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Pheochromocytoma (PCC) and paraganglioma (PGL) are rare chromaffin cell tumors
which secrete catecholamines and form part of the family of neuroendocrine tumors.
Although a rare cause of secondary hypertension in pediatrics, the presentation of
hypertension in these patients is characteristic, and treatment is definitive. The gold
standard for diagnosis is via measurement of plasma free metanephrines, with imaging
studies performed for localization, identification of metastatic lesions and for surgical
resection. Preoperative therapy with alpha-blocking agents, beta blockers, and poten-
tially tyrosine hydroxylase inhibitors aid in a safe pre-, intra- and postoperative course.
PCC and PGL are inherited in as much as 80% of pediatric cases, and all patients
with mutations should be followed closely given the risk of recurrence and malignancy.
While the presentation of chromaffin cell tumors has been well described with multiple
endocrine neoplasia, NF1, and Von Hippel-Lindau syndromes, the identification of
new gene mutations leading to chromaffin cell tumors at a young age is changing
the landscape of how clinicians approach such cases. The paraganglioma—-pheochro-
mocytoma syndromes (SDHx) comprise familial gene mutations, of which the SDHB
gene mutation carries a high rate of malignancy. Since the inheritance rate of such
tumors is higher than previously described, genetic screening is recommended in
all patients, and lifelong follow-up for recurrent tumors is a must. A multidisciplinary
team approach allows for optimal health-care delivery in such children. This review
serves to provide an overview of pediatric PCC and PGL, including updates on the
preferred methods of imaging, guidelines on gene testing as well as management of
hypertension in such patients.

Keywords: pheochromocytoma, paraganglioma, pediatrics, SDHx hereditary paraganglioma-pheochromocytoma
syndromes, phenoxybenzamine, metyrosine, long-term follow-up

INTRODUCTION

The rare neuroendocrine tumors pheochromocytoma (PCC) and paraganglioma (PGL) are the
cause of hypertension in 0.5-2% of pediatric cases (1, 2). PCCs arise from the adrenal medulla
and comprise 80-85% of catecholamine-secreting tumors while PGLs arise from extra-adrenal
locations and are subdivided into sympathetic and parasympathetic PGLs, accounting for
15-20% of these tumors (3). Sympathetic PGLs arise along the sympathetic ganglion chain (4)
in the chest, abdomen, and pelvis. Parasympathetic PGLs arise from parasympathetic tissue in
the head and neck (HNPGL); these rarely secrete catecholamines. PCCs and PGLs have different
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catecholamine-secreting profiles. Tyrosine is the precursor to
catecholamines, which through a series of enzymatic reactions
is converted to DOPA by the enzyme tyrosine hydroxylase.
DOPA is converted to dopamine, which is further converted
to norepinephrine and finally changed to epinephrine. The dis-
tinction between the types of hormones secreted by adrenal or
extra-adrenal tumors comes from the enzyme phenylethanola-
mine N-methyltransferase (PNMT) present in the adrenal gland,
with its expression dependent upon onsite cortisol. PNMT can
convert norepinephrine to epinephrine (5) and as such, tumors
secreting epinephrine and frequently norepinephrine are gener-
ally from the adrenal gland while extra-adrenal tumors secrete
norepinephrine and dopamine. PCCs and PGLs occur sporadi-
cally as well as in the context of hereditary syndromes to include
multiple endocrine neoplasia (MEN) type 2, Von Hippel-Lindau
(VHL) type 2, neurofibromatosis (NF) type 1, and the paragan-
glioma-pheochromocytoma syndromes (SDHx). The reported
inheritance has changed from 30 to 40% in small pediatric case
series (1, 6-10) to 80% in a larger series (11) and other suscep-
tibility genes, not currently ascribed to syndromes, have been
identified.

CAUSES OF HYPERTENSION IN
PEDIATRICS

The overall prevalence of hypertension has risen from 2 to 4.5%
(12, 13) in the pediatric population, with much of this increase
attributed to obesity induced hypertension. Secondary hyper-
tension is more common in younger children resulting from
reno-vascular or renal parenchymal disease (78-80% of causes)
(14, 15), endocrine (11% of causes) (14), cardiac (2% of causes)
(16), pulmonary and others as shown in Table 1. Since PCCs
and PGLs account for only 0.5-2% (2) of secondary hyperten-
sion, one should be mindful to rule out more common causes
when evaluating a child with elevated blood pressure (BP).
As depicted in Table 1, taking into account symptomatology,
as well as laboratory findings and a family history may point
toward a catecholamine-secreting tumor.

CLINICAL PRESENTATION

The average age at presentation of PCCs and PGLs in pediatrics
is 11-13 years, with a male preponderance of 2:1 (11, 17, 18).
The clinical presentation is variable, with sustained hypertension
seen in 60-90% of pediatric cases (17-19). In contrast, adults
exhibit paroxysmal hypertension in about 50% of cases. One case
series described 67% of children with headaches in addition to
hypertension (17), while palpitations, sweating, pallor, nausea,
and flushing were seen in 47-57% of children (1, 3, 4, 17, 19, 20).
Anxiety, weight loss, and visual disturbance (7) were manifested
in some while polyuria and polydipsia were reported as the only
presenting symptoms in one case study (21). Symptomatology
may depend on the type of hormone being secreted. Individuals
with epinephrine secreting tumors can present with hypoglyce-
mia and hypotensive shock, from excess catecholamine produc-
tion and circulatory collapse. Dopamine-secreting tumors are

usually asymptomatic, delaying diagnosis until the mass effect of
the tumor is apparent (22). The mass effect from non-functional
head and neck paragangliomas (HNPGLs) can lead to dysphagia,
hoarseness, hearing disturbances, and pain.

