection (Fig. 7.4). The Octreoscan sen-
sitivity is of 75-90% for pheochromocytomas and paragangliomas.

Overall, MIBG and Octreoscan are complementary, as 50% of pheochromocy-
tomas are seen with both agents, about 25% only with MIBG and 25% with octreo-
tide [2].

PET imaging: There are several PET agents to image pheochromocytomas and
paragangliomas. With recent tremendous developments of new agents for positron
imaging, besides detection of the primary and metastatic tumors, there are very
promising results for personalized radioisotope targeted treatment with peptide
receptor radionuclide therapy (PRRT). The new tracers help to better understand the
tumor characteristics as well as to predict and follow up the response to therapy.
PET imaging has also several additional advantages including high spatial and tem-
poral resolutions, relatively short half-life of the tracers, and quantitative measure-
ments which may be helpful on follow-up and assessment of therapy response.

BE-FDG (fluorine-18-2-fluoro-2-deoxy-D-glucose) is the most common PET
tracer and has been successfully used in oncology, including in paragangliomas [27]
(Fig. 7.5). It is a glucose analog and uses glucose transporters to enter the cells. The
imaging is based on the fact that tumor cells have increased glucose metabolism
than the most cells in the body and there is increased transporter activity in the
tumor cells as well. Once inside the cell, it undergoes phosphorylation by hexoki-
nase to become 'SF-FDG-6P and is then trapped in the cell. Overall, the high FDG
avidity indicates high glucose metabolism and high aggressiveness. FDG avidity is
greater for the malignant than for the benign pheochromocytomas. It has been sug-
gested that FDG PET is especially useful in defining the distribution of those pheo-
chromocytomas that fail to concentrate MIBG. '8F-FDG PET is preferred for poorly
differentiated neoplasms with loss of neuroendocrine features [27].

Somatostatin receptor (SSR) PET/CT imaging with ®*Gallium-DOTA peptides,
more specifically ®Gallium DOTATATE, is highly sensitive for imaging diagnosis
and staging of neuroendocrine tumors [28] (Fig. 7.6). The synthesis of this tracer
does not require an on-site cyclotron. ¥Gallium (®®Ga) has a physical half-life of
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Fig. 7.4 (a, b) 24-h whole-body Octreoscan with anterior and posterior views. There is physio-
logic radiotracer in the kidneys, liver, bladder, and bowel. A large activity in the left adrenal gland
and several small foci in the abdomen and mediastinum are due to metastatic pheochromocytoma.
(¢) An axial SPECT-CT fused image demonstrating tracer uptake localizing in the left adrenal
pheochromocytoma (asterisk)

68.3 min and is eluted from an in-house %*Ge-generator by electron capture with a
physical half-life of 270.8 days [29]. It consists of the somatostatin analog tyrosine-
3-octreotate (TATE) labeled with ®Ga via the macrocyclic chelating agent dodec-
anetetraacetic acid (DOTA) conjugate. Although they use the same mechanism of
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Fig. 7.5 "“F-FDG PET/CT
axial fused image
demonstrating activity in
the right adrenal
pheochromocytoma
(asterisk)

Fig. 7.6 °Ga DOTATATE PET/CT. (a) Axial and (b) coronal fused images; (¢) axial and (d) coro-
nal PET only images demonstrating radiotracer uptake (arrow) in the right neck and skull base near
the jugular foramen, at areas of recurrent pheochromocytoma. (Image courtesy of Corina Millo,
MD)
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uptake, ¥Ga-DOTA PET imaging has several advantages over the '''In-octreotide
gamma imaging including higher sensitivity and specificity, detecting significantly
more lesions, lower radiation exposure, and shorter image time with approximately
2 h as compared with 24 h of imaging with octreotide [30]. ®*Ga DOTATATE has
higher sensitivity than F18 FDG, 96.2% vs 91.4% respectively.

Additional molecular agents used in PET imaging of pheochromocytomas and
paragangliomasare '*F-fluorodopamine (FDA)and '8F-fluorodihydroxyphenylalanine
(DOPA). In particular, 'F-DOPA is a useful PET tracer for the imaging of paragan-
gliomas, because these tumors have the ability to accumulate and decarboxylate
biogenic amines such as levo-DOPA. Once taken into the cell by the amino acid
transporter, it is decarboxylated into 'F-DOPAmine and trapped intracellularly in
storage granules by the vesicular monoamine transporter. Studies demonstrated that
the "8F-DOPA has larger percentage of accumulation in pheochromocytomas and
paragangliomas than 'SF-FDG [31]. The sensitivity and specificity of '*F-DOPA
PET or PET/CT in patients with pheochromocytoma and paraganglioma range from
77% to 100% and 75% to 100%, respectively [32].

PET imaging can also be performed with ''Carbon-hydroxyephedrine PET
(HED PET). It is a catecholamine substrate analog with similar pathway to the neu-
rotransmitter norepinephrine, which has higher sensitivity (91%) and specificity in
detecting pheochromocytoma than MIBG scintigraphy [33]. Norepinephrine trans-
porters selectively and rapidly transport it into sympathetic neuron, accumulating in
organs with sympathetic innervation [34, 35]. Because of its short half-life of
20.4 min, '"'C requires an on-site cyclotron limiting the routine clinical use of
""C-hydroxyephedrine PET imaging [31].

Conclusion

The imaging diagnosis and localization of pheochromocytomas and paraganglio-
mas can be challenging. When there is clinical evidence of the presence of a pheo-
chromocytoma, initial anatomical localization of the lesion with abdominal CT
exam or MRI can be performed, and subsequently or simultaneously functional
imaging could be obtained for confirmation, especially in cases where the imaging
appearance overlaps with that of benign lesions such as adrenal adenomas and adre-
nal myelolipomas. Additionally, functional imaging aids the diagnosis of lesions in
less typical locations, as well as evaluation of metastatic lesions. Anatomical imag-
ing facilitates detailed lesion depiction for surgical planning.

As the knowledge of biochemical characteristics of these tumors progresses,
more specific tracers are developed for functional imaging. While the most frequent
incidental adrenal lesion is a nonfunctioning adenoma, when encountering an inci-
dental adrenal lesion, biochemical correlation should be performed to exclude a
hypofunctioning pheochromocytoma as a possible etiology.
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Chapter 8
Medical Management
of Pheochromocytoma

Daniel J. Toft and Mark E. Molitch

Introduction

Once a patient has been diagnosed with a catecholamine-secreting pheochromocy-
toma/paraganglioma, it is important to treat such a patient with the goals of (1)
normalizing the blood pressure (BP) in those who are hypertensive, (2) controlling
any tachyarrhythmias, and (3) readying the patient for surgery [1-3]. The untreated
patient undergoing surgery is subject to severe BP elevations and arrhythmias dur-
ing surgery as well as postoperative hypotension due to the sudden loss of the vaso-
constrictive effect of the now reduced catecholamine levels. Although there are no
true prospective, randomized controlled studies comparing treated vs. untreated/
placebo-treated patients with respect to surgical outcomes [1, 4], it is the general
consensus that such treatment lowers surgical morbidity/mortality [1-3].
a-Adrenergic receptor blockade forms the backbone of such therapy, and both non-
selective blockers such as phenoxybenzamine and phentolamine and selective a;
blockers have been used. There is less experience with calcium channel blockers for
blood pressure reduction used either alone or as additional agents. f-Adrenergic
blockers are often added after a-adrenergic blockade is achieved to control tachy-
cardia and/or arrhythmias. Metyrosine, an inhibitor of catecholamine synthesis, has
been used most often in cases refractory to conventional adrenergic blockade.
Occasional patients with pheochromocytomas and paragangliomas develop
hypertensive emergencies, some spontaneously, and others in the setting of surgery
performed for other reasons or during the pheochromocytoma/paraganglioma sur-
gery itself. These hypertensive crises require emergent treatment with intravenous
a-adrenergic blockade and other antihypertensive modalities. Fortunately, malignant
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tumors are rare but require specific treatment for the tumor itself as well as long-
term control of the hyperadrenergic state.

Medications Used for the Treatment of Pheochromocytomas/
Paragangliomas

Nonselective a-Adrenergic Receptor Blockade

Phenoxybenzamine binds to both a;- and a,-adrenergic receptors irreversibly and
has a half-life of 24 h but is not available in all countries [4]. It is generally started
at a dose of 10 mg twice daily and gradually increased over several days to achieve
a target BP of <130/80 mmHg while seated with a drop on standing to no less than
90 mmHg systolic [1-3]. The usual dose needed is in the 40-60 mg/day range [2].
Although a maximum dose of 1 mg/kg has been suggested [1, 2], doses as high as
150 mg/day have been given [5]. Livingstone et al. reported a significant correlation
of preoperative phenoxybenzamine dose and intraoperative stability, and their pre-
operative doses gradually increased from 59 mg/day to 106 mg/day over a 20-year
period [5]. In some studies, the doses necessary to control the BP correlated with the
degree of pretreatment catecholamine elevation [6, 7]. Adverse effects of phenoxy-
benzamine include postural hypotension with symptoms of tachycardia and light-
headedness, nasal stuffiness, mental ‘“spaciness,” lassitude, and inhibition of
ejaculation [2], all of which are dose dependent. Once the BP goals have been
achieved, the medication should be continued at this dose for 7-14 days prior to
surgery to ensure cardiovascular stability during surgery [1-3]. Because of its long
half-life, some clinicians give the last dose the evening prior to surgery in an effort
to avoid postoperative hypotension, but others continue the medication up to the
morning of surgery.

Although it is widely recognized that an increase in salt and fluid intake during
these 7-14 days will restore diminished plasma volume and help to stabilize BP
during surgery and to prevent postoperative hypotension [3], this latter effect has
been questioned, and Lentschener et al. suggest that postoperative hypotension is
more likely due to the prolonged effect of phenoxybenzamine [4]. Intra- and
postoperative instability are more common in patients with higher catecholamine
levels [6, 7].

Selective a;-Adrenergic Receptor Blockade

To avoid the prolonged action of phenoxybenzamine, the selective o;-adrenergic
receptor blockers, doxazosin and prazosin, which have shorter half-lives, have been
tried in patients with these tumors. Prys-Roberts and Farndon found that doxazosin,
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given in doses of 2—16 mg once daily, was as effective as phenoxybenzamine in
controlling BP and heart rate during surgery but had fewer adverse effects before
and during surgery [8]. The doses of doxazosin correlated with the pretreatment
levels of urinary norepinephrine [8]. Similar results were found by others for doxa-
zosin [9, 10], but a prospective study comparing phenoxybenzamine to prazosin
found better control with phenoxybenzamine [11], while a retrospective study found
no differences for outcomes in comparing all three drugs [12]. On the other hand,
Kiernan et al. found a significantly higher number of intraoperative hypertensive
episodes in patients who had been treated with selective o;-adrenergic blockers,
mostly doxazosin, compared to those treated with phenoxybenzamine [13], presum-
ably since catecholamine surges could overcome the competitive blockade induced
by doxazosin.

Metyrosine

Metyrosine (a-methyl-p-tyrosine) is an inhibitor of tyrosine hydroxylase, the rate-
limiting step in catecholamine synthesis, reducing catecholamine production by
these tumors. Although there have been no series reported in which metyrosine was
used as monotherapy, it has been used in conjunction with phenoxybenzamine and
prazosin with reported benefits of better intraoperative BP control and reduced car-
diovascular complications when compared to patients receiving a-adrenergic recep-
tor blockade alone [13-15]. Adverse effects include somnolence, bizarre dreams,
visual hallucinations, confusion, and depression [14]. Metyrosine is not used as
monotherapy [3]; however, some centers use metyrosine routinely along with
phenoxybenzamine [16]. Metyrosine is not available in all countries and is costly.

Calcium Channel Blockers

Calcium channel blockers (CCB) have also been added to adrenergic receptor
blocking agents to aid in BP control and tachyarrhythmias and have been used
uncommonly as monotherapy if patients are intolerant of adrenergic receptor
blockade [1-3]. In a retrospective analysis, Brunaud et al. found that patients
treated with the CCB nicardipine as monotherapy had significantly higher preop-
erative BPs and greater intraoperative hypertension, but less intraoperative hypo-
tension, compared to those treated with only a-adrenergic receptor blockade [17].
The starting dose of nicardipine is 30 mg twice daily; amlodipine (1-20 mg daily),
nifedipine extended release (30-90 mg daily), and verapamil (180-540 mg daily)
can also be used [18].
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B-Adrenergic Receptor Blockade

B-Adrenergic receptor blockers are added to control tachycardia and anesthesia-
related arrhythmias [3]. It is critical that a-blockade be fully established before
starting a 3-blocker to avoid unopposed a-adrenergic stimulation with vasoconstric-
tion and an increase in BP [1-3]. Although labetalol has some a-adrenergic receptor
blocking activity, its B-blocking activity is fivefold higher, so that it should not be
used as monotherapy, and hypertensive crises have been reported with its use as a
sole agent [3]. While carvedilol has superior a;-receptor antagonism compared to
labetalol, carvedilol is inferior to pure alpha receptor agents and also should not be
used as monotherapy [19, 20]. Any p-blocker will suffice, and there is no preference
for P;-selective blockers [3]. Propranolol in modest doses usually suffices.

Volume Replacement

The prolonged vasoconstriction caused by the excessive catecholamines is thought
to cause a state of volume contraction. Then when a-adrenergic receptor block is
carried out with relaxation of the vessels, volume expansion is needed, and it is
recommended that patients follow a high-salt diet and increase fluid intake [1-3].
This fluid replacement helps to minimize preoperative orthostatic hypotension and
postoperative hypotension [1-3], as well as stabilizing the BP during surgery.

Special Cases

Normotensive Patients

Although there is some controversy as to whether normotensive patients with dem-
onstrated hypersecreting pheochromocytomas/paragangliomas need the same med-
ical treatment prior to surgery as do hypertensive patients, consensus is strong that
all pheochromocytoma patients should be treated with adrenergic blockade. Shao
et al. found no significant differences in intraoperative hemodynamics in 38 normo-
tensive pheochromocytoma patients treated with doxazosin compared to 21 normo-
tensive pheochromocytoma patients not treated with any medication [21]. Lafont
et al. found hemodynamic instability to be similar in those pheochromocytoma
patients with hypertension compared to those with normotension but did not find
that hemodynamic instability differed in normotensive patients who received medi-
cal treatment with prazosin compared to those who did not, but the numbers were
small [22]. Nonetheless, the Endocrine Society Guideline still recommends treat-
ment of the normotensive patient with a-adrenergic receptor blockers and/or cal-
cium channel blockers to prevent BP surges during surgery [3], and this seems to be
a reasonable recommendation.
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Patients with Catecholamine Cardiomyopathy

Acute and chronic myocardial damage can occur in patients with pheochromocy-
tomas and paragangliomas [23]. This damage can occur from direct toxic effects
of the catecholamines on the myocardium and from an outstripping of oxygen
supply by oxygen demand because of catecholamine-induced coronary vasocon-
striction or platelet aggregation [23]. As a result, patients may develop a severe
left ventricular dysfunction and may have a Takotsubo-like contractile pattern
(systolic ballooning of the apical and midportions of the left ventricle and
severely depressed ejection fraction) [23]. Giavarini et al. found that 15 (11%) of
the 140 newly diagnosed patients with pheochromocytomas/paragangliomas
cared for between 2003 and 2012 experienced an acute episode of cardiorespira-
tory failure [24]. Of these 15, 12 presented in acute pulmonary edema with 10
progressing to cardiogenic shock. In the three patients without pulmonary edema,
two had severe chest pain with stable hemodynamics and one had congestive
heart failure. Twelve of the 15 were hypertensive and tachycardic and 3 were
normotensive. Severe left ventricular systolic dysfunction was found in all 13 of
those who had echocardiograms. Electrocardiograms were performed in 14
patients, with findings of acute ischemia/infarction in 7 and ST segment depres-
sion and/or diffuse T wave inversion in the other 7. Troponin values were high in
12 of the 13 in whom these were done. Despite these findings, coronary arteriog-
raphy was normal in the 11 patients in whom this was performed. All 15 patients
recovered clinically with institution of a;-blockade with prazosin and p-blockade.
In the 11 patients for whom echocardiography was performed before and after
medical therapy before surgery, the left ventricular ejection fraction increased
from 30% to 70%. When comparing those with and without cardiomyopathy,
these investigators found no differences in sex, age, history of alcohol abuse,
prevalence of adrenergic symptoms, other cardiovascular risk factors, tumor
number and size, metanephrine and normetanephrine excretion, and the distribu-
tion of mutations. However, the acute cardiac episode was precipitated by nonad-
renal surgery in five cases, by physical exercise in two patients, and by respiratory
infections in two patients [24].

Patients with pheochromocytomas/paragangliomas who have any element of
heart failure are at risk for progression to cardiogenic shock and therefore need
emergent, aggressive management in an intensive care unit (ICU). In a systematic
review, Batisse-Lignier et al. reported that patients who develop an acute cardiomy-
opathy have a 7.6% in-hospital mortality rate and a 51% cardiogenic shock rate at
initial presentation [25]. Progressive a-adrenergic blockade with subsequent
B-adrenergic blockade are important early therapeutic modalities along with stan-
dard aggressive supportive measures for such patients in an effort to restore normal
cardiac function before proceeding to surgery [24, 26].
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Patients with Exclusively Dopamine-Secreting
Pheochromocytomas

Pheochromocytomas that secrete dopamine exclusively are very rare [27]. However,
the diagnosis could be missed if routine catecholamine screening does not include
dopamine. Although some of these patients present with more typical pheochromo-
cytoma symptoms/signs, they may also be completely asymptomatic [27]. Almost
all reported cases are malignant [27]. Dopamine has a vasodilatory action through
dopamine receptors when the circulating levels are low but at higher levels releases
NE from SNEs and directly stimulates adrenergic receptors thereby raising the
BP. Administration of an a-adrenergic receptor blocking agent to such patients may
cause hypotension and has even been reported to cause cardiovascular collapse [27].
Dopamine measurement should be a part of catecholamine screening for adrenal
masses.

Patients with Acute Hypertensive Emergencies

The prevalence of pheochromocytoma crisis is unknown, but in case series of
patients undergoing adrenalectomy for pheochromocytoma, the incidence of hyper-
tensive emergency has been reported to be up to 15% [28, 29]. Hypertensive emer-
gencies may occur spontaneously in patients with pheochromocytoma/
paraganglioma, but catecholamine release leading to end-organ damage may also be
provoked in patients with these tumors by adrenal biopsy, pregnancy, anesthesia for
minor surgery, glucocorticoids or glucagon administration, or spontaneous tumor
infarct [30-36]. Patients may first present with myocardial infarction or shock due
to pheochromocytoma crisis; there are many case reports of new onset Takotsubo
cardiomyopathy and heart failure in patients who are later found to harbor previ-
ously undiagnosed pheochromocytoma [37-40]. A summary of antihypertensive
medications and typical starting doses are listed in Table 8.1.

There are no clinical trials to guide the management of pheochromocytoma
hypertensive crisis, but there are expert guidelines based on case series to help the
clinician [41, 42]. As with any patient with end-organ damage due to hypertension,
treatment should take place in an ICU with continuous arterial pressure monitoring
to allow for appropriate titration of short-acting intravenous medication.
Phentolamine is preferred for its nonselective competitive alpha receptor blockade.
The half-life of phentolamine is approximately 19 min; a starting dose of 1 mg/hr is
typical; however, required doses of up to 40 mg/hr have been reported [43, 44]. The
short-acting selective al blocker prazosin may be used as well. In Europe, urapidil,
which possesses o;-receptor antagonist, SHT,,-receptor agonist, and weak f-
receptor antagonist activity, has been used to successfully prepare patients with
pheochromocytoma for surgery [45, 46]. Both oral and intravenous formulations of
urapidil exist; however, urapidil is not available for use in the United States. Calcium
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Table 8.1 Antihypertensive medications used for the treatment of pheochromocytoma/
paraganglioma

Approximate
Mechanism of action Starting dose cost*
Phenoxybenzamine | o;- and a,-adrenergic receptor 10 mg twice daily | $7000/30
noncompetitive inhibition tablets
Doxazosin a;-adrenergic receptor competitive 2 mg daily $20/30 tablets
inhibition
Prazosin 2 mg twice daily | $40/60 tablets
Metyrosine Tyrosine hydroxylase inhibition 250 mg every 6 h | $20,000/60
tablets
Nicardipine Calcium channel blocker 30 mg twice daily | $140/60
tablets
Nifedipine 30 mg daily $20/30 tablets
Amlodipine 10 mg daily $10/30 tablets
Verapamil 180 mg daily $30/30 tablets
Urapidil oy-receptor competitive antagonist, 25 mg IVPB or NA
SHT, ,-receptor agonist, and weak 10 mg/h IV
f3;-receptor antagonist infusion
Phentolamine Nonselective competitive a-receptor 1 mg/h IV $510/5 mg
inhibition infusion
Nicardipine Calcium channel blocker Smg/hlV $114/20 mg
infusion
Magnesium sulfate | Calcium receptor antagonist 2 ¢ IVPB $7/20 g
followed by 1 g/h
IV infusion

aUS dollar. Lexi-Drugs. Lexicomp Online. Hudson, OH: Wolters Kluwer Health, Inc. 1978-2017.
Accessed February 25, 2017

channel blockers such as nicardipine have been used to manage hypertensive emer-
gency in pheochromocytoma patients; lowering systemic vascular resistance, rather
than inhibition of calcium-dependent catecholamine release, is the main mode of
action [47, 48]. Magnesium sulfate has been used to block calcium signaling both
in the peripheral vascular system and in the pheochromocytoma itself to limit cate-
cholamine release and, in some case reports, has been an effective adjunct therapy
when other agents have failed [49]. Magnesium sulfate is given as a 2—4 g I'V bolus
followed by 1 g/h infusion. Fluid resuscitation to correct the invariable intravascular
depletion caused by catecholamine excess is essential, and when shock is present,
volume resuscitation should of course precede the initiation of vasoconstrictive
agents. Once stabilized, patients should undergo surgery in a timely fashion, as
recurrent pheochromocytoma crisis may occur — in one retrospective case series of
25 patients, the rate of recurrence was 25% [50].
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Patients with Malignant Pheochromocytomas/Paragangliomas

Catecholamine-producing tumors found outside the location of the normal sympa-
thetic nervous system are defined to be metastatic. Common malignant pheochro-
mocytoma/paraganglioma metastatic sites include the lung, liver, lymphatic system,
and bone. Surgical excision is the preferred treatment when possible. When not
curative, surgery may still be appropriate for enlarging lesions threatening vital
structures or to lower tumor burden. Off-label use of cyclophosphamide, vincristine,
and dacarbazine (CVD) chemotherapy has been the mainstay for palliative treat-
ment of unresectable disease [51]. In meta-analysis of 4 trials including 50 patients,
partial tumor response was seen in 37% of patients, with 40% seeing partial
improvement in catecholamine levels [52]. Reported side effects of CVD treatment
include neuropathy, myelosuppression, nausea and vomiting, and hypotension [53].
In the limited retrospective cohort data available, no survival advantage from CVD
therapy has been documented [54, 55].

As an alternative to dacarbazine, the orally administered alkylating agent temo-
zolomide has been used off-label to treat metastatic pheochromocytoma. In a phase
II study examining the efficacy of the combination of temozolomide and thalido-
mide in patients with metastatic neuroendocrine tumors, one of three patients with
pheochromocytoma was reported to have a partial response to treatment [56]. In a
retrospective case series of 15 patients with metastatic pheochromocytoma/para-
ganglioma treated with temozolomide, 5 partial responses and 7 stable disease out-
comes were reported [57]. The progression-free survival was 13.3 months. Of note,
the patients with partial response all had tumors that harbored SDHB mutations.

Radiolabeled metaiodobenzylguanidine (MIBG) has been used to target '*'I to
adrenal medullary tissue. MIBG is actively transported by noradrenaline receptors
and concentrated in secretory granules, resulting in tumor targeting, but also in
uptake by the normal salivary gland, liver, and spleen [58]. Each treatment typically
administers between 100 and 300 mCi ', and patients are typically given multiple
doses resulting in cumulative doses as high as 3191 mCi [59, 60]. Early reports
demonstrated partial tumor response in 33-58%, with subsequent larger combined
case series seeing more modest 30% tumor response and 45% hormonal response in
treated patients [59, 61-63]. A 2014 meta-analysis of 17 studies involving a total of
243 patients reported pooled proportions of complete or partial response of 3% and
27% using data from 12 studies (n not reported); stable disease pooled proportion
was 52% using data from 11 studies (n not reported) [64]. In a phase II trial involv-
ing 30 patients, complete response, partial response, or stable disease was seen in
67% [65]. In a separate phase II trial evaluating 49 patients, 65% had either com-
plete response, partial response, or stable disease at 1 year [60]. Side effects of
BIL-MIBG include myelosuppression which may be fatal, GI toxicity, liver toxicity
when hepatic metastasis is present, oral mucositis, hypogonadism, and myelodys-
plastic syndrome. Limited long-term follow-up data is available; in case series with
patient size of 14, 22, and 33 patients, the 5-year survival was reported to be 68%,
68%, and 45%, respectively [66—68]. In the aforementioned phase II trials, the esti-
mated 5-year survival rates were 75% (n = 30) and 64% (n = 49) [65, 60].
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Pheochromocytomas and paragangliomas frequently express somatostatin recep-
tors, and although octreotide treatment does not regulate catecholamine release,
octreotide analogues have been used to image and treat metastatic disease [69, 70].
[DOTA-Tyr(3)]-octreotide (DOTATOC) radiolabeled with yttrium or lutetium has
been described in small case series, with partial response rates from 2% to 57%
reported [71-74]. While the limited data cited in the reports above and as summa-
rized in more comprehensive reviews of peptide-based therapy is encouraging, pro-
spective trials are lacking [75, 76].

The mTor inhibitor everolimus, currently FDA approved for the prevention of
organ transplant rejection and the treatment of kidney and breast cancer as well as
GI, lung, and pancreatic neuroendocrine tumors, has been used off-label to treat
patients with metastatic pheochromocytoma/paraganglioma [77]. In a phase II trial
that included seven patients with metastatic pheochromocytoma/paraganglioma,
five out of seven showed initially stable disease with a progression-free survival of
4.2 months [78]. Common side effects included bone marrow suppression, hyper-
glycemia, and stomatitis. The efficacy of everolimus for these tumors remains to be
demonstrated as their intrinsic tendency for progression is variable; prospective tri-
als are needed.

Tumor-directed radiofrequency, cryoablation, and ethanol ablation have been
used successfully to treat metastatic pheochromocytoma, with a reported
progression-free survival of 7.2 months in one retrospective series of 10 patients
[79-81]. Not surprisingly, intra- and post-procedural hypertension is reported to
be common despite pre-procedural blood pressure optimization with alpha
blockade.

The small molecule multikinase inhibitor sunitinib is approved to treat gastroin-
testinal stromal cell tumors, pancreatic neuroendocrine tumors, and renal cell carci-
noma; it has been used off-label in patients with metastatic pheochromocytoma. A
retrospective case series of 17 patients treated at a single institution reported partial
response or stable disease in 47% and improvement in hypertension in 43%. The
progression-free survival was 4.1 months [82]. There are two ongoing studies listed
at clinicaltrials.gov that are actively recruiting patients to assess the efficacy of suni-
tinib prospectively.

There are currently 29 open clinical trials listed at clinicaltrials.gov available to
patients with pheochromocytoma. In addition to trials testing MIBG, sunitinib, and
temozolomide, the multikinase inhibitors cabozantinib and lenvatinib as well as the
immune checkpoint regulators nivolumab, ipilimumab, and pembrolizumab are all
offered in trials designed to treat rare tumors. Of note, there is no published preclini-
cal data to support the activity of these novel agents to treat metastatic pheochromo-
cytoma/paraganglioma. The investigational small molecule ONC201, initially
identified in a screen to identify agents capable of inducing expression of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), has been shown to
antagonize dopamine receptor D, [83, 84]. Due to high expression of dopamine
receptor D2 on pheochromocytoma, a phase II study assessing the efficacy of
ONC201 in treating metastatic pheochromocytoma/paraganglioma will soon begin
enrollment [85].
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Chapter 9
Anesthetic Management
of Pheochromocytoma and Paraganglioma

Ljuba Stojiljkovic

Introduction

Pheochromocytoma (PH) and paraganglioma (PG) are rare tumors that secrete cate-
cholamines. Incidence of pheochromocytoma is 2—8 diagnoses per million people in
a whole population per year. In patients with hypertension, prevalence is 0.2-0.6%
[1]. Common clinical symptoms are hypertension, headaches, sweating, palpitations,
tachycardia, and anxiety or panic attacks. Hypertension episodes are usually paroxys-
mal and severe and can lead to significant morbidity and life-threatening emergencies,
such as hypertensive emergencies, myocardial infarction, and stroke [2].

PH originates from the adrenal gland, and PG originates from parasympathetic
or sympathetic ganglia. PG can be further divided to ones present in the head and
neck, which are from parasympathetic ganglia (usually nonsecreting), and those
outside of the head and neck, which develop from sympathetic ganglia and secrete
catecholamines [3].

PH and PG have a relatively high prevalence (32-41%) of germline mutations in
ten known susceptibility genes [4]. This is especially true when they present as a
part of family syndromes or when they are malignant [4]. Three most known family
syndromes associated with PH and PG are neurofibromatosis type 1, von Hippel-
Lindau syndrome, and multiple endocrine neoplasia type 2 [3].

PH and PG can produce and secrete various combinations of catecholamines.
Most commonly they produce and secrete norepinephrine (NE) and epinephrine (E)
[5]. In one study, NE was secreted by 32% of the tumors, while combination of NE
and E was secreted by additional 27% of the tumors [5]. Only 5.7% of the tumors
were nonsecreting.
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Preoperative Preparation

The treatment of PH and PG tumors is surgical removal. Induction of anesthesia and
surgical manipulation of the tumor can cause excessive catecholamine release which
can lead to significant intraoperative hemodynamic instability. Because of the high
incidence of intraoperative hypertensive crises, malignant arrhythmias, myocardial
infarctions, and strokes, historically reported perioperative mortality was as high as
20-50% [6]. With improvements in preoperative medical management, new surgi-
cal techniques, and advancements in anesthesia techniques, perioperative mortality
has decreased to 0-2.9% [5, 7].

(a) Laboratory Tests

Preoperative catecholamine levels in urine predict intraoperative hemodynamic
instability and postoperative hypotension requiring pressor support, despite ade-
quate preoperative preparation with a- and f-blockade [8—10]. Therefore, it is
important for anesthesiologists to obtain detailed information about 24-h urinary
catecholamine and metanephrine levels, to identify and prepare for the patients who
are at increased risk for intraoperative and postoperative hemodynamic instability.

Preoperative laboratory tests should also include complete blood cell count and
basic metabolic profile [11].

(b) Cardiac Tests

A 12-lead ECG is mandatory in all PH and PG patients to evaluate for ischemia,
arrhythmia, conduction abnormalities, ST-segment/T wave changes, and left ven-
tricular hypertrophy.

Echocardiography (ECHO) is performed to evaluate bi-ventricular function and
to look for the presence of congestive heart failure and cardiomyopathy. It is also
useful to gain insights to volume status and to prepare for perioperative fluid
management.

(c) Medical Optimization

Avoidance of intraoperative hemodynamic instability is the most important anes-
thetic goal. Preoperative medical management is a cornerstone of preparation for
surgery and anesthesia. Alpha-blockade has been the gold standard for preoperative
preparation of these patients. The noncompetitive, nonselective al and a2-blocker
phenoxybenzamine is most widely used. Selective al-receptor antagonists, prazo-
sin or doxazosin, have also been used. It has been reported that selective al antago-
nists induce less perioperative and postoperative hypotension because of their
shorter half-lives [12]. The B-blockade is initiated after the a-blockade is estab-
lished to prevent reflex tachycardia and arrhythmias. In addition, calcium channel
blockers, which block catecholamine-induced calcium release in vascular smooth
muscle cells, have been used as either main therapy or as an adjunct in preoperative
medical optimization [5, 13]. Metyrosine, inhibitor of tyrosine hydroxylase, the
rate-limiting enzyme in catecholamine synthesis, inhibits production of catechol-
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amines. It is rarely used because of its numerous side-effects. Recent retrospective
analysis has showed improved perioperative hemodynamics in patients where mety-
rosine was added to phenoxybenzamine but without any difference in overall out-
come [14].

The goals of preoperative medical management are to normalize blood pressure
and heart rate and to restore intravascular volume. The duration of the preoperative
preparation is at least 7-14 days, and in most centers preparation takes between 2
and 6 weeks [12]. Most centers use Roizen criteria for adequacy of preoperative
alpha-blockade [15]:

1. No blood pressure > 160/90 mmHg on four or more measurements within 24 h
2. Systolic blood pressure decrease of at least 15% from supine to standing and
>80/45 mmHg while standing

No ST-segment or T wave changes on ECG for 2 weeks

4. No more than five premature ventricular beats per minute

(O8]

Anesthetic Considerations

All patients should have adequate preoperative fasting prior to surgery. A light meal
is allowed up to 6 h prior to surgery, and clear liquids are allowed up to 2 h prior to
induction of general anesthesia [16]. An additional fasting time of up to 8 h may be
required if a patient ingested a fatty meal or in patients with comorbidities (i.e.,
diabetes or gastroparesis) since it increases their risk for aspiration during induction
of anesthesia [16].

(a) Monitoring

In addition to standard American Society of Anesthesiologists monitors which
include pulse oximetry, ECG, noninvasive blood pressure monitor, capnography, and
temperature monitors [17], all patients undergoing PH and PG surgery should have
preinduction arterial line placement. The arterial line allows for beat-to-beat arterial
pressure monitoring during anesthesia and surgery. Peripheral intravenous access is
always obtained with a large-bore intravenous catheter. Central venous access is also
obtained. The choice of central line catheter primarily depends on the presence or
absence of heart failure. In patients with preserved ejection fraction, we choose to
place the 7Fr triple lumen catheter (TLC). The TLC allows for infusion of vasodila-
tors and vasopressors, which are needed in most of these surgeries, and for measure-
ments of central venous pressure. In the presence of significant left ventricular
dysfunction, or valvular abnormalities, large-bore central venous catheters, either 8.5
Fr cordis or 9 Fr multi-access catheter, should be considered, as they can be used as
introducers for the pulmonary artery catheter (PAC). The PAC is used for monitoring
cardiac output, pulmonary artery occlusion pressures, and systemic vascular resis-
tance. These parameters may help guide fluid management and pressor/inotrope sup-
port in patients with severe cardiac dysfunction. In addition, large-bore central venous
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catheters are chosen in patients who are at high risk for significant blood loss, as they
can be attached to rapid infusers for volume and blood resuscitation.

A urinary catheter should be placed for monitoring renal function and urine output.

A transesophageal echocardiogram (TEE) is reserved for intraoperative monitor-
ing of high-risk patients with severe catecholamine-induced cardiomyopathy and
significantly reduced bi-ventricular function. In these cases, TEE helps to guide
pressor and inotrope support and provides information about fluid resuscitation and
management. The main limitation of TEE is that data interpretation requires special
expertise and training.

(b) Choice of Anesthesia

Induction of anesthesia in patients with PH poses significant challenges to the
anesthesiologist, since it may precipitate hypertensive crisis and induce significant
arrhythmia, followed by hemodynamic instability and hypotension. Acute cardiac
decompensation and pulmonary edema may follow. This is one of the most critical
moments in perioperative management of these patients. Careful preoperative prep-
aration as outlined above and meticulous attention to details are of top importance.
It includes anxiolytic and narcotic administration in preparation for preinduction
invasive procedures (arterial and central line placements) and careful titration of
hypnotic and paralytic agents during induction of general anesthesia. Patients
should receive an intravenous anxiolytic prior to transfer to the operating room. Our
agent of choice is midazolam, since it has quick onset, and it is well tolerated. Upon
arrival to the operating room, a short-acting opioid fentanyl is titrated to avoid
excessive hypertension during arterial line placement. Once the arterial line is
placed, a slow, controlled induction with intravenous anesthetic is achieved. It is our
practice to administer intravenous lidocaine of up to 1.5 mg/kg prior to induction.
Intravenous lidocaine has long been used as an adjuvant during induction of anes-
thesia to attenuate hemodynamic responses to laryngoscopy and tracheal intubation
[18], and in PH patients it may also serve as an antiarrhythmic agent [19]. In patients
with preserved cardiac function propofol is titrated in incremental doses every 10 s
until onset of anesthesia is achieved (Table 9.1). Propofol prevents hypertensive
response to laryngoscopy and intubation by inhibiting sympathetic activity and
attenuates an increase in heart rate via inhibition of sympathetic baroreceptors [20].
These effects make propofol probably the best hypnotic agent for the induction of
anesthesia in PH patients. However, in patients with significantly diminished car-
diac reserve and severely depressed ejection fraction, propofol may induce signifi-
cant hypotension and circulatory collapse, especially if patients are volume depleted.
In these patients, etomidate may provide more hemodynamic stability by preserving
sympathetic outflow and autonomic reflexes [20].