GENETICS OF PCC AND PGL

Contrary to historic belief of the “rule of 10” for PCCs and PGLs
that 10% are hereditary, 10% are malignant, 10% are extra-
adrenal, and 10% are bilateral, their inheritance is much higher
in reported pediatric case series. The European-American-
Pheochromocytoma-Paraganglioma-Registry (EAPPR) followed
164 unrelated pediatric patients diagnosed with PCCs/PGLs, 80%
of which had a germline mutation in a gene associated with such
tumors (11). Previous to this registry, the estimated percentage
of germline mutations was 30-40% in smaller pediatric case
series (1, 4, 7-10, 23). This change in prevalence is multifactorial
and may result from increased screenings for mutations, novel
identification of mutations as well as data from the EAPPR being
more reflective of a population-based frequency.

In addition to the known syndromic presentations of MEN II,
NF1,and VHL, germline succinate dehydrogenase gene mutations
(SDHx) involving the mitochondrial enzyme complex (SDH)
form part of the familial PGL-PCC syndromes. SDH consists of
the four subunits SDHA, SDHB, SDHC, and SDHD; SDHAF?2 is
one of the factors involved in the assembly of the SDH complex.
These syndromes are inherited in an autosomal dominant fashion
with varying penetrance. The Carney triad syndrome (described
in 1977), Carney-Stratakis syndrome (described in 2002) and
Pacak-Zhuang syndrome (described in 2013) are rare syndromes
with PGLs as one of the presenting features.

The Carney triad syndrome constitutes gastrointestinal stro-
mal tumors (GISTs), PGLs, and pulmonary chondromas. There
is no known genetic defect identified to date. Sporadic GISTs are
distinct from those associated with Carney triad in the staining
pattern they exhibit. In pediatrics, GISTs are found in the stom-
ach with negative SDHB staining, which is defined as a loss of
a granular cytoplasmic pattern in the presence of valid positive
controls (24). In adults, GIST is primarily found along the GI
tract excluding the stomach, and these tumors are SDHB positive.
When adult patients have GIST originating from the stomach, the
histology and staining of these tumors resemble pediatric GIST
(24). The mean age of presentation is 21 years with young women
being predominantly affected. In one study of 79 patients, 47%
presented with PGLs or PCCs, the majority of which (37 patients)
were PGLs (92%) (25, 26).

The Carney-Stratakis syndrome has an autosomal dominant
pattern of inheritance and is a diad that comprises of GISTs and
PGLs. Most patients have been found to carry germline mutations
in SDHB, SDHC or SDHD. It is rare and was identified in about
20 kindreds (27); 58% of 12 patients with this syndrome only
had PCC/PGLs with the youngest child reported in the literature
being 12 years old (28).

The Pacak-Zhuang syndrome has the gene mutation in
hypoxia-inducible factor 2 alpha with clinical features of HNPGLs,
somatostatinomas, and polycythemia (29). In a series of seven
patients, of which three were pediatric cases with PCCs and/or
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TABLE 1 | Secondary causes of hypertension by organ system with clinical and laboratory findings.

Organ system

Differential diagnosis

Findings/workup

Renal

Renal parenchyma

Acute and chronic glomerulonephritis
Acute and chronic renal failure
Congenital renal malformations®
Polycystic kidney disease
Systemic vasculitis
SLE
ANCA
HSP
PAN
Parenchymal scar from pyelonephritis, VUR, HUS

Hematuria, proteinuria, edema

Use KDIGO, pRIFLE, or AKIN guidelines for diagnosis
Prenatal/postnatal renal US findings of dysplasia, obstructive uropathy
Hepatosplenomegaly (ARPKD)

Low C3, C4, CH50, +ds-DNA, +anti-Smith, joint pain/swelling, rash, edema
Normal to +ANCA, t CRP, t ESR, joint pain/swelling, rash, edema
Hematuria, proteinuria, purpuric rash

Arteriography, 1 liver enzymes, livedo reticularis

DMSA scan; VCUG and history of UTls; hemolysis, uremia, +/— diarrhea, AKI

Reno-vascular

Renal vein thrombosis?
Renal artery stenosis
Fibromuscular dysplasia
Syndromes

Williams

Turners

NF1

Arteritis
Takayasu’s
Kawasaki
Moyamoya

Renal transplant artery stenosis
Tumors compressing on renal vessels

Hematuria, thrombocytopenia, flank mass
Abdominal bruit, angiogram, and renal vein sampling

Elfin facies, short stature, hypercalcemia, supravalvular aortic
stenosis, “cocktail party” personality, CAKUT

Webbed neck, widely spaced nipples, short stature, ovarian failure,
cardiac malformation, CAKUT

Neurofibromas, café-au-lait spots, axillary freckling, Lisch nodules,
optic gliomas, bone and CNS abnormalities

Bruit, angiogram

Conjunctival injection, strawberry tongue, erythema of the
extremities, cervical lymphadenopathy, polymorphous rash, 1
WBCs and platelets, 1 liver enzymes, 1 ESR, 1 CRP