After bag-mask ventilation is confirmed, a muscle relaxant is then administered
to facilitate tracheal intubation. The muscle relaxant of choice should not have a
vagolytic effect, since it can trigger tachycardia and hypertension in these patients,
or propensity for histamine release, as histamine may trigger catecholamine-induced
hemodynamic instability. Non-depolarizing muscle relaxants rocuronium and
vecuronium are the most commonly used agents in PH patients (Table 9.1). They do
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Table 9.1 Anesthesia induction agents
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Name Intravenous dose | Onset of action | Duration of action
Anxiolytics
Midazolam 1-5 mg 1.5-5 min 2-6h
Narcotics
Fentanyl 1-3 mcg/kg 3-5 min 20-60 min (dose-related)
Hydromorphone 0.015-0.03 mg/kg | 15 min 2-4h
Hypnotics
Propofol 1.5-2.5 mg/kg 40's 3-5 min
Etomidate 0.3 mg/kg < 1 min 3-5 min
Muscle relaxants
Rocuronium 0.45-0.6 mg/kg 2-3 min 33-50 min after intubation dose to
(intubation) first twitch appearance
0.1 mg/kg
(maintenance)
Vecuronium 80-100 mcg/kg 2-3 min 31-60 min after intubation dose to
(intubation) first twitch appearance
10-15 mcg/kg
(maintenance)
Cisatracurium 0.15-0.2 mg/kg 3—4 min 50-60 min to first twitch appearance
(intubation)
0.03 mg/kg
(maintenance)
Succinylcholine 0.5-1 mg/kg 30-60 s 3-5 min (all four twitches)

not have a vagolytic effect of pancuronium and do not cause significant histamine
release. The onset of action in doses given for endotracheal intubation is 2-5 min. If
rapid sequence induction is chosen, a larger initial dose of rocuronium of 1.2 mg/kg
will achieve intubating conditions within a minute. Cisatracurium is chosen in
patients with significant hepatic and renal impairment, as it is primarily eliminated
by nonenzymatic hydrolysis in the blood (Hoffman elimination). The only depolar-
izing agent available in the USA is succinylcholine. Historically, arrhythmias have
been reported with use of succinylcholine during the induction of anesthesia with
halothane [21]. However, succinylcholine has been safely used during induction of
general anesthesia in the absence of halothane, and should be considered, especially
in patients who are at risk for aspiration and in whom a rapid sequence induction is
indicated, such as in pregnancy [22].

The short-acting B-blocker esmolol and potent vasodilators such as nitroglycerin,
nicardipine, or sodium nitroprusside should be readily available since hemodynamic
instability is quite common during induction of anesthesia. Hypotension should be
avoided by careful titration of anesthetic agents. If supraventricular and ventricular
tachyarrhythmia arise, amiodarone can be used for treatment (Table 9.2C). Electrical
cardioversion should be considered early in unstable patients.

Epidural anesthesia has been used in combination with general anesthesia for
open and laparoscopic surgeries for PH and PG [23-25]. However, an increased risk
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for exacerbated hypotension after tumor resection and increased fluid resuscitation
requirements limit its usefulness, and it is not advisable in laparoscopic resections
[26].

(c) Positioning

Laparoscopic adrenalectomies are performed in lateral decubitus position, usu-
ally using additional flexing of the operating room table. Repositioning of patients
from a supine to a lateral decubitus position should not be attempted before ade-
quate depth of anesthesia is achieved and all lines are secured and sutured in place,
since change in position may cause line disconnections, displacements, and mal-
function and it may precipitate hypertension and arrhythmia. Additionally, all pres-
sure points should be carefully padded to decrease the risk of postoperative nerve
damage and rhabdomyolysis.

(d) Maintenance of Anesthesia

Anesthesia is maintained with volatile anesthetics. Halothane, which is not avail-
able in the USA, sensitizes the heart to catecholamines, and it is contraindicated in
these surgeries [1]. Desflurane, a short-acting volatile anesthetic with a very low
blood-gas partition coefficient, should also be avoided since it has been shown to
induce profound and sustained sympathetic stimulation even when it is slowly
titrated after induction of anesthesia [27]. Isoflurane, the older, structurally similar
volatile anesthetic to desflurane, does not produce a similar sympathetic response
and can be safely used in PH patients. Sevoflurane does not have arrhythmogenicity
potential like halothane, and it does not stimulate sympathetic response like desflu-
rane. In addition, it has a more favorable blood-gas partition coefficient, and it is
less irritable to the airway than isoflurane. These characteristics make sevoflurane
the volatile anesthetic of choice in PH and PG surgery. Sevoflurane is used in mix-
ture with oxygen and air. In our institution we do not use nitrous oxide, since it has
the potential to cause bowel distension [28], and it increases the risk of postopera-
tive nausea and vomiting [29].

The short-acting synthetic opioid remifentanil has been advocated to inhibit
sympathetic activation during induction of anesthesia and laryngoscopy. However,
its administration was associated with bradycardia and hypotension in patients
who were a-blocked preoperatively and was not able to prevent hypertensive
responses to tumor manipulation [30]. Therefore, it should be used with caution,
if at all, in PH and PG surgery. Dexmedetomidine, an a2-receptor agonist with
sympatholytic properties, has also been tried in PH surgery. Unfortunately, it was
inadequate in preventing hemodynamic instability during induction of anesthesia
and tumor manipulation [31], and it is not recommended for routine use.

(e) Intraoperative Fluid Management

Even though preoperative preparation of these patients includes oral fluid expan-
sion, which is achieved over 2—6 weeks together with adequate - and p-blockade,
not all patients reach intravascular euvolemia. Fluid management is therefore one of
the important aspects of intraoperative anesthetic care. Historically, central venous
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pressure (CVP) and pulmonary artery pressures were used to assess fluid status dur-
ing complex surgeries [32, 33]. However, recent analyses have shown that CVP
does not correlate with fluid responsiveness [34, 35]. Dynamic parameters of fluid
status, such as arterial waveform analysis, or flow-guided measurements obtained
by an esophageal Doppler probe, provide more accurate measurements of fluid sta-
tus [36]. Esophageal Doppler-guided fluid management has been described in anes-
thetic management of pediatric patients undergoing PH resection [37]. As PH and
PG patients need meticulous intraoperative fluid management, and often require
fluid expansion after resection of the tumor, it is prudent to consider the use of
Doppler-guided fluid management. The downside of this monitor is that it is usually
removed after surgery, before tracheal extubation, and hence does not help in the
postoperative fluid management.

Choice of Intravenous Fluids Intraoperatively, the choice of fluids includes
crystalloid solutions and colloids. Blood products should be reserved for
patients who experience severe, uncontrolled blood loss. Crystalloid solutions
are administered for regular fluid maintenance and for volume expansion after
tumor resection. Lactated Ringer’s solution is the most commonly adminis-
tered crystalloid intraoperatively. Excessive use of normal saline is discour-
aged, since it leads to hyperchloremic metabolic acidosis. Plasmalyte, a
balanced salt solution with an adjusted pH of 7.4, is also available for intraop-
erative fluid replacement. We administer Plasmalyte in patients who present
with metabolic acidosis and liver dysfunction. Additional benefit of Plasmalyte
is that it can be safely mixed with packed red blood cells, where lactated
Ringer’s solution is contraindicated. Colloid solutions include 5% human albu-
min and colloids derived from starch. We administer colloids rarely, since stud-
ies have not shown improved outcomes as compared to crystalloid infusions.

(f) Management of Intraoperative Hypertension and Arrhythmia

Intraoperative hemodynamic instability with severe hypertension and arrhythmia
arises from two different pathophysiological mechanisms [38]. One is enhanced
reactivity of the sympathetic nervous system. The sympathetic nervous system
response to stimuli is markedly increased in these patients due to several mecha-
nisms: increased catecholamine neuronal vesicle load, increased impulse frequency,
and presynaptic a-2 receptor desensitization [39]. Any stimulus that causes sympa-
thetic system activation may induce severe hypertensive crisis and arrhythmia in
these patients. In the perioperative period, preoperative anxiety, induction of anes-
thesia, tracheal intubation, hypoxia, hypercarbia, and surgical incision are some
examples. The best prevention of exacerbated sympathetic response is achievement
of a deep plain of anesthesia prior to the stimulation. The other reason for hemody-
namic instability in these patients is induced by direct catecholamine release from
the tumor, either by creating pneumoperitoneum or by direct tumor manipulation.
The hemodynamic consequences may be severe life-threatening hypertension crisis
from NE release or arrhythmia from E release. The most important first intervention
is timely communication with a surgeon to either desufflate the pneumoperitoneum
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and/or stop tumor manipulation until hemodynamic control is achieved with infu-
sion of rapid-acting, potent vasodilator agents.

In our institution, we prepare IV infusions of calcium channel blocker nicardipine
and beta-blocker esmolol (Table 9.2A). In our experience, nicardipine is very effective
as a first-line agent in patients who are already a-blocked with phenoxybenzamine. It
prevents catecholamine-induced calcium release downstream of adrenergic receptors
and catecholamine-induced coronary spasm and attenuates hypertensive response to
stimuli that activate the sympathetic nervous system, such as tracheal intubation and
surgical incision. The short-acting -blocker esmolol is used to control tachycardia
and arrhythmia that can ensue from E release (Table 9.2A).

Sodium nitroprusside has also been used successfully for control of hypertensive
crises in PH surgery [38, 39]. Sodium nitroprusside is a potent arterial vasodilator
that acts via nitric oxide (NO) pathway and inhibits intracellular calcium release in
smooth muscle cells. It has a rapid onset and offset of action and it is easily titrated
(Table 9.2A). However, sodium nitroprusside has a potential for inducing methemo-
globinemia and cyanide toxicity, which limits its use, especially in higher doses and
for longer periods of time [40]. Intravenous infusion of nitroglycerine (NTG) is also
commonly used in PH surgery. NTG is an organic nitrate which is converted into
NO and increases the level of cGMP in vascular smooth muscle cells [41]. It causes
an increase in the venous capacitance system and a decrease in preload. This effect
is especially important in PH patients with cardiomyopathy and heart failure. NTG
has a quick onset, it is easily titrated, and it has a short half-life (Table 9.2A). The
downside is a development of tolerance.

Magnesium sulfate has been shown to be effective in management of hypertension
during PH resection in pregnancy [42]. Magnesium prevents catecholamine release,
inhibits catecholamine receptors, and is a calcium antagonist. It also has a stabilizing
effect on cardiac conduction and can help in controlling catecholamine-induced
arrhythmias. It has been proposed that intravenous magnesium sulfate should be used
as the vasodilating agent of choice in PH surgery during pregnancy [42].

(g) Management of Hypotension Following Tumor Resection

Hypotension after tumor resection is common, and it is caused by a sudden decrease
of circulating catecholamines that follows tumor resection. Residual a-blockade with
the long-acting irreversible inhibitor phenoxybenzamine and a-receptor downregula-
tion are additional contributing factors. Hypotension is more severe if euvolemia is
not achieved. Therefore, it is important to anticipate and prepare for the time of surgi-
cal resection. Communication with the surgical team is of paramount importance, and
a surgeon should communicate their plan for clamping the venous drainage of the
tumor. At that point, all vasodilators should be discontinued and fluid bolus should be
administered. Fluid resuscitation is best guided by dynamic parameters as described
above, to ensure euvolemia. If hypotension still occurs despite adequate volume resus-
citation, which is not uncommon, infusion of vasopressors is started.

In our institution, phenylephrine and NE IV infusions are always prepared ahead
of time and are connected to the central line prior to tumor resection. If hypotension
does not respond to escalating doses of phenylephrine, NE is started and titrated to
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effect (Table 9.2B). Clinical variables that have been identified to predict prolonged
post-resection hypotension are tumor size greater than 60 mm and a high level of
preoperative urinary NE and E [10]. Patients with high NE and dopamine-secreting
tumors are particularly prone to persistent post-resection hypotension [43]. In addi-
tion, open procedures were associated with prolonged need for vasopressor support
[44]. In cases of refractory hypotension, not responding to NE infusion, vasopressin
should be added (Table 9.2B). Vasopressin acts via vasopressin V1 receptors on
vascular smooth muscle cells and induces vasoconstriction and improves hemody-
namics in catecholamine-resistant hypotension [45]. It has been successfully used
in refractory hypotension after PH resection [42, 46, 47]. If hypotension persists,
methylene blue, which has been used in treatment of vasoplegia after cardiopulmo-
nary bypass surgery, has been proposed as a rescue therapy for refractory hypoten-
sion following PH resection [42].

Most patients are safely extubated in the operating room following emergence
from general anesthesia. Pain control is achieved with fentanyl or hydromorphone,
administered prior to emergence. Morphine can cause histamine release and should
be avoided. Intravenous acetaminophen administration 15-30 min prior to emer-
gence will decrease postoperative narcotic requirements. The nonsteroidal analge-
sic ketorolac may be given to patients with preserved renal function and who are at
low risk for bleeding complications.

Postoperatively, all patients are recovered in the intensive care unit (ICU). The
ICU allows for the highest level of monitoring, including invasive monitoring of
blood pressure and CVP. In addition, many patients require at least a short duration
of vasopressor support postoperatively, which is effectively managed in an ICU set-
ting. It has been reported that the incidence of postoperative morbidity is 22-36%
and risk factors are history of coronary artery disease, female gender, and intraop-
erative hypertensive episodes with systolic blood pressure > 200 mmHg and mean
arterial pressure < 60 mmHg [48].

Glucose levels should be followed closely postoperatively, since impairment of
glucose control is common after tumor resection.

Special Anesthetic Considerations

(a) Anesthetic Management of PH in Elderly Patients

With advances in imaging and biochemical techniques, PH is now diagnosed
more often in the elderly population. As the elderly have multiple comorbidities,
their anesthetic management may pose a significant challenge in the perioperative
period. Recent retrospective comparative analysis showed that elderly patients have
not suffered more hemodynamic instability during anesthesia and surgery; however,
they had a significantly increased rate of postoperative complications, including a
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six times higher risk of receiving vasopressor support postoperatively, and had lon-
ger ICU and hospital stays as compared to younger patients [49]. Despite a higher
rate of complications and slower recovery, there was no increase in mortality [49].

(b) Anesthetic Management of PH in Pregnancy

PH is a rare cause of hypertension in pregnancy, and the incidence is <0.2 per
10,000 pregnancies [50]. Unfortunately, especially if it is not diagnosed antepar-
tum, it leads to severe consequences, with a high maternal (17-48%) and fetal
(26-55%) mortality rate [26]. With proper antepartum diagnosis, maternal mortal-
ity drops to nearly 0% and fetal loss is 15% [50]. When PH is diagnosed early in
pregnancy, the treatment is controversial, and it may include surgical removal of
the tumor, termination of pregnancy, or medical management until the fetus is
viable [42]. Alpha-blockade and subsequent pB-blockade are initiated until blood
pressure and arrhythmia are controlled. In the third trimester of pregnancy, simul-
taneous Cesarean section with tumor resection is advocated [50, 51]. A multidis-
ciplinary approach with an endocrinologist, obstetrician, surgeon, and
anesthesiologist is recommended in preparation for these surgeries. Anesthetic
management is especially challenging because there are two patients involved, a
parturient and a fetus. Many of the anesthetic agents cross into fetal circulation
and should be used with caution. Regional anesthesia with spinal or epidural neur-
axial block is the most common anesthesia for regular Cesarean sections. However,
in parturients with PH, spinal anesthesia is contraindicated because it may induce
profound hypotension [26]. Lumbar epidural anesthesia has been used success-
fully in PH parturients [26]. General anesthesia is most commonly used if com-
bined Cesarean section and the tumor removal are planned. Special consideration
should be given to hemodynamic control during induction of anesthesia and tra-
cheal intubation. Parturients should be placed in the left uterine displacement
position prior to induction of anesthesia. All monitors that are described for PH
surgery should be used in these cases as well. All parturients are at risk for aspira-
tion, which must be weighed against the risk of severe hypertension if rapid
sequence induction is chosen. Succinylcholine has been used in parturients since
it is as fast-acting muscle relaxant with a short duration of action [50, 51]. A high
dose of rocuronium (1.2 mg/kg) may be a suitable alternative, especially if patients
are at risk for tachyarrhythmia (high E-secreting tumors). If rocuronium is chosen,
the rapid reversal agent sugammadex should be readily available in the case that
intubation becomes difficult. High doses of volatile agents (sevoflurane or isoflu-
rane) are discouraged, because they may lead to uterine atony and excessive hem-
orrhage after delivery. Nitrous oxide could be used as an adjunct to the volatile
agent for maintenance of anesthesia in these cases. Magnesium sulfate is the first
agent of choice for hypertension control during anesthesia and surgery, since it has
a long history of safety in parturients and it has been used successfully in these
cases [42].
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Chapter 10
Surgery for Pheochromocytoma

Benjamin Deschner and Dina Elaraj

Introduction

Pheochromocytomas and paragangliomas are tumors that arise in chromaffin tissue
and produce catecholamines. Rarely, these tumors can be biochemically silent and
only produce symptoms due to mass effect [1]. Pheochromocytomas arise in the
adrenal medulla, and paragangliomas (also referred to as extra-adrenal pheochro-
mocytomas) arise in the sympathetic and, rarely, parasympathetic ganglia. The
treatment of these tumors is usually surgical after appropriate preoperative prepara-
tion. The preoperative preparation of a patient with a catecholamine-producing
tumor is described in a prior chapter and includes alpha-blockade, beta-blockade,
and volume expansion. In addition, since 25-75% of patients with catecholamine-
producing tumors will have hyperglycemia, glucose control is also important [2].
Furthermore, since almost 40% of patients with pheochromocytomas and paragan-
gliomas will harbor a germline mutation [3], patients should be referred for genetic
testing and genetic counseling prior to surgery, if possible, as knowledge of the
specific gene mutation will allow for optimal surgical planning.