TIA, stroke, epilepsy, EEG, head CT/MRI, angiogram

Bruit, angiogram

Angiogram

Endocrine Catecholamine excess
Pheochromocytoma/paraganglioma Flushing, diaphoresis, tachycardia, abdominal mass
Neuroblastoma Tachycardia, abdominal mass, CT/MRI, 1 urine and serum
Sympathomimetic drugs: phenylpropanolamine catecholamines, biopsy
(decongestant), cocaine, amphetamine, phencyclidine,
epinephrine, phenylephrine, terbutaline,
monoamine oxidase-inhibitor with tyramine
containing foods
Corticosteroid excess
Cushing syndrome:
ACTH dependent
ACTH independent
Mineralocorticoid excess Truncal obesity, moon facies, abdominal striae, hirsutism
Congenital adrenal hyperplasia 1 ACTH; brain MRI
Aldosterone-secreting tumors 1 ACTH; CT/MRI abdomen
Thyroid disease Ambiguous genitalia/virilization (girls), phallic enlargement/scrotal
Hyperthyroidism hyperpigmentation (boys); 1 17-hydroxyprogesterone
Hypothyroidism (21-hydroxylase deficiency); hyponatremia, hyperkalemia, FTT (boys)
1 Aldosterone, | PRA, hypokalemia, metabolic alkalosis
Nervousness, exophthalmos (Graves’ disease), muscle tremors,
weight loss, heat intolerance, thinning skin/fine hair, frequent bowel
movements; | TSH, 1 T4
Hypercalcemia (primary or secondary to malignancy;, Fatigue, muscle cramps/weakness, weight gain, dry/coarse skin and
hyperparathyroidism, vitamin D intoxication) thinning hair, cold intolerance, constipation; 1TSH, | T4
Cardiac Coarctation of the aorta® Radio-femoral delay of pulses, normal/low blood pressure in legs,
Mid aortic syndrome? heart murmur
Pulmonary Obstructive sleep apnea Snoring

Bronchopulmonary dysplasia®

Supplemental oxygen requirement for >28 days in neonates (see ATS
diagnostic criteria)

Central nervous system

Elevated intracranial pressure
Seizures

Bradycardia

(Continued)
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TABLE 1 | Continued

Organ system Differential diagnosis

Findings/workup

Steroids
Immunosuppressants
Cyclosporine

Medications

Tacrolimus
Sirolimus
Oral contraceptives
Anesthetics: ketamine
Erythropoietin

Moon facies, abdominal striae

Hypertriglyceridemia, hypertrichosis, gingival hyperplasia, hirsutism,
headache, tremors, aphthous ulcers

Hyperkalemia, hypomagnesemia, tremors, hyperglycemia

Impaired wound healing, dyslipidemia, myopathy, liver dysfunction

Monogenic HTN Liddle’s syndrome
Gordon’s syndrome (pseudohypoaldosteronism type Il)

Syndrome of apparent mineralocorticoid excess

Glucocorticoid remediable aldosteronism (aka familial
hyperaldosteronism type I)

Hypokalemia, metabolic alkalosis, low PRA and aldosterone
Hyperkalemia, low/low normal PRA and aldosterone

Hypokalemia, metabolic alkalosis, low PRA and aldosterone, FTT,
elevated ratio of urinary tetrahydrocortisol + allotetrahydrocortisol/
tetrahydrocortisone, hypercalciuria

Hypokalemia, metabolic alkalosis, normal/high urinary aldosterone,
18-oxo-tetrahydrocortisol/tetrahydrocortisol > 1

Post ECMO?
Cyclical vomiting syndrome

Miscellaneous

Vomiting, hyponatremia, migraines

Adapted from Kapur and Baracco (16) and Brady and Feld (14).
aCommon etiology of HTN in neonates and infants.

ACTH, adenocorticotrophic hormone; ANCA, antineutrophil cytoplasmic antibody; ATS, American thoracic society; CAKUT, congenital anomalies of the kidney and urinary tract;
CRR, C-reactive protein; CT, computed tomography; ECMO, extra-corporeal membrane oxygenation; ESR, erythrocyte sedimentation rate; FTT, failure to thrive; HSR henoch
schonlein purpura; HUS, hemolytic uremic syndrome; MRI, magnetic resonance imaging; PAN, polyarteritis nodosa; PRA, plasma renin activity; SLE, systemic lupus erythematosus;

TIA, transient ischemic attack; VUR, vesico-ureteral reflux; WBC, white blood cell.

PGLs, all patients presented with polycythemia at birth or in early
childhood (30). The earliest age of presentation with PCC/PGL
was 8, with a median age of 17. Somatostatinomas developed
in 5 of the 7 patients at a median age of 29 (range 22-38), and
erythropoietin levels were about fivefolds above the upper limit
of normal (ULN). Common ocular complications associated with
this syndrome include dilated capillaries and fibrosis overlying
the optic disk (31).

Multiple other gene mutations associated with hereditary
PCCs and PGLs have been identified in the past decade and
include TMEM127 involved in the mTOR pathway, MAX that
controls gene transcription (32, 33) as well as KIF 1B, EGLN1,
IDH1, and FH, with unclear clinical significance (34). Table 2
lists the syndromic as well as newer gene mutations associated
with PCCs and PGLs and describes the biochemical profile of
such tumors, including the earliest age of presentation as noted
in the literature.

Advances in molecular diagnostics have identified a distinction
amongst hereditary PCCs and PGLs in the two different pathways
that these tumors can fall under. The pseudohypoxic response usu-
ally stabilizes hypoxia-inducible factors (HIFs) under normoxic
conditions. Gene mutations in VHL, SDHx, and HIF2 confer a
reduced oxidative response with angiogenesis and hypoxia and
encompass cluster 1 tumors. Conversely, kinase signaling in cells
is usually kept at bay by various mechanisms as these promote
cell proliferation, growth and survival dysregulation. Gene muta-
tions in RET, NF1, KIF 1B, TMEM 127, and MAX were found to
activate kinase signaling pathways leading to tumors with such
features, termed cluster 2 tumors. In contrast, sporadic PCC/
PGLs have features from both clusters (26). A 2017 retrospective
study comparing pediatric and adult hereditary PCCs and PGLs

demonstrated that cluster 1 tumors were more prevalent in the
pediatric population by 76 versus 39% (40).

Malignancy rates vary and are estimated to be between 12 and
47% based on small case series (4, 6, 8, 41). In contrast, 10% of
pediatric patients in the EAPPR had malignant tumors, none of
which were of sporadic occurrence. Those with SDHB mutations
had the highest prevalence for malignancy with extra-adrenal
and thoracic paraganglial tumors posing additional risk factors
(11, 42). Adult studies have also shown that SDHB mutation
carry a higher risk for malignancy at 13-23% (43). The European-
American-Asian Pheochromocytoma-Paraganglioma Registry
prospectively followed up on predominantly adult patients
with the newer gene mutations SDHA, TMEM127, MAX, and
SDHAF2 and determined that 12% (4/34) of SDHA mutation
carriers and 10% (3/29) of TMEM127 mutation carriers had
malignant tumors (35). In contrast, of the small number of MAX
mutation carriers, 9% (1/11) had a malignant tumor, with the only
SDHAF2 mutation carrier being devoid of malignant disease.
With regards to risk for malignancy, a single center retrospective
review identified tumor size >6 cm in diameter, having a PGL or
having a sporadic tumor as characteristics posing an increased
risk for malignancy in a logistic analysis (4).

Twelve to sixty percent of tumors are extra-adrenal in location
based on small case series (4, 6, 8, 17, 19) while the EAPPR had
a rate of 30%, which may be a better reflection given the large
amount of registrants. Bilateral adrenal tumors are reported to be
present in 24-40% of pediatric cases (6, 8,9, 11).

Algorithm for Genetic Testing
While in the past one would consider the syndromes MEN2,
VHL, NF1 or sporadic mutations as the cause of PCCs or PGLs,
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TABLE 2 | Clinical features of syndromes associated with pheochromocytoma (PCC) and paragangliomas (PGLs), as well as earliest age of diagnosis, malignancy rate,
and additional information including hormone-secreting profile of tumors.

Syndromes Gene Clinical features Earliest age of Malignancy  Additional information
diagnosis (year)® rate (%)¢
Multiple endocrine RET 2.9
neoplasia type 2
Type 2a Medullary thyroid carcinoma 5-8 PCCs are the first clinical
PCC manifestation in 10-30% of patients
Hyperparathyroidism
Cutaneous lichen amyloidosis
Type 2b Medullary thyroid carcinoma 12 Penetrance of ~50%
PCC Produce both epinephrine and
Multiple neuromas norepinephrine
Marfanoid habitus Bilateral in 50-80% of patients (3)
FMTC Familial medullary thyroid carcinoma
Von Hippel-Lindau VHL 5 3(11)
syndrome type 2
Type 2a Retinal and CNS hemangioblastomas PCCs present in 10-20% of patients
PCC (often bilateral) in adult series (3) versus 6-49% of
Endolymphatic sac tumors pediatric cases (6, 9, 11, 17, 36)
Epididymal oystadenomas Produce norepinephrine
Type 2b Renal-cell cysts and carcinomas
Retinal and CNS hemangioblastomas
Pancreatic neoplasms and cysts
PCC (often bilateral)
Endolymphatic sac tumors
Epididymis cystadenomas
Type 2¢ PCC (often bilateral)
Neurofibromatosis NF1 Neurofibromas 7 9.3-33 (11) PCCs present in 4% (11)
t 1 Café-au-lait spot
yoe ng au-lalt spots Produce epinephrine and
Lisch nodules norepinephrine
Optic pathway/CNS gliomas
GIST
Paraganglioma-pheochromocytoma syndromes (SDHx)
SDHA Extra-adrenal paragangliomas (PGLs) (34) 8 (35) 0-14.3
PGL4 SDHB HNPGL? 6 17-30.7 (11) SDHB mutation in 12.5-20%
PCCP (11, 17, 36) pediatric cases
Extra- | PGL:
Gfg? adrenal PGLs SDHD mutation in 10%
. pediatric PCC cases (11)
Renal cell carcinoma
PGL3 SDHC HNPGL? 12 - Produce norepinephrine and rarely
GIST dopamine
PGL1 SDHD HNPGL? 5 3.5
PCCP
Extra-adrenal PGLs
GIST
Papillary thyroid carcinoma (rarely)
PGL2 SDHAF2 HNPGL 15 -
Pacak-Zhuang HIF2A HNPGL 11-17 (30, 37) - Described in 4 pediatric patients
syndrome (29) Somastostatinoma
Polycythemia
Syndrome not described TMEM PCC 4.3-12 (35) No pediatric case reports
127 (32) HNPGL
Extra-adrenal PGLs
Syndrome not described MAX (33) PCC (often bilateral) 17 (33) 9-25 (35) Described in 1 pediatric patient

Adapted from Lenders et al. (3), Havekes et al. (1, 3), and Neumann and Eng (38).
CNS, central nervous system; HNPGL, head and neck paragangliomas; GIST, gastrointestinal stromal tumors; SDH, succinate dehydrogenase.
aMore frequent in SDHD with a lifetime prevalence of ~90%.
®More frequent in SDHB with a prevalence of ~80% (data mostly derived from adult observations) (1).

cAdapted from Bausch et al. (11) and Waguespack et al. (39), unless otherwise specified.