Given that the majority of patients with catecholamine-producing tumors have
adrenal pheochromocytomas, this chapter will focus on the techniques of adrenal-
ectomy. Adrenalectomy may be performed via an open incision or via a minimally
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invasive approach and may involve removing the entire adrenal gland or partially
resecting the adrenal gland. Open adrenalectomy may be performed via the transab-
dominal (anterior), thoracoabdominal, or retroperitoneal (posterior or flank)
approaches. Minimally invasive adrenalectomy may be performed via the laparo-
scopic transperitoneal (transabdominal) or retroperitoneoscopic approaches.
Decisions regarding operative approach and extent of adrenalectomy will depend on
tumor size, suspicion for malignancy, the patient’s body mass index and past surgi-
cal history, genetic testing results, and surgeon experience.

Surgical Anatomy

The adrenal glands are paired, slightly asymmetric structures overlying the superior
pole of each kidney. Each gland normally weighs between 4 and 6 grams and con-
sists of an outer cortex and an inner catecholamine-secreting medulla. The cortex
has a golden yellow-orange color, which visually distinguishes the adrenal gland
from the surrounding pale-yellow perinephric fat. The adrenal glands are located in
the perinephric fat within Gerota’s fascia.

Exposure and dissection of the adrenal glands requires knowledge of the many
adjacent structures. The right adrenal gland sits slightly more superiorly than the
left, lying posterolateral to the inferior vena cava (IVC) and right lobe of the liver.
The left adrenal gland lies lateral to the aorta and posterior to the tail of the pan-
creas, splenic artery, and stomach, with the peritoneum of the lesser sac overlying
the gland’s anterior aspect.

One of the most important surgical anatomic considerations is the blood supply
to the adrenal glands. The arterial blood supply is similar in both adrenal glands,
with fine arterial branches (as opposed to a solitary discrete vessel) perfusing the
glands from the superior, middle, and inferior adrenal arteries (which are branches
off the inferior phrenic artery, aorta, and renal artery, respectively). In contrast, the
venous supply is quite different and typically consists of a dominant adrenal vein
with varying numbers of smaller accessory veins. The right adrenal vein typically
exits the gland inferiorly and anteromedially, taking a short course into the postero-
lateral aspect of the IVC. The left adrenal vein is longer, exiting the hilum of the
gland to join with the left inferior phrenic vein, with the confluence of these veins
draining into the left renal vein.

Perioperative Management and Technical Considerations

Regardless of the operative approach, several considerations are necessary to opti-
mize outcomes in patients with pheochromocytomas. These include appropriate
deep vein thrombosis prophylaxis, intraoperative hemodynamic monitoring via
arterial line, placement of a large-bore central venous catheter for the rapid
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administration of crystalloid and rarely blood products, placement of a Foley cath-
eter, and close communication between the surgical and anesthesia teams. Close
communication between the surgical and anesthesia teams is critical, as tumor
manipulation by the surgeon may cause release of catecholamines with resultant
tachycardia and hypertension. Furthermore, it is essential for the surgeon to com-
municate when the main adrenal vein will be ligated, as the patient may develop
hypotension at this point in the operation due to unopposed alpha-blockade from the
preoperative preparation and may require treatment with vasopressors. Gentle
manipulation and dissection is critical, as intraoperative fracture of the pheochro-
mocytoma can result in seeding and recurrence, either in the adrenalectomy bed or
throughout the peritoneal cavity [4]. Postoperatively, patients should be closely
monitored in the recovery room, a step-down unit, or the surgical intensive care
unit, depending on resources available.

Minimally Invasive Adrenalectomy

Minimally invasive adrenalectomy may be performed via the laparoscopic trans-
peritoneal or retroperitoneoscopic approaches. Minimally invasive approaches have
been shown to be associated with significantly less pain and morbidity than open
adrenalectomy, as well as shorter hospital length of stay and improved patient satis-
faction [5, 6].

Laparoscopic transperitoneal adrenalectomy was first reported in 1992 by
Gagner and colleagues [7] and since then has become the most widespread mini-
mally invasive approach to the resection of adrenal tumors. The operation is most
commonly performed with the patient in the lateral decubitus position and is indi-
cated for the treatment of pheochromocytomas <6 cm without evidence of local
invasion or metastasis [8]. Technical factors largely limit laparoscopy for the resec-
tion of larger tumors, but laparoscopic resection of benign pheochromocytomas
>6 cm is possible, particularly on the left side, and an individualized approach
should be undertaken. Retroperitoneoscopic adrenalectomy was first reported in
1995 by Mercan and colleagues [9] and has further advanced the field of minimally
invasive adrenalectomy. Since the initial report, other authors have reported their
modifications of the technique [10, 11]. It is performed with the patient in the prone
jackknife position.

Outcomes of laparoscopic transperitoneal adrenalectomy and retroperitoneo-
scopic adrenalectomy are similar with respect to operative time, blood loss, compli-
cation rates, and length of stay [12-14]. There are, however, advantages and
disadvantages to each. Advantages of laparoscopic transperitoneal adrenalectomy
include the ability perform an intra-abdominal evaluation, the ability to dissect
larger tumors, and the ease of converting to an open procedure, if necessary.
Disadvantages include the need to reposition the patient in cases of bilateral pheo-
chromocytomas. Advantages of the retroperitoneoscopic approach include the
avoidance of scar tissue in patients who have undergone previous abdominal surgery
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and the ability to perform bilateral adrenalectomy without repositioning the patient.
Disadvantages of the retroperitoneoscopic approach include limitations in the size
of the tumor amenable to this approach [5].

Laparoscopic Transperitoneal Adrenalectomy

Laparoscopic transperitoneal adrenalectomy is most commonly performed with the
patient in the lateral decubitus position, which allows for passive retraction of adja-
cent abdominal viscera by gravity (Fig. 10.1). The patient is cradled by a vacuum
bean-bag immobilizer with an axillary roll and all pressure points generously pad-
ded. The patient is positioned, so the break in the table is between the costal margin
and the iliac crest, and the table is then flexed.

The first step in the procedure involves gaining peritoneal access and port place-
ment. The abdominal cavity is entered with either a Veress needle or an open tech-
nique, and a pneumoperitoneum with carbon dioxide is established. Standard port
placement involves four 11 mm ports placed equally spaced along the costal margin
(Fig. 10.2); left adrenalectomy can potentially be done with three ports if the spleen
and tail of the pancreas can be adequately retracted with gravity.

The next step in the procedure involves gaining exposure to the adrenal gland.
On the right side, this involves mobilizing the liver anteromedially by incising the
lateral attachments and right triangular ligament. Once the liver is mobilized and
retracted, the peritoneum along the posterior aspect of the liver is incised, thus
exposing the adrenal gland and IVC. On the left side, exposure to the adrenal gland
involves mobilizing the splenic flexure of the colon inferiorly and incising the spl-
enorenal ligament, allowing the spleen and tail of the pancreas to be mobilized
anteromedially. Once the spleen and tail of the pancreas are retracted, Gerota’s fas-
cia medial to the adrenal gland is incised, thus exposing the adrenal gland.

The next step in the procedure is mobilization of the adrenal gland itself. This is
initially done in a cephalad-to-caudad direction along the medial aspect of the adre-
nal gland while retracting the gland laterally. This allows for devascularization of
the small adrenal arteries along the medial aspect of the gland. Next, the inferior
aspect of the gland is dissected after incising the peritoneum along the inferior
aspect of the gland. At this point, the adrenal vein is identified and either sealed and

Fig. 10.1 Lateral
decubitus position for
laparoscopic
transperitoneal right
adrenalectomy




10  Surgery for Pheochromocytoma 161

Fig. 10.2 Port site
placement for laparoscopic
transperitoneal right
adrenalectomy. A: liver
retractor, B: laparoscope, C
and D: dissecting
instruments

divided with an energy device or clipped and divided with scissors. It is important
to note that if the adrenal vein is divided before sufficiently devascularizing the arte-
rial blood supply, the pheochromocytoma may become engorged and bleed, poten-
tially precluding completion of the procedure laparoscopically. The hypertensive
episodes characteristic to the dissection of pheochromocytomas may also lead to
increased blood loss and obscure the visualization of important structures. As previ-
ously mentioned, it is also important to communicate the timing of division of the
main adrenal vein to the anesthesia team.

The last step of the procedure is dissection of the adrenal gland away from the
renal hilum and off the anterior-superior aspect of the kidney. This is done by
retracting the adrenal gland superolaterally away from the superior pole of the kid-
ney and taking the remaining posterior and lateral attachments with an energy
device. Retraction is crucial at this point, since if this space is not opened ade-
quately, a superior pole renal artery branch may be mistaken for an inferior adrenal
artery; injury to a superior pole renal artery branch can result in renovascular
hypertension.

Retroperitoneoscopic Adrenalectomy

Retroperitoneoscopic adrenalectomy is performed with the patient in the prone
jackknife position with the chest and abdomen supported by parallel bolsters. The
extremities are cradled with generous padding.
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Fig. 10.3 Port site placement for retroperitoneoscopic left adrenalectomy

The first step in the procedure involves gaining retroperitoneal access and port
placement. Standard port placement involves three ports spaced 4-5 cm apart,
placed below the tips of the 12th and 11th ribs: a 12 mm trocar containing a spheri-
cal dissecting balloon and two 5 mm trocars placed on either side (Fig. 10.3). The
spherical dissecting balloon is used to develop the retroperitoneal space posterior
and superior to the kidney, and the retroperitoneal space is insufflated with carbon
dioxide.

The next step in the procedure involves identification of the adrenal gland. Since
the adrenal gland is a retroperitoneal structure, no adjacent organs have to be mobi-
lized in order to expose the gland. The superior pole of the kidney is identified and
retracted caudad. The inferior aspect of the adrenal gland is then dissected away
from the superior pole of the kidney. The dissection then continues along the medial
aspect of the gland. The small adrenal arteries along the medial aspect of the gland
are devascularized. On the right side, it is important to note that these vessels cross
the IVC posteriorly. The adrenal vein is next identified and controlled. Lastly, the
superolateral attachments are taken. It is important to leave these attachments for
last, as they help hold the adrenal gland in place during other aspects of the
dissection.

Open Adrenalectomy

Open adrenalectomy may be performed via the transabdominal (anterior), thora-
coabdominal, or retroperitoneal (posterior or flank) approaches. In the current mini-
mally invasive era, the transabdominal and thoracoabdominal approaches are
reserved for large tumors or those with invasion into surrounding structures
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Fig. 10.4 Axial computed
tomography image from an
83-year-old male patient
with a 16 cm left adrenal
pheochromocytoma which
required resection via an
open transperitoneal
approach

requiring en bloc resection or may be necessary for resection of a recurrent pheo-
chromocytoma in a previously dissected area. Figure 10.4 shows a computed
tomography scan of an 83-year-old patient with a 16 cm left adrenal pheochromo-
cytoma that required resection via an open transabdominal approach. The open ret-
roperitoneal approach is not commonly performed and is almost of historical interest
only, since large or invasive tumors should be resected via a transabdominal or
thoracoabdominal approach, and smaller tumors that may be considered for a retro-
peritoneal approach due to a history of prior abdominal surgery, for example, should
be resected retroperitoneoscopically.

Open transperitoneal and thoracoabdominal adrenalectomy are performed with
the patient in the supine position. If a thoracoabdominal approach is to be under-
taken, a bolster should be placed under the flank of the side of the adrenal tumor.
Open transperitoneal adrenalectomy may be done via multiple incisions including
subcostal, extended subcostal (extending cephalad through the xiphoid), bilateral
subcostal, or vertical midline, depending on tumor size and invasiveness/relation-
ship to surrounding structures. The thoracoabdominal incision begins as an upper
midline incision and then curves to follow the course of the 8th or 9th rib to the
posterior axillary line. It is deepened through the latissimus dorsi, serratus anterior,
and intercostal muscles, and the pleura is entered. A segment of the rib is removed
to improve exposure, and the diaphragm is divided along its periphery.

The next step in the procedure involves exposure of the adrenal gland. On the
right side, this involves mobilizing the liver anteromedially by not only incising the
lateral attachments and right triangular and coronary ligaments, but by also dividing
the falciform ligament and incising the left triangular and coronary ligaments, as
well. Sometimes it is necessary to mobilize the hepatic flexure of the colon inferi-
orly. A Kocher maneuver of the duodenum is useful to expose the infrahepatic
IVC. If tumor invasion of the IVC is suspected, vascular control of both the supra-
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hepatic and infrahepatic IVC is critical before beginning the tumor dissection. On
the left side, exposure to the adrenal gland involves mobilizing the splenic flexure
of the colon inferiorly and mobilizing the spleen and tail of the pancreas anterome-
dially. An alternative approach involves dividing the gastrocolic ligament and enter-
ing the lesser sac. The peritoneum inferior to the pancreas is next incised. Sometimes
both techniques are necessary in order to obtain adequate exposure. Once the adre-
nal gland has been exposed, it is dissected from its surrounding structures. If there
is invasion into adjacent organs, en bloc resection should be performed. Even in the
case of malignant pheochromocytomas that are not completely resectable, surgical
debulking has been advocated for palliation, both to reduce the levels of circulating
catecholamines and to facilitate uptake of postoperative 131-I-meta-
iodobenzylguanidine radiotherapy [15].

Partial Adrenalectomy

As previously discussed, up to 40% of patients with pheochromocytomas or para-
gangliomas will have a germline mutation [3]. Because germline mutations can lead
to the development of bilateral pheochromocytomas, necessitating potential treat-
ment with bilateral adrenalectomy and subsequent lifelong steroid hormone depen-
dence, the technique of partial adrenalectomy (sometimes referred to as subtotal,
cortical-sparing, or adrenal-sparing adrenalectomy) has been advocated. This tech-
nique was first reported for the treatment of bilateral pheochromocytomas by mul-
tiple authors in the 1980s [16—18]. The potential to avoid lifelong steroid hormone
dependence and risk of Addisonian crisis is of particular importance in patients with
bilateral pheochromocytomas associated with genetic syndromes, since the require-
ment for steroid hormone replacement can complicate the treatment (both surgical
and systemic) of other manifestations of the syndrome.

The technique of partial adrenalectomy for bilateral pheochromocytomas usu-
ally involves a subtotal adrenalectomy on the side with the larger tumor with careful
evaluation of the adrenal gland remnant. It has been determined that a remnant size
of about 1/3 of the entire gland should provide adequate cortical function [19]. If the
remnant appears sufficiently vascularized, a total adrenalectomy is then performed
on the contralateral side. If the initial adrenal gland remnant does not appear suffi-
ciently vascularized, then it is resected and a subtotal resection is attempted on the
contralateral side. This strategy limits the potential for reoperation for recurrence to
one side, as opposed to bilateral partial adrenalectomy, which has also been
described.

It is important to note that it may not be technically feasible to perform partial
adrenalectomy, and this is an intraoperative decision made by the surgeon. Tumors
amenable to this technique are tumors located at the periphery of the gland, where
a rim of normal-appearing adrenal cortex can be distinguished and separated from
the pheochromocytoma. Adrenal glands with large or multiple pheochromocytomas
will probably not be amenable to this technique. It is also important to note that
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pheochromocytomas arise from the adrenal medulla and that when an adrenal gland
is partially resected, some adrenal medullary tissue may be left behind and is at risk
for the development of recurrent pheochromocytoma.

After resection of bilateral pheochromocytomas via the described technique, the
remnant cortical tissue should be assessed for function by measuring the serum or
plasma cortisol the morning after surgery. The diagnosis of adrenal insufficiency is
highly likely if the morning cortisol is <5 mecg/dL (140 nmol/L) [20]. If the morning
cortisol is low or equivocal, a cosyntropin stimulation test should be performed,
which involves administration of 250 mcg cosyntropin intravenously and measure-
ment of cortisol 30-60 min later. A peak-stimulated cortisol level <18 mcg/dL
(500 nmol/L) indicates inadequate adrenal reserve, and glucocorticoid therapy
should be initiated [20].

Outcomes of partial adrenalectomy are evaluated by the rate of steroid hormone
independence and the rate of recurrent pheochromocytoma. The rate of steroid hor-
mone independence has been reported to range from 57% to 100% in a review of ten
studies containing at least ten patients each with hereditary pheochromocytoma
undergoing adrenal-sparing adrenalectomy [21]. In the two largest series, the rate of
steroid hormone independence was 57% for 114 patients with multiple endocrine
neoplasia type 2 (MEN2) [22] and 91% for 57 patients with both MEN2 and von
Hippel-Lindau (VHL) syndrome [23].

The estimation of risk of recurrent pheochromocytoma after partial adrenalec-
tomy is limited by small numbers of patients in published series, short follow-up
times, and how recurrence is defined by different authors. Some authors define this
as contralateral recurrence after total unilateral adrenalectomy, while other authors
define this as local recurrence on the ipsilateral side of a partial adrenalectomy. The
former definition provides information regarding the time interval between an initial
adrenalectomy and the development of a pheochromocytoma on the contralateral
side, while the latter definition provides the true recurrence rate of the technique of
partial adrenalectomy. In a review of ten studies containing at least ten patients each
with hereditary pheochromocytoma undergoing adrenal-sparing adrenalectomy, the
risk of recurrence ranged from 0% to 21% at a mean follow-up ranging from 36 to
138 months [21]. In the two largest series, the rate of recurrence was 3% at a mean
follow-up of 120 months for 114 patients with MEN2 [22] and 0% at 48 months for
57 patients with both MEN2 and VHL [23].

Summary

In summary, optimal outcomes for patients with pheochromocytomas require
appropriate preoperative genetic testing, adequate preoperative alpha- and beta-
blockade, intraoperative hemodynamic monitoring, meticulous surgical technique,
and close communication between the surgical and anesthesia teams. The choice of
operative approach (open vs minimally invasive) and decisions regarding extent of
adrenalectomy will depend on tumor size, suspicion for malignancy, patient factors,
genetic testing results, and surgeon experience.
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Chapter 11
Pheochromocytoma in Pregnancy

Kenneth K. Chen

The prevalence of pheochromocytoma in pregnancy has been estimated to be 1 in
54,000 pregnancies [1, 2]. Despite it being an uncommon condition, it is important
to diagnose it promptly, and the most common reason for overlooking this is the
much higher prevalence of pregnancy-related hypertensive conditions such as ges-
tational hypertension and preeclampsia. Other presenting symptoms such as head-
aches, dyspnea, palpitations, nausea, flushing, and anxiety are nonspecific and can
easily be overlooked, especially in a pregnant woman who may experience these
symptoms as part of normal pregnancy.

Maternal pheochromocytoma can have profound effects on both mother and
fetus, and so it is important that it be considered as part of the differential diagnosis
for severe or paroxysmal hypertension in the pregnant woman particularly in the first
half of pregnancy. There is minimal placental transfer of catecholamines due to the
placental expression of catecholamine-metabolizing enzymes such as monoamine
oxidase and catechol-O-methyltransferase [3]; this serves as a protective barrier for
the fetus against excessive maternal catecholamine exposure. Adverse fetal effects
are usually a result of catecholamine-induced uteroplacental vasoconstriction which
in turn can cause intrauterine hypoxia and/or placental abruption [4]. Unrecognized
pheochromocytoma is associated with a maternal and fetal mortality rate of up to
50% at induction of anesthesia or during labor [5]. In contrast, after early diagnosis
and proper treatment, maternal mortality has declined substantially to <5% and fetal
mortality to <15% [6, 7]. A review in 1999 estimated that antenatal diagnosis of
pheochromocytoma was made in 83% of cases [8], and a more recent review pub-
lished in 2013 estimated that the current rate has declined slightly to 73% [9].
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There are certain signs and symptoms which may be of some help in
differentiating pheochromocytoma from pregnancy-related hypertension. With
the latter, the hypertension is very unlikely to be paroxysmal and develops after
20 weeks. Excessive ankle edema, proteinuria, or clinical features of the HELLP
syndrome are not compatible with pheochromocytoma. The presence of clinical
signs such as cafe au lait spots, skin freckling, or cutaneous fibromas would
make the possibility of pheochromocytoma very compelling given its association
with neurofibromatosis type 1. It should be noted that both conditions can give
rise to an elevated hemoglobin level and hematocrit — the former due to tumor-
associated erythropoietin production and the latter due to hemoconcentration
from intravascular fluid shifts.

Catecholamine production generally remains unchanged throughout preg-
nancy, and the levels are not increased in preeclampsia [10]. Fasting plasma meta-
nephrine levels are the most sensitive and specific diagnostic test though it should
be noted that falsely elevated levels can be caused by pharmacologic agents such
as tricyclic antidepressants, labetalol, methyldopa, prochlorperazine, and decon-
gestants. It is not recommended that pregnant women be subjected to pharmaco-
dynamic tests such as the glucagon stimulation test or the clonidine suppression
test given the risk of serious side-effects. There is currently no established data
which necessitates the use of different reference values for plasma or urinary
metanephrines in pregnant women.

Anatomical localization is required for definitive treatment once a biochemical
diagnosis has been made. In pregnancy, the modality of choice to achieve this is
T2-weighted magnetic resonance imaging (MRI) with gadolinium contrast given
that computed tomography (CT) scanning involves significant radiation exposure
to the fetus. Nuclear scanning with metaiodobenzylguanidine (MIBG) is contra-
indicated in pregnancy as it has been shown that there is evidence that this mole-
cule crosses the placenta [11]. Anatomical localization is also important as a
growing, gravid uterus can impact particularly extra-adrenal lesions as they tend
to be more influenced by changes in position or by uterine contractions. Physical
compression of these lesions can cause hemorrhage into the tumor and/or precipi-
tate a hypertensive crisis.

Medical therapy in the form of alpha-blockade should be initiated once a bio-
chemical diagnosis is made; phenoxybenzamine is considered the agent of choice
as it provides long-acting, stable, and noncompetitive blockade. It should be noted
that the target blood pressure should not be too low as this may compromise the
uteroplacental circulation. Placental transfer of phenoxybenzamine does occur,
but it is generally considered to be safe [12], though neonatal hypotension has
been reported in newborns of mothers treated with it prior to delivery [13]. Beta-
blockade is then instituted after alpha-blockade is achieved to avoid tachyarrhyth-
mias; the dose should be titrated to achieve a maternal heart rate of 80—100 beats
per minute. Metoprolol is the preferred agent as others such as atenolol have been
associated with fetal bradycardia and/or intrauterine fetal growth restriction [14].
Hypertensive crises should be treated with intravenous phentolamine or nitroprus-
side, although the latter should be limited due to the risk of fetal cyanide toxicity.
It is important to avoid commonly used medications which can precipitate a crisis,
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such as metoclopramide or contrast media. It is also important for the obstetrician
to minimize abdominal palpation as this can invoke a sudden and strong tumoral
release of catecholamines.

Surgery in the form of laparoscopic adrenalectomy can be considered once
adequate medical therapy and localization of the lesion have been achieved. No
reliable data exist comparing outcomes regarding timing of surgery (prior to
24 weeks where diagnosed, at term, postpartum) or mode of delivery (vaginal or
C-section). Most institutions advocate that if the lesion is diagnosed during the
first two trimesters, the best time to operate is during the second trimester; and if
the lesion is diagnosed during the third trimester, surgery should be delayed until
at least the time of delivery though the timing of this will need to be brought for-
ward if the mother remains symptomatic despite the medical blockade. It is well
documented that the best time for elective surgeries to occur for a pregnant woman
is during the second trimester as there is an increased risk of spontaneous abortion
and preterm labor if they occurred during the first and third trimesters, respec-
tively. Curiously, a systematic review published in 2013 found that there was no
definite advantage in proceeding with tumor removal during the second trimester
even if it had been diagnosed early in pregnancy [9].

In the instance where the pheochromocytoma is not removed before 24 weeks
gestation, there is considerable debate as to whether it should be removed at the
time of delivery via an elective C-section or whether it should be removed laparo-
scopically a few weeks postpartum. Proponents of the latter approach give the
advantages of a faster operative recovery as well as the ability to utilize MIBG
and/or positron emission tomography (PET) to exclude multiple or metastatic dis-
ease [15] prior to surgery. An elective C-section is the delivery method of choice
as the process of labor may result in uncontrolled release of catecholamines sec-
ondary to pain and uterine contractions. That being said, there are many instances
where a planned induction of labor with assisted vaginal delivery is equally as
safe (see clinical case #2 below). In those patients in whom the tumor has been
removed successfully by surgery during the second trimester, they are at signifi-
cant risk of postoperative hypotension due to the prolonged action of phenoxy-
benzamine as well as increased plasma volume during this time. Hence, they are
advised to increase their salt and fluid intake for the preceding 2 weeks prior to
surgery. These patients can have their delivery done by either method.

It has been known for some years that magnesium reduces catecholamine
release from both the adrenal medulla and peripheral adrenergic nerve terminals
[16]. Itis also a highly effective direct alpha-adrenergic antagonist as well as anti-
arrhythmic in the setting of high-dose epinephrine infusions [17]. Magnesium
sulfate infusions are efficacious in the management of hypertension and arrhyth-
mias during operative removal of pheochromocytoma, and case reports describe
its successful use in patients with pheochromocytoma crisis including those with
catecholamine-induced cardiomyopathy [18, 19]. Obstetricians and maternity
units are very experienced with the use of magnesium sulfate infusions for the
prevention of seizures in patients with preeclampsia; hence it is this author’s rec-
ommendation that they be routinely considered during labor and delivery and/or
operative removal of the tumor in pregnant patients with pheochromocytoma.
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This author also recommends that genetic screening should be considered in all
pregnant women with pheochromocytoma given that patients with germline muta-
tions tend to be younger. This is especially so in those patients with paraganglio-
mas, bilateral adrenal pheochromocytomas, a positive family history, and those
with clinical findings suggestive of associated syndromic disorders such as mul-
tiple endocrine neoplasia type 2, neurofibromatosis type 1, von Hippel-Lindau
syndrome, or the familial paraganglioma syndromes (SDHB, SDHD). A heredi-
tary basis may be found in up to 24% of patients, and detection of pheochromocy-
toma in the proband may result in early diagnosis and intervention of other
affected family members [20, 21].

Clinical Case #1

A 29-year-old primigravida presented for her routine prenatal visit at 16+ weeks
gestation. She has no documented medical or significant family history, and her
pregnancy had been uneventful to date, but it was noted at this visit that her blood
pressure was elevated at 150/95 mmHg. Her ob-gyn sent off preeclampsia labs
which were all normal. The decision was made to observe the patient given that
she was completely asymptomatic at this time. She denied any symptoms sugges-
tive of obstructive sleep apnea.

She presented for her level 2 ultrasound at 19 weeks gestation, and it was noted
at this time that her blood pressure was still elevated at 160/100 mmHg and she
had an elevated heart rate of 125-130 beats per minute. She was still asymptom-
atic at this time, but she was admitted to hospital under the maternal-fetal medi-
cine service for further management.

A urinary drug screen was negative. Preeclampsia labs were again found to be
completely normal. In any case, preeclampsia did not explain the patient’s sinus
tachycardia, and it is extremely rare for preeclampsia to present before 20 weeks
gestation unless the patient had a molar pregnancy or had severe preexisting
maternal medical disease such as chronic renal insufficiency. A secondary cause
of hypertension was suspected, and given her concurrent tachycardia, thyroid
function tests and fasting plasma metanephrines were ordered first up with a view
that further testing for other endocrinopathies or primary renal disease would
occur should they be negative. Fasting plasma normetanephrine level was found
to be significantly elevated at 2.5 nmol/L (upper limit of normal = 0.90 nmol/L),
and a subsequent 24 h urinary norepinephrine level of 1024 nmol/day (upper limit
of normal = 505 nmol/day) is consistent with a diagnosis of pheochromocytoma.

This case illustrates the importance of considering a secondary cause of hyper-
tension for patients who present in early pregnancy with such and that pheochromo-
cytoma should always be considered in these instances. Preeclampsia is and should
always be considered as a possibility though it is important to recognize that it
usually presents after 20 weeks gestation and that there are usually maternal and/or
fetal features which reflect the placental insufficiency associated with this condition
(e.g., maternal proteinuria, maternal HELLP syndrome, fetal growth restriction).
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Clinical Case #2

A 26-year-old G3P2 presented to her regional hospital at 12 weeks gestation with
a hypertensive emergency. A secondary work-up was ordered, and her fasting
plasma normetanephrine was significantly elevated. A diagnosis of pheochromo-
cytoma was made, but she was not transferred to our maternal-fetal medicine
service for further management of her pregnancy until 24 weeks gestation due to
geographical barriers.

She was commenced on phenoxybenzamine which was increased gradually,
and she was maintained on a dose of 20 mg po QID between 28 weeks gestation
to the time of her delivery. She was added on labetalol therapy at 34 weeks gesta-
tion to help control her sinus tachycardia. A MRI scan of her abdomen was per-
formed at 25 weeks gestation which revealed a solitary lesion measuring 35 mm
in diameter just inferior to the medial limb of her left adrenal gland.

A maternal cardiac echocardiography was performed at the beginning of the
third trimester to exclude left ventricular dysfunction due to catecholamine cardio-
myopathy. Serial growth ultrasounds were performed which showed that her baby
was measuring at 10th percentile throughout the third trimester. The decision was
made to induce her at 36 weeks gestation given that both of her previous deliveries
were uncomplicated vaginal deliveries with relatively short duration of labor; it
was decided that she should have an assisted second stage of labor to avoid pro-
longed pushing. Regional anesthesia was administered early on to minimize pain,
and she was commenced on a magnesium sulfate infusion at this time. Her blood
pressure was well-maintained throughout her labor which lasted only 4 h in total.

Her postpartum course was uneventful. The infant was monitored in the NICU
for the first 72 h and fortunately did not experience any hypotension or respiratory
depression. She elected not to breastfeed given that there is a paucity of data on
the transfer of phenoxybenzamine to the infant via lactation. A MIBG scintiscan
was performed at 1 month postpartum which confirmed that there was no avid
disease other than the left adrenal gland. She had an elective laparoscopic left
adrenalectomy at 5 weeks postpartum which was uncomplicated. She was suc-
cessfully titrated off all her antihypertensive medications afterward and has
remained well since then with normal documented levels of plasma and urine
metanephrines. Histopathology confirmed a 33 mm pheochromocytoma which
stained positive for succinate dehydrogenase complex subunit B (SDHB).

A few multidisciplinary meetings were convened throughout the course of this
lady’s pregnancy between her maternal-fetal medicine specialist, endocrinologist,
endocrine surgeon, obstetric anesthesiologist, and neonatologist. The individual-
ized management plan (especially the mode of delivery and the timing of surgery)
which was based upon repeated multidisciplinary discussion brought about the
good outcomes experienced by both mother and baby.
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Introduction

Pure autonomic failure (PAF), previously called idiopathic orthostatic hypotension,
is an uncommon, idiopathic neurodegenerative disorder with primarily peripheral
autonomic manifestations. The disorder is characterized by the abnormal accumula-
tion of the protein alpha-synuclein within autonomic nerves. Sometimes called the
Bradbury-Eggleston syndrome, the disorder was first described in 1925 by Bradbury
and Eggleston in a report of three patients with peripheral autonomic dysfunction.
These patients demonstrated a slow, fixed heart rate, with orthostatic hypotension,
and evidence of diffuse peripheral autonomic impairment including thermoregula-
tory, gastrointestinal, erectile, and sudomotor dysfunction [1]. The authors specu-
lated that this presentation represented a disorder affecting the autonomic nervous
system. Subsequent studies demonstrated neuropathological degeneration of sym-
pathetic postganglionic neurons [2, 3] and, importantly, key evidence of the patho-
genesis, in an autopsy report of a patient with typical Lewy bodies identical to those
found in Parkinson’s disease [4]. Further studies of PAF patients have confirmed the
presence of Lewy bodies as a pathologic hallmark of the disorder.

While Bradbury and Eggleston’s initial description continues to provide the
defining characteristics of this disorder — namely, an isolated peripheral autonomic
disorder restricted to the peripheral autonomic nervous system — studies over the
past two decades have suggested that the disorder has greater heterogeneity. Since
their initial report more than 90 years ago, a vast literature of neuropathologic
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Table 12.1 The Disease Pathological hallmark

a-synucleinopathies Multiple system atrophy Glial cytoplasmic inclusions
Pure autonomic failure Lewy bodies and Lewy neurites
Parkinson’s disease Lewy bodies and Lewy neurites

Dementia with Lewy bodies | Lewy bodies and Lewy neurites

studies and clinical reports has emerged to further characterize PAF. Although the
initial presentation may be one of isolated peripheral autonomic impairment, over a
period of time, some patients may develop extensive motor and cognitive deficits
that indicate central neuronal degeneration and a phenotype consistent with
Parkinson’s disease, dementia with Lewy bodies, or multiple system atrophy [35, 6].

Pathophysiology

The alpha-synucleinopathies, PAF, Parkinson’s disease, Lewy body dementia, and
multiple system atrophy, are a heterogenous group of disorders characterized by
abnormal accumulation of the presynaptic protein alpha-synuclein, in the central
and/or peripheral nervous system. The disorders PAF, Parkinson’s disease, and
dementia with Lewy bodies all share common neuropathologic features, i.e., alpha-
synuclein deposition in Lewy bodies and Lewy neurites, whereas in multiple system
atrophy, alpha-synuclein is deposited in the glia, forming glial cytoplasmic inclu-
sion bodies (see Table 12.1). The anatomic location of the abnormal deposition, and
consequent neuronal degeneration, in large part defines the clinical phenotype.

In PAF, alpha-synuclein deposition and neuronal degeneration occur primarily in
peripheral autonomic neurons and are documented in the sympathetic ganglia, tho-
racolumbar and sacral spinal cord, autonomic axons in the epicardial fat, autonomic
nerve fascicles in periadrenal adipose tissue, and the autonomic nerves in the mus-
cularis of the urinary bladder [7-10]. Despite the finding in PAF autopsy reports of
typical and atypical Lewy bodies in central locations such as the substantia nigra,
locus coeruleus, and substantia innominata [7], in these autopy studies, there is no
neuronal loss evident in these locations, which may underlie the minimal central
features in PAF.

Clinical Features

Patients with PAF are typically middle-aged [35, 6], although rarely, late-onset cases
may occur [11]. The onset of symptoms is gradual, and the presenting feature is
characteristically orthostatic hypotension. Other commonly reported features of
autonomic failure include constipation, bladder dysfunction, erectile dysfunction,
and sweating abnormalities.

Patients report a constellation of symptoms associated with OH including dizzi-
ness, light-headedness, and pre-syncope with standing. Less common symptoms
include shortness of breath due to ventilation-perfusion mismatch in the lung apices
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[12], chest pain due to myocardial hypoperfusion, headache, fatigue, confusion, or
difficulty concentrating [13]. Some patients describe neck pain or neck discomfort
on standing, a symptom called the “coat-hanger headache,” which is due to hypo-
perfusion of the trapezius and shoulder girdle muscles [14]. Visual blurring or dim-
ming may also occur, likely due to retinal or occipital lobe ischemia.

Supine hypertension frequently coexists with orthostatic hypotension in patients
with autonomic failure and may be present in up to 50% of PAF patients [15]. The
mechanisms underlying supine hypertension are incompletely understood. Possible
mechanisms include the absence of the baroreflex buffering in the setting of residual
sympathetic activity, elevation of angiotensin II, and inappropriate mineralocorti-
coid receptor activation [16—18]. In addition, most of the pharmacotherapies for
orthostatic hypotension result in or exacerbate supine hypertension.

Orthostatic hypotension and symptoms of orthostatic intolerance tend to be
worse in the early morning hours, especially in those individuals who have supine
hypertension, due to a pressure-induced nocturnal diuresis and diurnal fluid shifts
that lead to early morning hypotension. The early morning hypotension is a reversal
of the normal circadian variation in blood pressure [19]. Supine hypertension in
PAF may be associated with end-organ damage including left ventricular hypertro-
phy and impaired renal function [15].