9Adapted from Welander et al. (26) unless otherwise or additionally specified.
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. Targeted genetic
Syndromic testing
. SDHD, SDHC,
Metastatic SDHB VHL, MAX
Skull base and SDHD, SDHB,
PCC/PGL present neck SDHC
D . . SDHB, SDHD,
opaminergic SDHC
Extra-adrenal b
SDHB, SDHD,
Non-metastatic Noradrenergic SDHC, VHL,
MAX J
Dopaminerei SDHD, SDHB,
opaminergic SDHC
. SDHD, SDHB,
Adrenal — Noradrenergic VHL SDHC, MAX
. TMEM127,
Adrenergic RET MAX

FIGURE 1 | Proposed algorithm for genetic testing of patients with pheochromocytoma (PCC) or paraganglioma (PGL) based on patient’s clinical characteristics,
biochemical phenotype, and clinical aspects of the tumor. Reproduced with permission from Lenders et al. (45).

the discovery of new gene mutations that cause such tumors now
needs to be incorporated into the diagnostic algorithm of patients
thought to have a PCC or a PGL. An understanding of what
constitutes a positive from negative staining of the SDHx genes
is crucial to guide the clinician in the type of genetic testing to be
performed. The SDHx subunits are found in mitochondria and
exhibit a granular cytoplasmic pattern of staining if no mutation
is present. Gill et al. demonstrated that SDHD mutations exhibit
a weak diffuse staining pattern while SDHB mutations had a
completely absent staining (44). Thus, a positive staining would
entail intact SDHx subunits while a negative/weakly positive
staining would indicate a mutation in the SDHx subunits (44).
As can then be expected, syndromes that do not have a SDHx
gene mutation, to include MEN II, VHL, and NF1, will stain
positive for SDHx. Figure 1 depicts a proposed algorithm for
genetic testing on patients with hereditary PCC or PGLs.

WORKUP
Laboratory Testing

Laboratory testing should be undertaken once there is clinical
suspicion for a PCC or PGL. Measurements of plasma and 24 h
urinary catecholamines (epinephrine, norepinephrine, and dopa-
mine) and urinary vanillylmandelic acid (VMA) have fallen out
of favor due to lower sensitivity and specificity (Table 3), and
assessing catecholamine metabolites is now recommended.
These include plasma free metanephrines (metanephrine and

normetanephrine) and 24 h urinary fractionated metanephrines
(46). Metabolic processes unrelated to the tumor produce VMA,
decreasing its sensitivity for diagnosis. Conversely, the produc-
tion of plasma free metanephrines is constant and independent
of the release of catecholamines, which is episodically secreted
(47), making these the gold standard for diagnosis (46, 48). The
degree of elevation of catecholamine metabolites (49) ought to be
assessed when evaluating for catecholamine-secreting tumors, as
shown in Figure 2. Values >4 times the ULN are highly sugges-
tive of a tumor (49) while values >ULN and <4 ULN need to be
investigated further as shown in Figure 2. One needs to take into
account potential confounders, listed in Table 4, which may lead
to false positive and false negative results of metanephrine testing.
In cases of slight elevations in plasma catecholamine metabolites,
the clonidine suppression test has been used in adults to help
diagnose a neuroendocrine tumor, where suppression of >40%
of plasma metanephrines signifies the absence of a tumor (45, 49).

Tumors can rarely secrete a predominance of dopamine; these
are usually extra-adrenal PGLs with SDHx gene mutations (57).
Since there is no definitive constellation of symptoms pointing
to dopamine-secreting tumors, their detection depends on the
measurement of the dopamine metabolites methoxytyramine and
homovanillic acid (22). The utility of plasma methoxytyramine
as a biomarker for metastatic PCCs and PGLs was described in
2012, where patients with metastatic tumors had a 4.7-fold higher
plasma methoxytyramine level than those without metastatic
tumors (58).
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Chromogranin A (CgA), a protein present in chromaffin
cells which controls secretion of hormones from secretory
granules, may improve sensitivity of diagnosing SDHB and
SDHD related tumors with concomitant use of plasma metane-
phrines (59). Sensitivities and specificities of CgA and plasma
metanephrines were 73.2/95.9 and 70.7/98.6%, respectively,
in SDHB mutation carriers with PCCs and sympathetic PGLs.
Sensitivity of detecting such tumors was increased by 22% (from
70.7 to 92.7%) when CgA was used in conjunction with plasma

TABLE 3 | Sensitivity and specificity of biochemical tests used in the diagnosis of
pediatric pheochromocytoma.