Some PAF patients report symptoms of rapid eye movement (REM) behavioral
sleep disorder. This disorder is characterized by abnormal vocalization, motor
behavior, and dream mentation and manifests by patients acting out their dreams.
Features may include shouting, screaming, and limb movements resembling kick-
ing, swinging, and punching. These manifestations are a consequence of attenuation
of the descending central inhibition of the anterior horn cells, which innervate the
bulbar, trunk, and limb muscles, that occurs during REM sleep [20, 21]. The pro-
posed pathoanatomy of REM sleep behavioral disorder, which includes central
structures such as the subdorsolateral nucleus and procoeruleus complex and the
magnocellular complex [20, 21], supports the involvement of the central nervous
system in some patients. The prevalence of REM behavioral disorder in PAF is not
known; estimates range from 40% to 60% [22, 23].

Hyposmia, which may be subclinical or clinically evident, is a frequent concomi-
tant finding in PAF patients. Hyposmia is a well-established finding in patients with
Parkinson’s disease and is independent of the severity or duration of the movement
disorder; indeed deposition of alpha-synuclein in the olfactory bulb is an early
pathologic finding in Parkinson’s disease [24] and may be associated with loss of
peripheral cardiac noradrenergic innervation [25]. The prevalence of hyposmia in
PAF is not known [26, 27].

Phenotype Conversion

Patients with PAF are at risk for conversion to one of the central alpha-
synucleinopathies, Parkinson’s disease, dementia with Lewy bodies, and multiple
system atrophy. Two recent studies examined the conversion rate and the predictors
of conversion.
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Fig. 12.1 Outcome of the natural history of pure autonomic failure. Arrows denote subject flow
through the natural history study. Endpoint outcomes are listed on the left. This 4-year prospective
study suggests a >10% cumulative risk of conversion to a central synucleinopathy per year. DLB
dementia with Lewy bodies, PD Parkinson’s disease, PAF pure autonomic failure. [From Kaufmann
et al. [5], with permission]

One multicenter study prospectively followed 74 patients [5]. Of these, 34%
(25/74) developed a central alpha-synucleinopathy [Parkinson’s disease (n = 6),
dementia with Lewy bodies (n = 13), and multiple system atrophy (n = 6)] (see
Fig. 12.1). Those patients who phenoconverted to multiple system atrophy had
younger age at onset of autonomic failure, severe bladder/bowel dysfunction, pre-
served olfaction, and a cardiac chronotropic response upon head-up tilt test >10
beats per minute, whereas those who phenoconverted to Parkinson’s disease or
dementia with Lewy bodies had decreased olfaction, a lesser chronotropic response
to head-up tilt test, and a longer duration of illness.

Of the 42 patients who still had a diagnosis of PAF at their last evaluation, 30 had
additional nonspecific features suggesting CNS involvement (i.e., probable RBD,
impaired olfaction, and/or subtle motor signs). Only 12 subjects with PAF remained
completely free of signs suggesting CNS involvement. Those patients who retained the
PAF phenotype (i.e., without evidence of REM sleep behavioral disorder, hyposmia, or
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subtle neurological findings) had very low plasma norepinephrine levels, slow resting
heart rate, no REM sleep behavior disorder, and a preserved sense of smell.

Although none of the PAF patients in this cohort met the clinical diagnostic cri-
teria for Parkinson’s disease, multiple system atrophy, or dementia with Lewy bod-
ies, subtle nonspecific deficits were present in many patients on initial clinical
examination. These deficits included mild generalized slowness/bradykinesia
(12%), minimal hypomimia or reduced blinking frequency (26%), reduced unilat-
eral arm swing when walking (12%), and mild slowing/reduction in amplitude in
rapid alternating movements (22%). Resting tremor or rigidity was not present in
any patient on initial evaluation [5].

In a retrospective single-center study [6], investigators reviewed the medical
records of 318 patients that fulfilled the criteria for possible PAF. Only 79 of these
had sufficient follow-up data. Forty-one patients (41/79, 53%, vs. 41/318, 13%)
retained the PAF phenotype, whereas 37 patients (37/79, 47%, vs. 37/318, 12%)
converted to a central alpha-synucleinopathy. Of those who converted, 22 (59%)
developed multiple system atrophy, 11 (30%) developed Parkinson’s disease or
dementia with Lewy bodies, and 4 (11%) remained indeterminate [6].

Predictors of conversion to MSA in this study included a mild degree of car-
diovagal impairment on cardiovascular autonomic reflex testing, a preganglionic
pattern of sweat loss assessed by the quantitative sudomotor axon reflex test, severe
bladder dysfunction, a supine norepinephrine level >100 pg/mL, and subtle motor
signs at first presentation.

Those patients who converted to the Lewy body disorders, Parkinson’s disease,
and dementia with Lewy bodies, in comparison with PAF patients, had subtle motor
signs at first presentation, worse autonomic function, and higher increases in venous
plasma norepinephrine on standing.

Diagnostic and Research Investigations

The diagnosis of pure autonomic failure is based on the characteristic clinical phe-
notype of peripheral autonomic dysfunction with no further evidence of central neu-
ronal degeneration. The differentiation from an early presentation of the central
alpha-synucleinopathies may be challenging, particularly when subtle motor find-
ings are present. The autonomic peripheral neuropathies are also part of the differ-
ential diagnosis. Laboratory chemistry tests (see Table 12.2) should be carried out
on all patients with the pure autonomic failure phenotype to exclude a treatable
autonomic peripheral neuropathy.

Cardiovascular and sudomotor autonomic testing may help in the differentiation
among the alpha-synucleinopathies (see differences above), although there is some over-
lap in autonomic test results among the different disorders. Autonomic testing also helps
in differentiating PAF from the non-autonomic causes of orthostatic hypotension.

Neurochemical tests may provide additional insight into the disorder.
Norepinephrine is a key neurotransmitter in the sympathetic vascular nervous sys-
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Table 12.2 Laboratory testing for pure autonomic failure patients

Fasting or random plasma glucose, oral glucose tolerance test, or HbAlc to assess for diabetes.
If normal, assess for prediabetic state

Vitamin B12 levels. Measure metabolites (methylmalonic acid and homocysteine) if borderline
value

Serum protein immunofixation electrophoresis

Nicotinic acetylcholine receptor antibodies to assess for autoimmune autonomic ganglionopathy

Additional tests based on concomitant clinical features

Supine and standing venous plasma catecholamines

tem and can be used as a surrogate for sympathoneural activity. In all four alpha-
synucleinopathies, the increment in plasma norepinephrine associated with
orthostatic change is attenuated. But in PAF, in contrast to MSA and Parkinson’s
disease, supine plasma norepinephrine levels tend to be low [28, 29].

Plasma levels of dihydroxyphenylglycol (DHPG) may also contribute to the
diagnosis. Plasma DHPG is derived almost entirely from the actions of monoamine
oxidase on norepinephrine in the sympathetic axoplasm. Because, most axoplasmic
norepinephrine under resting conditions comes from net leakage of norepinephrine
from storage vesicles, as opposed to reuptake of released norepinephrine, plasma
DHPG may provide a better measure of noradrenergic innervation [30, 31]. Plasma
levels of DHPG are low in patients with PAF but also in those patients with
Parkinson’s disease who have orthostatic hypotension [32].

Cardiac sympathetic neuroimaging may contribute to assessment of the diagno-
sis of the central and peripheral alpha-synucleinopathies. In imaging studies using
radioactive agents, such as ['?IJmetaiodobenzylguanidine (['*I]MIBG) single-
photon emission computed tomographic scanning and 6-['*F]fluorodopamine posi-
tron emission tomographic scanning, cardiac noradrenergic denervation — the
hallmark of the peripheral alpha-synucleinopathies — is present in PAF but also in
patients with PD (particularly those with neurogenic orthostatic hypotension).

Several studies have also evaluated skin biopsies in patients with pure autonomic
failure [33-35]. In the first of these [33], a case study, phosphorylated alpha-
synuclein, was present as dot-like or linear immunoreactivity in a thin (5 p) cross
section of a nerve fascicle and in the wall of a blood vessel. Subsequent controlled
studies, using thicker (50 p) sections, demonstrated decreased cutaneous somatic
and autonomic innervation and alpha-synuclein deposition in cutaneous postgangli-
onic sympathetic and cholinergic nerve fibers [34, 35].

Treatment of Orthostatic Hypotension

Non-pharmacologic

Patient education is the first step in the treatment of orthostatic hypotension [36,
37]. Non-pharmacological interventions should be initiated prior to any pharmaco-
therapy. Patients should be made aware of situations that exacerbate symptoms
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including warmer temperatures and hot baths and showers, which may promote
peripheral vasodilation. Symptoms may be worse in early mornings due to noctur-
nal diuresis, particularly those patients with supine hypertension. Raising the head
of the bed may attenuate this diuresis [38]. Discussion of prodromal symptoms of
syncope is also important, and instruction on maneuvers to reduce venous pooling
can be helpful. Patients are advised to increase fluid and salt intake with salt tablets
or increased dietary intake. Patients may also use abdominal binders and/or com-
pression stockings. Abdominal binders may be more effective and have been shown
to increase systolic blood pressure by around 11 mm Hg [39].

Pharmacologic

There are several medications that can be used in conjunction with non-
pharmacologic strategies for the symptomatic treatment of orthostatic hypotension.
The goal of treatment is for improvement, rather than reversal of the orthostatic
blood pressure fall. The primary therapies are fludrocortisone, midodrine, droxi-
dopa, and pyridostigmine. Fludrocortisone, a synthetic mineralocorticoid that
increases renal sodium resorption, improves orthostatic tolerance and standing
blood pressures by increasing intravascular compartment volume. Common side
effects include peripheral edema, hypokalemia, and headache. Midodrine is a selec-
tive a-1 adrenergic agonist with a 3—4-h duration of action. Midodrine significantly
increases standing blood pressures while decreasing symptoms of orthostatic intol-
erance [40, 41]. The side effects include supine hypertension, piloerection, urinary
retention, and scalp tingling. Droxidopa is a synthetic precursor of norepinephrine
that is converted to norepinephrine by aromatic L-amino acid decarboxylase. It is
FDA approved for the treatment of neurogenic orthostatic hypotension. Studies
with droxidopa have demonstrated a significant increase in standing systolic blood
pressures and improvement in patient symptoms [42, 43]. Additional medications
include pyridostigmine, an acetylcholinesterase inhibitor which was initially used
for the treatment of myasthenia gravis. Pyridostigmine may increase standing blood
pressure by enhancing sympathetic ganglionic transmission [44]. Additional treat-
ments are listed in Table 12.3.

Table 12.3 Medications used for symptomatic treatment of orthostatic hypotension

Medication Dose Adverse effects

Midodrine 2.5-10 mg PO g4H, as needed Supine hypertension, piloerection, urinary
retention, scalp tingling

Fludrocortisone | 0.05-0.2 mg PO daily Supine hypertension, headache,
hypokalemia, edema

Droxidopa 100 mg TID up to total daily dose | Supine hypertension

1800 mg as needed
Pyridostigmine | 30-60 mg PO TID Excessive salivation, abdominal cramping,

nausea, and vomiting
Abbreviations: oral (PO); every four hours (q4H); three times a day (TID); hypertension (HTN)
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Clinical Case

A 65-year-old male with no past medical history presented to the outpatient neurol-
ogy clinic with complaints of dizziness and light-headedness with standing that had
a gradual onset. He reported one episode of syncope. He noted that dizziness
occurred primarily when standing, no symptoms when laying down or sitting. He
also reported light-headedness after having large meals. On further review, he also
reported constipation and erectile dysfunction. There was no report of weakness or
sensory symptoms.Vital signs were notable for a supine blood pressure of
150/85 mm Hg and a heart rate of 80 beats per minute. After standing for 3 min,
blood pressure was 90/70 mm Hg and heart rate 82 beats per minute. Neurologic
exam was notable for normal mental status, normal cranial nerve exam, and normal
strength and reflexes. MRI of the brain and MRA of the head and neck were normal.
Laboratory chemistries were normal. Autonomic testing revealed severe orthostatic
hypotension, together with abnormal measures of sympathetic adrenergic, sudomo-
tor, and parasympathetic function.Over 4 years of follow-up, his orthostatic hypo-
tension responded well to treatment. He developed symptoms consistent with rapid
eye movement (REM) behavioral disorder. His neurological examination was
unchanged.

Conclusion

Pure autonomic failure is an alpha-synucleinopathy, characterized clinically by sig-
nificant orthostatic hypotension in the absence of significant extrapyramidal, cere-
bellar, or pyramidal features. It is regarded as a slowly progressive disorder, with a
good prognosis if the clinical features remain restricted to the peripheral autonomic
nervous system. However, phenotype conversion to one of the central alpha-synu-
cleinopathies occurs in a significant number of patients. Careful follow-up of PAF
patients is necessary, monitoring for the predictors of phenotype conversion, such as
REM behavioral disorder and hyposmia, and for changes in the features of the clini-
cal examination.
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Chapter 13
Hypoglycemia-Associated Autonomic
Failure in Diabetes

Philip E. Cryer and Ana Maria Arbelaez

The Problem of Hypoglycemia in Diabetes

Tatrogenic hypoglycemia is the limiting factor in the glycemic management of
absolute endogenous insulin-deficient diabetes mellitus [1]. Hypoglycemia
causes recurrent morbidity in most people with type 1 diabetes (T1D) and many
with advanced type 2 diabetes (T2D) and is sometimes fatal. It generally pre-
cludes maintenance of euglycemia over a lifetime in such patients and, thus, full
realization of the benefits of glycemic control. As discussed in this chapter, hypo-
glycemia impairs defenses against subsequent hypoglycemia and, thus, causes a
vicious cycle of recurrent hypoglycemia.

An estimated 415 million people worldwide had diabetes in 2015 that is pro-
jected to increase to 642 million people by 2040 [2]. Approximately 5% have
T1D, and many of the remainder have long-standing, advanced T2D with absolute
endogenous insulin deficiency. Thirty to forty percent of those with T1D suffer
one to three episodes of severe iatrogenic hypoglycemia (that requiring the assis-
tance of another person) each year [3]. The vast majority suffer one to two epi-
sodes of symptomatic hypoglycemia each week. Virtually all have frequent
continuous glucose monitoring levels <70 mg/dL (3.9 mmol/L) [4]. The incidence
of hypoglycemia in insulin-treated T2D is about one-third of that in T1D [3, 5]
although it is similar in T2D and T1D matched for duration of insulin therapy [6].
Because T2D is approximately 20-fold more prevalent than T1D and most people
with T2D ultimately require treatment with insulin, most episodes of iatrogenic
hypoglycemia, including severe hypoglycemia, occur in T2D.
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Episodes of hypoglycemia can cause anxiety, embarrassment, aberrant behavior,
an array of unpleasant symptoms, impairment of physical performance, confusion,
seizure, coma, injuries, or transient neurological deficits [1]. An estimated 4—10%
of deaths of people with T1D are attributed to hypoglycemia and thought to be the
result of cardiac arrhythmias [1, 7, 8].

Tatrogenic hypoglycemia in diabetes is typically the result of the interplay of
therapeutic insulin excess and compromised physiologic and behavioral defenses
against the resulting falling plasma glucose concentrations [1]. Insight into those
compromised defenses developed over the past four decades by the senior author
and his colleagues and incorporated into his concept of hypoglycemia-associated
autonomic failure in diabetes [1, 9] is the focus of this chapter. Our development of
a sensitive and specific single isotope derivative (radioenzymatic) method for the
measurement of epinephrine and norepinephrine [10, 11] in the early 1970s was
key. That then unique analytical method enabled us to study the human sympatho-
adrenal system [12—14] and made our comprehensive studies of the physiology and
pathophysiology of glucose counterregulation in humans [1] possible.

The Physiology of Glucose Counterregulation

The senior author and his colleagues defined the physiology of glucose counter-
regulation—the mechanisms that normally prevent or rapidly correct hypoglyce-
mia—in humans [15-19] (Fig. 13.1). In our early study of glucose kinetics during
hypoglycemia induced by intravenous insulin injection, the finding that plasma
insulin concentrations were still greater than tenfold higher than baseline at the time
of reversal of insulin-suppressed glucose production and of insulin-stimulated glu-
cose utilization [15] made it clear that the correction of hypoglycemia is not due
solely to waning of the glucose-lowering hormone insulin. Additional glucose-
raising (glucose counterregulatory) factors must be involved. Among the latter, our
findings [16-18] that glucose counterregulation during hypoglycemia (1) is not
impaired by pharmacologic adrenergic blockade (or epinephrine deficiency) and (2)
is only partially impaired by infusion of somatostatin (an effect reversed by gluca-
gon replacement) but (3) fails completely during adrenergic blockade combined
with somatostatin-induced glucagon deficiency established that there are multiple
glucose counterregulatory factors, a key fail-safe system, and that there is a hierar-
chy among those factors. As plasma glucose concentrations fall, the physiologic
defenses against hypoglycemia are a decrease in the secretion of the glucose-
lowering pancreatic beta-cell hormone insulin, an increase in the secretion of the
glucose-raising pancreatic alpha-cell hormone glucagon, and an increase in the
secretion of the glucose-raising adrenomedullary hormone epinephrine [19]. Of
these, two points warrant emphasis. First, a decrease in insulin secretion as plasma
glucose concentrations fall within the physiological range is a key glucose counter-
regulatory event. Second, when glucagon secretion is intact, epinephrine is not
required for restoration of plasma glucose. Epinephrine does, however, provide an
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early warning signal in the form of tremor, anxiety, and palpitations. Epinephrine
becomes critical to glucose counterregulation when glucagon secretion is deficient.
The behavioral defense against hypoglycemia is carbohydrate ingestion [1, 19]
prompted by recognition of neurogenic (autonomic) symptoms [20] that largely
originate from the adrenal medullary response [21]. The effectiveness of these
defenses ensures a continuous supply of glucose and thus survival.