Biochemical test Sensitivity (%) Specificity (%)

Plasma normetanephrine and metanephrine 100 94
Plasma norepinephrine and epinephrine 92 91
Urinary normetanephrine and metanephrine 100 95
Urinary norepinephrine and epinephrine 100 83

Urinary vanillylmandelic acid 63-75° 942

Adapted from Weise et al. (48), Ludwig et al. (17), and Pacak et al. (50).
aSensitivity of 75% was from a pediatric series (17); sensitivity of 63% and specificity of
94% were from adult data (50).

normetanephrines in these SDHB-related tumors. With regards
to metastatic disease within this cohort of patients, the use of CgA
in addition to plasma metanephrines improved the sensitivity
of diagnosis from 75 to 94.4%. CgA levels were not a sensitive
marker for diagnosing HNPGLs, where the additive effect of
CgA with plasma metanephrines provided a small increase in
sensitivity of diagnosis of SDHD related tumors from 71.4% for
plasma metanephrines alone to 78.6% for both biomarkers (59).
However, this study was limited by a small number of patients
with HNPGLs, with further conclusions to be determined after
investigating this biomarker on a larger group of patients with
HNPGLs. The results of this study suggest that initial elevations of
CgA in patients with SDHB-related tumors allow the use of CgA
as a biomarker for further follow-up. Some SDHB-related tumors
have been found to be biochemically silent owing to the lack of
the enzyme tyrosine hydroxylase (60); perhaps CgA may prove to
be helpful in their diagnosis.

Imaging
Localization of neuroendocrine tumors should be pursued with
imaging once biochemical evidence is established (see Figure 2).

Clinical suspicion of PCC/PGL

Obtain fractionated plasma and/or
24 hr urine metanephrines

+ -
- Genetic testing Functional Imaging:
and counseling N IZ-MIBG or PET
- Surgery and < with FDOTATATE,
clinical follow-up FDA, FDOPA or
- Consider FDG as appropriate
functional
imaging if )

PGL/concern for Rule out causes of false positive

multifocal discase metanephrine/MIBG testing,

or malignancy

consider clonidine suppression test

Adapted from Waguespack et al. (39) and Dobri et al. (5).

>4x UIN ‘ <4x UTN
*Imaging with CT or MRI of
1. Abdomen & Pelvis; if the following:
negative, 1. stop interfering medications
2. Head, Neck & Chest 2. avoid exercise on day of testing

}

Repeat testing & include catecholamines after

3. draw blood supine after 30 min rest

~~

FIGURE 2 | Flowchart for diagnostic algorithm for pheochromocytomas (PCCs) and paragangliomas (PGLs). +, positive; —, negative; ULN, upper limit of normal.

Normal <2x ULN 2-4x ULN
4 K ~A
PCC/PGL PCC/PGL unlikely Clonidine
ruled out Consider clonidine suppression
Assess other suppi(.zssior.l test or test
i . imaging
etiologies
- +
Follow-up *Imaging
and repeat
levels if high
clinical
suspicion
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TABLE 4 | Factors associated with false positive and false negative testing of
metanephrines.

False positives

Medications (3)
Calcium channel blockers
Beta blockers
Mood stabilizers: tricyclic antidepressant, buspirone
Sympathomimetics: amphetamine, ephedrine
Stimulants: caffeine, nicotine
Dopaminergic agents: levodopa, alpha-methyldopa
Acetaminophen
Age
Increase in plasma metanephrines with age (51)
Posture
Increase in plasma metanephrines in seated versus supine position (52, 53)
Exercise (52)
High catecholamine diet (54)
Hypertension (3)
Obstructive sleep apnea (53, 55)
Stroke (3)
Renal impairment (56)

False negatives

Small tumors, usually <2 cm in size in normotensive patients being screened
initially or for recurrence
Dopamine-secreting tumors

Renal ultrasound as the first modality of choice will miss small
adrenal tumors and PGLs due to sensitivity and specificity of 89%
(61) and 61% (62), respectively. Hence, CT or MRI of the abdomen
and pelvis have been the imaging modality of choice in numerous
pediatric cases (4, 17, 19, 20, 36, 63) given similar diagnostic sensi-
tivities (90-100%) (50, 64). Specificities of both are around 70-80%
(50, 64). MRI has better sensitivity than CT to locate extra-adrenal
tumors and can evaluate the extent of invasion into the spinal
canal and involvement of major vessels (4). Some advocate for MRI
over CT scan in children given radiation exposure with CT (1).
As neither study is as specific in discerning a PCC/PGL from
other abdominal pathology, functional imaging studies need to
be pursued if one has a high index of suspicion for PCCs or PGLs,
if a PGL is detected or if there are concerns for multifocal dis-
ease or malignancy. These include '®metaiodobenzylguanidine
(**I-MIBG) scan, positron emission tomography (PET) with
['*F] fluorodopamine (FDA), [*F] fluorodeoxyglucose (FDG),
and ["*F] fluorodihydroxyphenylalanine (F-DOPA). '*I-MIBG
scan has been used in conjunction with CT/MRI in some studies
to locate and rule out multifocal disease (4, 17, 19, 20, 64), offer-
ing 95-100% specificity in localizing PCCs/PGLs (50). The adult
literature describes malignant PCCs/PGLs that lose the ability
to accumulate this isotope, making a MIBG scan potentially
negative in such cases (3). One needs to be mindful that tricyclic
antidepressants, CCBs, and BBs (3) and over the counter decon-
gestants interfere with tumor uptake of the iodinated isotope
used in MIBG scans and their use should be discontinued prior
to obtaining MIBG scans. [*¥F]-FDA PET has helped in defining
and localizing tumor in a pediatric patient (65) and an adult
patient with negative imaging but positive biochemical test-
ing (66) and in the case of metastatic disease (3). In contrast,
['"®F]-FDG PET has been the recommended functional imaging

technique to evaluate malignant and metastatic PCCs/PGLs,
particularly in SDHB mutation carriers in adults (67). Recent
advances in functional imaging of PCCs/PGLs have led to the
use of radiolabeled DOTA peptides, such as [®*Ga]-DOTATATE
PET, which has high affinity for somatostatin receptor 2. Such
receptors are known to be overexpressed in PCC/PGLs. Adult
studies have demonstrated the superiority of [**Ga]-DOTATATE
PET in localizing metastatic SDHB-associated PCCs/PGLs over
the other functional imaging studies, excluding MIBG (68).
[*Ga]-DOTATATE PET was also the most sensitive test in
detecting HNPGLs (68, 69), especially SDHD tumors but inferior
to F-DOPA PET/CT in detecting PCCs (69) in sporadic cases.
Another study confirmed the high detection rate of PCCs/PGLs
using [¥Ga]-DOTATATE PET but noted that ['*F]-FDG PET had
higher uptake than the former in cases of mutations involving
the pseudohypoxic cluster and a dedifferentiated tumor with loss
of SSTR expression (70). In addition, CT with '*I-MIBG proved
to have a lower lesion detection rate than [®*Ga]-DOTATATE
PET and [**F]-FDG PET in identifying PCCs and PGLs (70).

MANAGEMENT

Preoperative

Preoperative management of neuroendocrine tumors is crucial
to prevent intraoperative complication of a hypertensive crisis.
There has been a drastic decrease in perioperative complica-
tions from 45-69 to 3% with the use of alpha blockade (20, 63,
71, 72). Beta blockade is instituted following alpha blockade to
offset reflex tachycardia from alpha-2 receptor antagonism and
should never precede alpha blockade. This is due to the likeli-
hood of causing a severe hypertensive crisis from unopposed
alpha-receptor stimulation. Medications used preoperatively are
discussed below with a goal BP reduction of <50 percentile for
age and height. Dilated cardiomyopathy can develop from chronic
catecholamine-induced hypertension, making an echocardiog-
raphy valuable preoperatively (73, 74). One pediatric case report
discusses the utility of pulmonary artery monitoring to assess fluid
status in this setting, which has been described in adults (75).

Patients are asked to consume a high sodium diet of 6-10 g
and fluid intake of at least 1.5 times maintenance a day once on
an alpha blocker, to prevent hypotension from its vasodilatory
properties (17, 36, 76). High fluid intake aids in expanding the
contracted intravascular volume and reduces postoperative
hypotension (77).

Patients are admitted to the hospital 24-36 h prior to surgery
and given an alpha blocker, beta blocker, and in some cases a
tyrosine hydroxylase inhibitor, the night before surgery (17, 36,
72,78). Intravenous fluids of normal saline are given at 1.5 times
maintenance to prevent hypotension prior to surgery (17, 36).
Table 5 provides a list of medication regimens used in pediatric
catecholamine-secreting tumors, with further information delin-
eated as follows.

Alpha Blockers
Phenoxybenzamine, a non-competitive alpha-1 and 2 adrenore-
ceptor antagonist, has been widely used since the 1950s to control
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TABLE 5 | Drugs used in preoperative blockade of pediatric catecholamine-secreting tumors.

Class of drug/drug name Starting dose

Maintenance dose

Common side effects

Non-selective alpha blocker
Phenoxybenzamine

0.2 mg/kg/day (max. 10 mg/dose)

Increase by 0.2 mg/kg/day every 4 days to goal
0.4-1.2 mg/kg/day + every 6-8 h (max. 2-4 mg/kg/day)

Orthostatic hypotension
Tachycardia
Nasal congestion

Selective alpha-1 blocker 1-2 mg/day Increase to 4-16 mg?, daily or + 2 times daily Orthostatic hypotension
Doxazosin Dizziness
Non-selective beta blocker 1-2 mg/kg/day, + 2-4 times daily 4 mg/kg/day, up to 640 mg/day, + 2—-4 times daily Dizziness
Propranolol Fatigue
Asthma exacerbation
Selective beta-1 blocker 0.5-1 mg/kg/day, daily or + 2 2 mg/kg/day, up to 100 mg/day, daily or + 2 times daily Edema
Atenolol times daily Dizziness
Fatigue
Alpha and beta blocker 1-3 mg/kg/day, + 2-3 times daily 10-12 mg/kg/day, up to 1,200 mg/day, + 2-3 times daily Dizziness
Labetalol Fatigue

Asthma exacerbation

Tyrosine hydroxylase inhibitor 20 mg/kg/day, + every 6 h

Increase up to 60 mg/kg/day + every 6 hrs

Orthostatic hypotension

Metyrosine OR OR Diarrhea
125 mg daily Increase by 125 mg every 4-5 days to max. 2.5 g/day Sedation
Extra-pyramidal symptoms
Crystalluria®

@This study did not differentiate if the maximum dose of 16 mg was used in both pediatric and adult patients; however, review of pediatric dosing of doxazosin suggests a maximum

dose of 4 mg/day. Titrating drug dosage to effect is recommended.

PRare but potential side effect; with doses greater than 2 g/day, daily urine volume exceeding 2 L is recommended per manufacturer’s guidelines.

hypertension preoperatively. Doxazosin or prazosin, competitive
alpha-1 adrenoreceptor antagonists, are used by some adult
centers since they do not cross the blood-brain barrier as does
phenoxybenzamine, precluding central symptoms like head-
aches or nasal stuffiness (78). Reflex tachycardia is avoided with
no alpha-2 adrenoreceptor blockade. The shorter duration of
action of doxazosin or prazosin leads to little to no postural
hypotension preoperatively, favoring their use in some adult case
studies (78, 79).