The Pathophysiology of Glucose Counterregulation

The concept of hypoglycemia-associated autonomic failure in diabetes
Hypoglycemia is uncommon in patients with diabetes caused by relative pancre-
atic beta-cell failure, early T2D. But hypoglycemia is common in those with abso-
lute pancreatic beta-cell failure, advanced T2D and TI1D, in whom defenses
against hypoglycemia are compromised [1]. The concept of hypoglycemia-
associated autonomic failure (HAAF) in diabetes [1, 9] (Fig. 13.2) posits that in
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Fig. 13.2 The concept of hypoglycemia-associated autonomic failure (HAAF) in diabetes. (From
Cryer [1], with permission)

the latter, patients’ necessarily imperfect insulin replacement (or sulfonylurea- or
glinide-stimulated insulin secretion) results in falling plasma glucose concentra-
tions, but no decrease in insulin secretion and no increase in glucagon secretion,
and, thus, leads to episodes of hypoglycemia. Those episodes (like sleep or prior
exercise) attenuate adrenomedullary epinephrine secretion during subsequent
hypoglycemia. In the setting of absent insulin and glucagon responses, the attenu-
ated epinephrine responses cause the clinical syndrome of defective glucose coun-
terregulation [22] which is associated with a 25-fold [22] or greater [23] increased
risk of severe iatrogenic hypoglycemia during intensive glycemic therapy. The
attenuated adrenal medullary responses cause the clinical syndrome of hypoglyce-
mia unawareness (impaired awareness of hypoglycemia) which is associated with
at least a sixfold increased risk of severe iatrogenic hypoglycemia during intensive
glycemic therapy [24]. The resulting recurrent hypoglycemia further attenuates
the adrenal medullary response to falling plasma glucose concentrations.
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HAAF in diabetes is a functional disorder distinct from classical diabetic autonomic
neuropathy [1, 25]. Unlike the latter, HAAF can be induced by prior hypoglycemia,
sleep, or exercise and at least partially reversed by short-term scrupulous avoidance
of hypoglycemia and is manifested clinically by recurrent iatrogenic hypoglycemia.

There are at least three forms of HAAF [1, 26]: (1) hypoglycemia-related HAAF,
(2) sleep-related HAAF [27-29], and [3] exercise-related HAAF [30]. With respect
to the latter, recent evidence indicates that a decrease in the plasma glucose concen-
tration during exercise can cause HAAF [31].

Critical findings leading to the concept of HAAF Made possible by the availability
of assays for the precise and accurate measurement of epinephrine and norepineph-
rine [10-14], the concept of HAAF in diabetes evolved from a series of findings, all
in humans. Those included our insight into the physiology of glucose counterregu-
lation [15-19] just summarized; our discovery of the clinical syndrome of defective
glucose counterregulation in diabetes [22]; our pivotal finding that hypoglycemia
today reduces neuroendocrine (including glucagon and epinephrine) and symptom-
atic defenses against hypoglycemia tomorrow [32]; our finding, with others, that
hypoglycemia unawareness in diabetes is reversible by short-term scrupulous avoid-
ance of iatrogenic hypoglycemia [33]; and our finding that the glucagon response to
hypoglycemia is lost late in advanced T2D [34] as it is lost early in T1D [22, 35].

We found that an intravenous insulin infusion identifies some patients with T1D
whose plasma glucose concentrations decline progressively and others in whom it
declines but then stabilizes normally [22]. Compared with nondiabetic individuals,
plasma glucagon responses to hypoglycemia are absent in both patient groups, but
plasma epinephrine responses to hypoglycemia are reduced only in the patients with
defective glucose counterregulation (Fig. 13.3). The latter patients have a 25-fold
higher incidence of severe iatrogenic hypoglycemia during subsequent intensive
glycemic therapy [22], a finding confirmed by others [23]. Those studies docu-
mented that glucose counterregulation is compromised, and the frequency of iatro-
genic hypoglycemia is increased, by the combination of absent glucagon and
attenuated epinephrine secretory responses to falling plasma glucose concentra-
tions, the clinical syndrome of defective glucose counterregulation in diabetes.

Our pivotal finding was that 2 h of interval of afternoon hyperinsulinemic hypo-
glycemia, compared with interval of afternoon hyperinsulinemic euglycemia,
reduces the neuroendocrine (including plasma glucagon and epinephrine) and
symptomatic responses to hypoglycemia the following morning in nondiabetic indi-
viduals [32] (Fig. 13.4) and in patients with T1D [36]. Obviously, that now well-
established phenomenon is central to the concept of HAAF in diabetes.

The dynamic nature of HAAF in diabetes was further underscored by our finding
that hypoglycemia unawareness is reversible in most affected patients with T1D by
3—4 weeks of scrupulous avoidance of iatrogenic hypoglycemia [33] (Fig. 13.5).
That finding was also reported by others [37-39] at the same time.

Our finding that the glucagon response to hypoglycemia is also lost in advanced
T2D [34] (Fig. 13.6) extended the concept of HAAF in diabetes from T1D to
advanced T2D.
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had a 25-fold higher incidence of severe iatrogenic hypoglycemia during subsequent intensive
glycemic therapy. (From White et al. [22], with permission)

Findings relevant to the mechanisms of HAAF Our findings relevant to the mecha-
nism of HAAF in diabetes, which are discussed shortly, again all in humans, included
evidence that a decrease in pancreatic beta-cell insulin secretion normally signals an
increase in pancreatic alpha-cell glucagon secretion during hypoglycemia [40, 41];
there is no increase in blood-to-brain glucose transport in a model of HAAF [42]; the
glycemic threshold for a decrease in brain glucose metabolism is less than 50 mg/dL
(2.8 mmol/L) [43]; there are regional increments in brain synaptic activity during
hypoglycemia and increased thalamic activation in a model of HAAF [44-46]; and
experimental HAAF is prevented by nonselective adrenergic blockade [47].

Mechanisms of the Absent Insulin and Glucagon Secretory
Responses in HAAF

Insulin In the absence of endogenous insulin secretion, circulating insulin levels
are simply a function of the absorption and clearance of injected exogenous insulin.
Intraislet endogenous insulin secretion, as measured by circulating C-peptide con-
centrations, cannot decrease as plasma glucose concentrations fall.
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Fig. 13.4 Mean plasma glucose concentrations, total symptom scores, and plasma epinephrine
concentrations during hyperinsulinemic euglycemia then hypoglycemic clamps on consecutive
mornings before and after interval of afternoon hyperinsulinemic euglycemia (left) and before and
after interval of afternoon hyperinsulinemic hypoglycemia (right) in nondiabetic humans. (From
Heller and Cryer [32], with permission)

Glucagon The absence of an increase in glucagon secretion during hypoglycemia in
HAAF in diabetes is also best attributed to pancreatic beta-cell failure, specifically the
lack of a decrease in the intraislet pancreatic alpha-cell inhibitory signal of beta-cell
insulin during hypoglycemia [1, 9]. The evidence for that conclusion is substantial.
First, loss of the insulin and glucagon responses to falling plasma glucose concentra-
tions are correlated, developing early in T1D and late in T2D, and precede attenuation
of the sympathoadrenal response [35]. Second, loss of the glucagon response cannot be
attributed to islet denervation. Normal glucagon secretion in response to hypoglycemia
occurs in humans with a transplanted (denervated) pancreas [48] and in those with
spinal cord transections and, thus, no sympathoadrenal outflow from the brain to the
islets [49]. It also occurs in dogs with a denervated pancreas [50]. Furthermore, gluca-
gon release occurs in response to low glucose from the perfused rodent pancreas and
from perifused rodent and human islets. Thus, the defect in HAAF must be within the
islets. Third, since there is a glucagon secretory response to administered amino acids
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in patients with HAAF (e.g., 41), loss of the glucagon response to hypoglycemia must
be the result of reduced signaling to functioning alpha-cells. Fourth, because insulin
normally regulates glucagon secretion in a reciprocal fashion in humans [40, 41], it
follows that loss of beta-cell insulin secretion would result in loss of the signal of a
decrease in intraislet insulin to increase glucagon secretion during hypoglycemia.

The lack of a decrease in insulin and the lack of an increase in glucagon as glu-
cose concentrations fall are prerequisites for defective glucose counterregulation
but do not cause defective glucose counterregulation or hypoglycemia unawareness.
The latter two components of HAAF in diabetes develop only when the sympatho-
adrenal and resulting symptomatic responses to hypoglycemia become attenuated.

Mechanism of the Attenuated Sympathoadrenal Responses
in HAAF

Unlike the loss of the insulin and glucagon responses at the islet level, the alteration
resulting in attenuated adrenal medullary responses must reside within the central
nervous system or its afferent or efferent connections. Despite an array of hypoth-
eses, summarized in the paragraphs that follow, the mechanism of the attenuated
adrenal medullary response to hypoglycemia in HAAF in diabetes is not known.

The systemic mediator hypothesis The systemic mediator hypothesis postulates
that an increase in a circulating factor during recent antecedent hypoglycemia (or
prior exercise) acts on the brain to attenuate the adrenal and related symptomatic
responses to subsequent hypoglycemia [51, 52]. It was originally suggested that
cortisol might be that factor [51, 52], but neither prior cortisol elevations similar to
those that occur during hypoglycemia [53, 53] nor inhibition of the cortisol response
to prior hypoglycemia with metyrapone [54] prevents the attenuated epinephrine
and symptomatic responses to subsequent hypoglycemia in humans. Recent data in
humans [55] suggest that endorphins or epinephrine might be that factor. Prior mor-
phine injection reduced plasma epinephrine and symptomatic responses to subse-
quent hypoglycemia. In data presented but not reported in the abstract, prior
epinephrine injection reduced symptomatic responses and tended to reduce plasma
epinephrine responses to subsequent hypoglycemia. Nonetheless, earlier data [56]
indicated that prior epinephrine administration did not reduce the plasma epineph-
rine response to subsequent hypoglycemia. The extent to which the recent findings
[55] are physiologic or pharmacologic is unknown.

The brain fuel transport hypothesis The brain fuel transport hypothesis postulates
that recent antecedent hypoglycemia causes increased blood-to-brain transport of
glucose (or of an alternative metabolic fuel) and that attenuates sympathoadrenal and
symptomatic responses to subsequent hypoglycemia. Despite some seemingly con-
sistent early data (reviewed 1,9), global blood-to-brain glucose transport, measured
with [1-!'C]glucose positron emission tomography, is not reduced in patients with
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poorly controlled T1D [57] and is not increased after nearly 24 h of interprandial
hypoglycemia [42] which produces a model of HAAF (including attenuated plasma
epinephrine and neurogenic symptom responses to hypoglycemia) in nondiabetic
humans.

A premise of the brain glucose transport hypothesis is that hypoglycemia causes
a decrease in the rate of cerebral glucose metabolism which in turn causes an
increase in sympathoadrenal activity and a decrease in cognitive function and that
an increase in blood-to-brain glucose transport during subsequent hypoglycemia
would preserve brain glucose metabolism and, thus, attenuate sympathoadrenal and
symptomatic responses. However, there is evidence that the sympathoadrenal
response to hypoglycemia is a signaling event, and not a response to a decrease in
brain glucose metabolism, in that the neuroendocrine response occurs at a higher
plasma glucose concentration than that required to cause a decrease in brain glucose
metabolism and that the glycemic threshold for a decrease in brain glucose metabo-
lism is less than 50 mg/dL (2.8 mmol/L) [43]. If so, an increase in blood-to-brain
glucose transport at a plasma glucose concentration greater than 50 mg/dL would
not be expected to reduce the sympathoadrenal or symptomatic responses to
hypoglycemia.

If the normally small astrocytic brain glycogen pool [1] increases substantially
above baseline after hypoglycemia, that expanded source of glucose within the
brain might fulfill this hypothesis. However, the notion of brain glycogen supercom-
pensation has not been supported in patients with T1D and hypoglycemia unaware-
ness [58] or in a model of HAAF in nondiabetic individuals [59].

Neurons also oxidize lactate, but that lactate is largely derived from glucose
within the brain [1]. An increase in blood-to-brain lactate transport could fulfill the
brain fuel transport hypothesis, albeit also with the assumption that mild to moder-
ate hypoglycemia causes a decrease in brain oxidative metabolism that causes an
increase in adrenal medullary activity and a decrease in cognitive function discussed
above. As reviewed previously [9], lactate infusions reduce adrenal and symptom-
atic responses to hypoglycemia, but brain lactate uptake does not increase [60] or
increases only to a small extent [61] during hypoglycemia in humans. Nonetheless,
increased brain lactate uptake without increased oxidation of lactate during hypo-
glycemia in patients with TID has been reported [62], and lactate infusions that
caused only a small increase in brain lactate metabolism were found to result in
maintenance of brain glucose metabolism during subsequent hypoglycemia in rats
subjected to recurrent hypoglycemia [63].

The brain metabolism hypothesis The brain metabolism hypothesis postulates that
recent antecedent hypoglycemia somehow alters central nervous system metabolic
regulation resulting in attenuated adrenal medullary responses to declining plasma
glucose concentrations and, thus, HAAF in diabetes. The molecular and cellular
studies of the phenomenon in rodents have largely focused on the ventromedial
hypothalamus [64—66]. A recent construct is that recurrent hypoglycemia increases
brain lactate uptake [63] that stimulates gamma-aminobutyric acid (GABA) produc-
ing hypothalamic neurons and that the failure of hypothalamic GABA levels to
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decrease normally causes an attenuated adrenal response to hypoglycemia [64, 65].
Interestingly, partial blockade of nicotinic acetylcholine receptors was found to
improve the adrenomedullary epinephrine response to hypoglycemia in a rodent
model of HAAF [66] suggesting that increased preganglionic adrenal nerve stimula-
tion (i.e., a central nervous system effect) contributes to the development of HAAF.

In apparent contrast, however, a decrease in brain lactate concentrations, mea-
sured with proton magnetic resonance spectroscopy, during hypoglycemia has been
reported in patients with T1D and impaired awareness of hypoglycemia [67].

Potential pharmacologic manipulations that might ameliorate HAAF in diabetes
were reviewed previously [9].

The cerebral network hypothesis The cerebral network hypothesis is distinguished
from the brain metabolism hypothesis in that it postulates that recent antecedent
hypoglycemia acts through a network of interconnected brain regions to inhibit
hypothalamic activation and, thus, attenuates the adrenal and symptomatic responses
to subsequent hypoglycemia [1, 9]. In contrast to the brain metabolism hypothesis,
the cerebral network hypothesis has been developed largely in humans [44—46].

As reviewed previously [9], the cerebral network hypothesis is largely based on
findings from functional neuroimaging in humans during hypoglycemia, particu-
larly [SO]water positron emission tomography measurements of regional cerebral
blood flow as an index of regional brain synaptic activity [44—46], and the psycho-
physiological concept of habituation of the response to a given stress and its pro-
posed mechanism [68, 69]. The posterior paraventricular nucleus of the thalamus is
the brain site at which previous stress acts to attenuate responses to subsequent
episodes of that specific stress in rats. The effect of recent antecedent hypoglycemia
to attenuate the adrenal response to subsequent hypoglycemia, the core feature of
HAAF in diabetes, is an example of habituation of the adrenal medullary response
to hypoglycemia in humans.

Hypoglycemia increases synaptic activity in the human dorsal midline thalamus
among other sites [44—46] and increases synaptic activity to a greater extent after
recent antecedent hypoglycemia (i.e., in a model of HAAF in diabetes in nondia-
betic humans) only in the dorsal midline thalamus [45] (Fig. 13.7). That is the site
of the posterior paraventricular nucleus of the thalamus [69]. Thus, thalamic inhibi-
tion of the adrenal response to hypoglycemia could be a component of the mecha-
nism of HAAF in diabetes [45]. Additional potential links in the cerebral network,
including the medial prefrontal cortex, have been reviewed [9].

Using arterial spin labeling magnetic resonance imaging to measure cerebral
blood flow (CBF), others [70] reported increments in global CBF during hypogly-
cemia in patients with T1D and impaired awareness of hypoglycemia but not in
patients with T1D and normal awareness of hypoglycemia or in nondiabetic indi-
viduals. They suggested that an increase in global CBF may enhance nutrient sup-
ply to the brain, hence suppressing symptomatic awareness of hypoglycemia.
However, their finding rests on a very small difference in global CBF during hypo-
glycemia between patients with impaired awareness of hypoglycemia (+8 + 3%,
P <0.05) and patients with normal awareness of hypoglycemia (+5 + 2%, P < 0.08)
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Thalamus

Fig. 13.7 Increased thalamic response to hypoglycemia in a model of HAAF. Synaptic activation
during hypoglycemia, measured with [*0]water positron emission tomography in nondiabetic
humans, at baseline (Day 1) with interval hypoglycemia resulting in attenuated plasma epinephrine
and symptomatic responses to hypoglycemia associated with a greater increase in synaptic activa-
tion in the dorsal midline thalamus (yellow) on Day 2. (From Arbelaez et al. [45], with
permission)

[compared with —2 + 2% in nondiabetic individuals] in seven subjects in each of the
three groups. The authors’ interpretation also rests on the validity of the brain glu-
cose transport hypothesis discussed earlier. Those authors [70] also noted no redis-
tribution of regional CBF to the thalamus during hypoglycemia in patients with
T1D and impaired awareness of hypoglycemia, a finding seemingly at variance with
our earlier finding in a model of HAAF [45] but consistent with another report [71].

Eliminating Hypoglycemia in Diabetes

It is possible to minimize the risk of hypoglycemia in insulin-, sulfonylurea-, and
glinide-treated diabetes. A pragmatic approach to that has been published [72].
A major step forward would be to eliminate the use of sulfonylureas and glinides
and to limit the use of insulin in T2D. These are feasible given the recent availability
of glucose-lowering drugs for the treatment of T2D that do not in themselves cause
hypoglycemia such as DPP-IV inhibitors, GLP-1 receptor agonists, SGLT2 inhibi-
tors, and thiazolidinediones. But it is not possible to consistently eliminate hypogly-
cemia from the lives of persons with insulin-treated diabetes. That may become
possible if automated insulin delivery systems become totally closed-loop and con-
sistently reliable. Successful islet transplantation eliminates hypoglycemia but only
as long as the graft remains functional.
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Although prolonged, profound hypoglycemia can cause brain death directly,
most fatal hypoglycemic episodes are the result of cardiac arrhythmias [1]. Recent
antecedent hypoglycemia causes cardiovascular HAAF including reduced barore-
flex sensitivity [73] and the resulting increased vulnerability to a ventricular arrhyth-
mia. In that setting, the adrenal medullary response to an episode of hypoglycemia
could trigger a fatal arrhythmia by activating beta-adrenergic receptors [74] in the
heart, specifically beta-1 adrenergic receptors [75]. Nonselective adrenergic block-
ade prevents the effect of recent antecedent hypoglycemia to produce the HAAF
phenomenon in humans [47]. There is evidence that treatment with a f-adrenergic
antagonist reduces cardiovascular mortality during intensive glycemic therapy of
diabetes [76]. Given these findings, it is conceivable that treatment with a relatively
selective f3;-adrenergic receptor antagonist might prevent HAAF in diabetes with-
out compromising the glycemic and symptom-generating actions of the catechol-
amines which are mediated through f,-adrenergic receptors [1]. If so, that treatment
would reduce the frequency of iatrogenic hypoglycemia in diabetes substantially.

Illustrative Case

A 53-year-old man with a 15-year history of type 2 diabetes and a 5-year history
of treatment with insulin reports he feels well. He is using a basal (insulin glargine
at bedtime)-bolus (insulin lispro before meals) regimen. His SMPG values gener-
ally range from 140 mg/dL (7.8 mmol/L) to 220 mg/dL (12.2 mmol/L). His
hemoglobin Alc is 6.9% (52 mmol/mol). Review of his SMPG log reveals two
morning glucose levels less than 50 mg/dL (2.8 mmol/L) in the past month, but
he does not recall any symptoms at those times.

This patient almost assuredly has hypoglycemia unawareness caused by recur-
rent iatrogenic hypoglycemia, probably mostly at night. Therefore, he is at risk
for an episode of dangerous, potentially fatal hypoglycemia in the future. The
fact that his hemoglobin Alc is low relative to the vast majority of his recorded
SMPG values is a clue that he has recurrent hypoglycemia somewhere in the 24-h
period, probably at night when SMPG is rarely performed. His morning SMPG
values of less than 50 mg/dL (2.8 mmol/L), distinctly hypoglycemic values,
apparently without symptoms make the diagnosis of hypoglycemia unawareness
likely. Continuous glucose monitoring would almost assuredly document recur-
rent nocturnal hypoglycemia without symptoms. The probable culprit is his bed-
time insulin glargine.
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Chapter 14
The Sympathetic Nervous System
in Hypertension

Gino Seravalle, Giuseppe Mancia, and Guido Grassi

Introduction

Cumulative evidence collected in the last few decades have investigated the
behavior of sympathetic cardiovascular drive in essential hypertension. These
observations have shown that several excitatory influences of the adrenergic ner-
vous system on the heart and on peripheral circulation are already detectable in
the early stages and contribute to sustain this pathophysiological condition and
also to the disease progression and the development of target organ damage. This
chapter will provide an overview of the noradrenergic abnormalities characteriz-
ing the hypertensive states and the possible pathophysiological mechanisms.

Mechanisms Regulating Adrenergic Tone

The sympathetic nervous system is a major regulator of cardiac output and sys-
temic vascular resistance, the major components of neural blood pressure regula-
tion. Tonic sympathetic activity is mainly generated by neurons located in the
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Fig. 14.1 Schematic
illustration of the possible
mechanisms responsible
for the potentiation of the
sympathetic activation in
essential hypertension
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rostral ventrolateral medulla (RVLM) and regulated by arterial baroreceptors,
cardiopulmonary mechanoreceptors, and chemoreceptors (Fig. 14.1). Sympathetic
activity is also modulated by neurons in the limbic system, the hypothalamus, and
the cortex [1-4].

A large body of evidence has also shown that blood pressure and blood volume
regulation closely depend on the interactions between sympathetic nervous system,
the renin-angiotensin system, and renal sodium excretion [5-7].

Physiologically, elevated blood pressure caused by increased sympathetic activ-
ity leads to baroreflex activation, in turn resulting in inhibition of the sympathetic
activity and the return of blood pressure toward baseline values. It appears well
established now that baroreceptors contribute not only to short- but also long-term
regulation of blood pressure levels [2, 7, 8]. In addition it is likely that the antero-
ventral region of the third ventricle plays an important role in the long-term regula-
tion of blood pressure, sympathetic activity, and fluid/volume homeostasis. This
region of the brain is sensitive to circulating hormones, blood pressure, and fluid/
volume changes. Input from these pathways is integrated and routed to the paraven-
tricular nucleus of the hypothalamus which is the transmitter of excitatory and
inhibitory signals for long-term blood pressure control.

It is also suggested that the metabolic alterations frequently detectable in hyper-
tension, such as the hyperinsulinemic state and the related insulin resistance, may
be the triggering factors. This hypothesis is based on the evidence that insulin may
have central sympathoexcitatory effects which may thus be enhanced in hyperten-
sive patients’ adrenergic drive [9].

Gene Polymorphisms

The hypothesis of a neurogenic cause at the basis of the hypertensive state is sup-
ported by studies showing that the genetic background of a given patient may
interfere with the sympathetic neural function. This has been observed in a study
showing that normotensive subjects with a family history of hypertension have
already an increased sympathetic neural drive [10] (Fig. 14.2). This has been more
recently supported by the evidence that mutations of single genes directly or
indirectly involved in cardiovascular regulation may affect blood pressure,
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Fig. 14.2 Mean values of muscle sympathetic nerve activity (MSNA) expressed as burst inci-
dence corrected for heart rate values in different group of subjects. Data obtained from Ref in the
brackets. The gray zone refers to the area of sympathetic activity recorded in healthy normal sub-
jects. These levels of normalcy may be different in different studies and depend on several factors
(age, gender, etc.). FH+ positive familiarity for hypertension, HT hypertension

sympathetic function, and cardiovascular responses to stress. This is the case for
the gene encoding melanocortin-4 receptor, which participates not only at energy
balance control but also at blood pressure regulation. A melanocortin-4 receptor
deficiency is accompanied by a reduced adrenergic function and low blood pressure
values [11]. This is also the case for the gene encoding phosducin, which partici-
pates at cardiovascular homeostasis control by regulating G proteins. Phosducin
plays a role in modulating the adrenergic and blood pressure responses to stress and
thus in determining stress-induced hypertension [12, 13]. Another observation
derives from the presence of specific polymorphisms of «-1A-adrenoceptor gene
associated with hyperadrenergic tone in hypertensive patients with the metabolic
syndrome [14]. These findings strongly support the concept that genetic factors
may participate at the phenotypic expression of an adrenergic overdrive.

Prehypertension and “Borderline’’ Hypertension

Evidence from several sources have clearly documented that sympathetic neural
factors and an abnormality in sympathetic control of the cardiovascular system par-
ticipate in the early blood pressure increase occurring in the initial clinical phase of
the hypertensive disease.

It has been shown that a resting tachycardia, associated with a hyperkinetic state,
is frequently present in a consistent fraction of young hypertensives [15]. These
hemodynamic abnormalities are accompanied by a significant increase in circulat-
ing plasma levels of noradrenaline. This evidence suggests that the inhibitory
influences exerted by vagal tone on the sinus node are already lost and that the
excitatory ones exerted by sympathetic drive are already potentiated.
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Data obtained in the 1990s have also shown that in subjects with borderline or
very mild hypertension, sympathetic nerve traffic is increased, indicating that cen-
tral sympathetic outflow is already activated [16, 17]. The use of a different tech-
nique to investigate the adrenergic system, the norepinephrine spillover techniques,
has shown in subject with essential hypertension that the cardiac and renal districts
were those more involved by this sympathetic activation [18].

Recent evidences provided by Seravalle and coworkers [19] suggest that even in
subjects in which blood pressure values are in the high/normal range on the basis of
ESH/ESC guidelines on hypertension [20] (130-139 mm Hg or systolic and
85-89 mm Hg for diastolic), sympathetic activity is already elevated (Fig. 14.2).
This condition is also characterized by an increased cardiovascular risk and higher
mortality [21]. With regard to the mechanisms sustaining the hyperadrenergic tone,
an impairment of baroreflex heart rate control appears very early in the clinical
course of the hypertensive disease; a few mm Hg increase in blood pressure may be
responsible for a functional baroreceptor impairment of heart rate control. These
subjects were also characterized by an increase in HOMA index and in plasma insu-
lin levels. As a hyperinsulinemic state may exert central sympathoexcitatory effects
[22, 23], the possibility that the high-normal blood pressure-related sympathetic
activation depends on this metabolic alteration is confirmed by the strong direct
relation observed between HOMA index and sympathetic nerve traffic.

Mild and Severe Hypertension

A meta-analysis of the studies performed by employing plasma norepinephrine as a
marker of sympathetic drive has shown that in a consistent number of hypertensive
patients, the circulating levels of this adrenergic neurotransmitter are increased [24].
This increase is likely to depend on an enhanced central neuroadrenergic drive,
given the evidence that direct recording of sympathetic nerve traffic has been shown
to be considerably potentiated in essential hypertensive patients.

The magnitude of the sympathetic neural activation appears to parallel the clini-
cal severity of the blood pressure elevation, from moderate hypertension to severe
hypertensive state [25] (Fig. 14.2). This potentiation has been demonstrated to
involve the sympathetic outflow to different cardiovascular districts, as documented
by the increased norepinephrine spillover in cerebral, coronary, and renal circula-
tion as well [18].

Isolated Systolic Hypertension

Only limited evidence is available in isolated systolic hypertension, a condition in
which an important determinant of baroreflex control of sympathetic drive, such
as diastolic blood pressure [26], is not increased or even reduced. Patients with
systo-diastolic and isolated systolic hypertension have shown an increase in
sympathetic nerve traffic [27], and this is not limited to young and middle-aged but
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is evident also in elderly patients. In both the systo-diastolic and isolated systolic
hypertension, the ability of baroreflex stimulation and deactivation to modify heart
rate is impaired, while the baroreflex control of sympathetic activity is not affected.
This extends to old age the differential impairment between baroreceptor heart rate
and baroreceptor sympathetic reflex that has been reported in younger subjects
with essential hypertension [17, 25]. Also in this case, factors responsible for the
adrenergic activation include an increased activity of the renin-angiotensin system,
a hyperinsulinemia induced by insulin resistance, and an impairment of the cardio-
pulmonary reflex, because all these factors are known to lead to a stimulation of
central sympathetic drive [28-30]. In elderly subjects, however, the last two factors
are more likely to be involved than the first, because aging is accompanied by a
reduction of plasma renin and angiotensin II levels [31]. In the elderly, the absence
of tachycardia suggests that the sympathetic activation involves the peripheral cir-
culation but not the heart, despite the impairment of both the peripheral and the
cardiac modulation by baroreflex. This would be compatible with previous obser-
vations that (a) there is a lesser increase in norepinephrine spillover from cardiac
sympathetic nerve terminals into the venous reservoir in elderly than in young
hypertensive subjects [18] and (b) plasma norepinephrine and sympathetic nerve
activity have only a very limited correlation with heart rate values [32].

Adrenergic Tone and Dipping Alterations

The use of ambulatory blood pressure monitoring allows identification of four differ-
ent patterns of nocturnal blood pressure profile, i.e., the dipping, nondipping (defined
as a < 10% fall in nocturnal BP relative to diurnal BP (i.e., [daytime BP — nighttime
BP]/daytime BP x 100%), arithmetically equivalent to a night-to-day BP ratio > 0.9),
extreme dipping (>20% fall), and reverse dipping (<0% fall), associated with differ-
ent rates of target organ damage and clinical outcome [33-35]. Reverse-dipping
blood pressure pattern (i.e., the condition characterized by no reduction or an
increase in nighttime blood pressure from the daytime values) is characterized by a
sympathetic activation that is greater than that observed in the other forms of night-
time blood pressure fall [36] (Fig. 14.3). A close inverse relationship between the
degree of sympathetic activation and the magnitude of the nighttime fall in systolic
or diastolic blood pressure has been observed (Fig. 14.4). This means that in indi-
viduals with blood pressure elevation, a greater sympathetic activation is accompa-
nied by reduced blood pressure at night due to the convergence of a variety of central
and reflex influences. An inverse relationship has been observed in reverse dippers
between HOMA index and plasma insulin levels and the magnitude of the nighttime
BP fall confirming that the alterations in the dipping state are associated with insulin
resistance [37, 38]. This reflects the multifold circulatory effects of insulin (vasomo-
tor response, central action, alteration in neural sympathetic drive) [29]. Baroreflex
mechanisms are unlikely to be involved in the determination of the magnitude of the
blood pressure fall and increase in sympathetic activity at night, but this rather
depends on other sympatho-modulating factors [36, 39]. There is a robust literature
that speaks about the association between nocturnal hypertension and a multitude of
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Fig. 14.3 Mean (+SEM) resting MSNA values expressed as burst incidence corrected for heart
rate in normotensive dippers (NT) and hypertensive (HT) dippers (D), nondipper (ND), extreme
dipper (ED), and reverse dipper (RD). * p < 0.05, ** p < 0.01. (Modified from Ref. [36], with
permission)
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Fig. 14.4 Correlation between resting MSNA values corrected for heart rate and day-night
changes in systolic BP (left) and diastolic BP (right) in the hypertensive patients of Fig. 14.3.
Correlation coefficients (r) and levels of statistical significance (P) are shown. (Modified from Ref.
[36], with permission)

unfavorable structural cardiovascular consequences (e.g., cardiac chamber dilata-
tion, ventricular hypertrophy, carotid intima-media thickening, silent lacunae, leuko-
araiosis, brain microbleeds) as well as functional alteration (e.g., diastolic
dysfunction). The 24-h blood pressure overload, the altered or absent nocturnal
hypotension, and the hyperadrenergic state are responsible for the increased inci-
dence of cardiovascular and fatal events [34, 35, 40].

“White-Coat” and ‘“Masked” Hypertension

The increasing use of 24-h blood pressure monitoring and the comparison with
office and home blood pressure allow identification of two other different and oppo-
site forms of hypertensive patients: the first, called white-coat hypertension, is char-
acterized by an increase in blood pressure values during the visit of the doctor but
not over the daytime [41, 42], while the second, called masked hypertension, is
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Fig. 14.5 Effects of sphygmomanometric blood pressure measurement by a doctor on mean arte-
rial pressure (MAP) , muscle sympathetic nerve traffic (MSNA), and skin sympathetic nerve traffic
(SSNA). Data are shown as mean (+SEM) changes as compared to the pre-visit values. * p < 0.05
refers to the statistical significance between single values obtained during doctor visit and pre-
visit. (Unpublished figure drawn using data from Ref. [43], with permission)
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Fig. 14.6 Mean (+SEM) resting MSNA values (left) expressed as burst incidence corrected for
heart rate in normotensive (N) subjects and in patients with white-coat (WC) and masked (M)
hypertension (HT). Middle and right panels refer to baroreceptor HR and MSNA sensitivities,
expressed as average ratios between changes in HR or MSNA over changes in mean arterial pres-
sure (MAP) in the three groups. ** p < 0.01 vs N. (Modified from Ref. [44], with permission)

characterized by an increase in blood pressure values during the daily life but nor-
mal in the clinic environment. Both these two conditions are characterized by a
marked sympathetic activation [43]. The emotional reaction is characterized by a
behavior of the sympathetic nervous system that combines a skin sympathetic acti-
vation (and a resulting vasoconstriction) with a muscle sympathetic deactivation
leading to muscle vasodilation [43—-45] (Fig. 14.5). It has also been shown that sym-
pathetic nerve traffic is about 30% greater in white-coat as compared to age-matched
normotensives and that the magnitude of the adrenergic overdrive is almost super-
imposable to the one characterizing masked hypertension (Fig. 14.6). This hyperad-
renergic state contributes to the adverse impact on organ damage and risk of
cardiovascular events [46, 47].
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Secondary Hypertension

Adrenergic tone in secondary hypertension varies in different disease states.
Subjects with renovascular hypertension and pheochromocytoma show a sympa-
thetic tone that is on average much lower than that of essential hypertensives with
the same blood pressure levels [25], and this is the same for patients with primary
aldosteronism [48]. Subjects with pheochromocytoma are characterized by high
levels of catecholamines contributing to sympathoinhibitory effects on central sym-
pathetic outflow. Surgical removal of the tumor results in a normalization of plasma
catecholamine levels and blood pressure values and normalization of sympathetic
nerve traffic [49] (Fig. 14.7). In renovascular hypertension, elevated plasma levels
of angiotensin II may induce an increased release of norepinephrine from sympa-
thetic nerve terminals [28]. In contrast, adrenergic tone is increased in chronic kid-
ney disease. The marked sympathetic activation observed in renal failure [50] is
already present in the early phase of this pathophysiological condition [51] and
appears to be dependent on several mechanisms: (i) activation of renal chemorecep-
tors [52], (ii) activation of the renin-angiotensin-aldosterone system [53], (iii)
increased circulating levels of endogenous inhibitors of the nitric oxide synthase
[54], and (iv) the insulin resistance state [39].

Resistant Hypertension

True resistant hypertension is a diagnosis that depends upon (1) the exclusion of the
secondary forms of hypertension, (2) the white-coat effect, and (3) poor patient adher-
ence to prescribed therapy. True resistant hypertensives are characterized by a marked

BP (mmHg) MSNA (bs/100hb)
1801 f * 80 1
T L2 3
160
60 -
140
120 40 4
T
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804
L - I
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Before After Before After

Fig. 14.7 Effects of surgical removal of pheochromocytoma on systolic and diastolic blood pres-
sure (BP) (left) and muscle sympathetic nerve traffic (MSNA) (right). Data are expressed as mean
(+SEM) before and after surgical procedure. *p < 0.05, **p < 0.01 vs presurgery. (Modified from
Ref. [49], with permission)
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sympathetic activation, greater than that observed in essential nonresistant hypertensive
patients, as reported by studies with norepinephrine spillover and direct recording of
muscle sympathetic nerve traffic [55, 56]. As regards the potential abnormalities associ-
ated with this condition, two deserve to be mentioned. The first refers to the finding that
an aldosterone excess with its sympathoexcitatory effects has been repeatedly reported,
representing another pathophysiological mechanism contributing to the adrenergic
overdrive [57]. The second abnormality refers to the evidence that a consistent fraction
of hypertensive patients resistant to antihypertensive drug treatment also displays sleep
apnea syndrome [58], a condition that per se is characterized by a marked elevation in
sympathetic nerve traffic as observed in lean normotensive subjects [59]. All these
aspects represent the background for non-pharmacological and pharmacological inter-
ventions both in essential hypertensive and in true resistant hypertensive patients.
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