Given the rarity of neuroendocrine tumors in pediatric and
adult patients, there are no randomized controlled trials looking
at the subtypes of medications. Numerous small pediatric case
studies relate their experiences with preoperative management
(4, 17, 36). Romero et al. delineated a stepwise approach to
managing pediatric patients with neuroendocrine tumors (36).
Phenoxybenzamine is given at a starting dose of 0.2 mg/kg/
day once daily (max 10 mg/dose), increasing by 0.2 mg/kg/day
every 4 days to reach a maintenance dose of 0.4-1.2 mg/kg/day
divided every 6-8 h (max 2-4 mg/kg/day) 7-10 days prior to
surgery (36).

Doxazosin has been used in children in a series of 50 patients,
with a starting dose of 1-2 mg up to 16 mg, given daily or divided
twice daily (18). Of note, this series also comprised adults, and
the authors did not distinguish if the higher doses were used in
pediatric patients.

The adult literature reviewed the efficacy of preoperative
phenoxybenzamine, doxazosin, and prazosin in terms of having
fewer hemodynamic fluctuations intraoperatively. A retrospec-
tive study showed no difference (80), a prospective study showed
superiority of phenoxybenzamine over prazosin (76), and a
retrospective study showed superiority of doxazosin over phe-
noxybenzamine (81).

Tyrosine Hydroxylase Inhibitor

Monotherapy with an alpha blocker has been found to cause hemo-
dynamic instability intraoperatively during tumor manipulation.
Metyrosine, a tyrosine hydroxylase inhibitor, prevents catechola-
mine synthesis and has been used in adults to prevent intraopera-
tive BP fluctuations (79). The combination of phenoxybenzamine
or prazosin and metyrosine in adults resulted in better BP control
pre- and intraoperatively, with less need for pressure agents intra-
operatively than when using phenoxybenzamine alone (79).

Ludwig et al. used metyrosine in 40% of their pediatric cases
with 16% (one case) experiencing hemodynamic lability intraop-
eratively versus 50% (three cases) in those who did not receive
this medication (P = 0.54) (17). They note their experience to
be in agreement with the adult literature that metyrosine use is
associated with a decreased need for intraoperative vasoactive
medications, fluids, and decreased blood loss.

Perry et al. conducted a retrospective chart review of 25 adult
patients with PCC, some of which received metyrosine in addition
to phenoxybenzamine (72). Although there were no significant
differences in BPs pre-, intra- and postoperatively, careful review
of patients showed that those who received metyrosine had more
severe disease and more stable BPs intraoperatively. Those who
received the combination had less blood loss and less need for
intraoperative fluids.

The pediatric literature does not have a consensus on the
dosage of metyrosine. In addition to Ludwig et al. who used
metyrosine, there are two case reports on children with cat-
echolamine-secreting tumors who received metyrosine. The first
dates back 24 years and used metyrosine in an 11 kg, 18-month-
old child at a starting dose of 20 mg/kg/day divided every 6 h,
titrated up to 60 mg/kg/day divided every 6 h (82). The other
dates back 30 years and used metyrosine in a 12-year-old girl,
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weight ~30 kg. The starting dose of 125 mg daily was titrated
up by 125 mg every 4-5 days to a maximum dose of 3.5 g daily
(83). Metyrosine dose was reduced to 2.5 g after the patient
experienced multiple oculogyric crises and received metyrosine
for roughly 6 months, following which she underwent surgery.
Most recent literature by Ludwig et al. (17) does not discuss the
dosage or length of metyrosine used in pediatrics. In adults,
dose of metyrosine starts at 250 mg every 6 h, titrated up by
250-500 mg daily to a maximum dose of 4 g/day, given 8-14 days
prior to surgery (72, 79).

Based on the above data, pediatric dosing of metyrosine should
start at either 20 mg/kg/day divided every 6 h, or 125 mg daily,
whichever comes first based on the patient’s weight then titrated
to maximum dose of 2.5 g daily over at least 8 days. The clinician
should be mindful of the side effect profile of this medication (see
Table 5), as well as signs of overdose to include persistent fatigue,
anxiety, decreased salivation, dry mouth, diarrhea, and neuromus-
cular effects (tightening of the jaw, fine tremor of hands, and gross
tremor of trunk), which may prompt reducing dose to prior step.
This drug is available in 250 mg capsules, which can be opened and
mixed to provide dilutions as appropriate for pediatric patients.

Beta Blockers

Beta blockers are generally used after alpha blockade has been
instituted, to suppress reflex tachycardia. Standard pediatric dos-
ing can be started at least 3 days prior to surgery (36) and should
never be initiated prior to alpha blockade as this can lead to
a hypertensive crisis. Tumors secreting primarily epinephrine
(78) cause tachycardia and require a beta blocker.

Intraoperative

There has been a shift in surgical expertise when resecting neu-
roendocrine tumors from laparotomy to laparoscopy in the adult
(84, 85) and pediatric population (86, 87). Laparoscopic resection
and adrenal cortical-sparing procedures are now the preferred
approach, the latter being important in patients with bilateral
adrenal disease, to preclude cortisol deficiency. Additional points
of consideration in performing cortical-sparing surgery are the
risk of disease recurrence, high malignancy rate and the likeli-
hood of a patient to not require corticosteroids (88). Between 15
and 30% of the adrenal gland is needed to preserve function (89)
and this, including the above points, should help in the decision
tree to perform cortical-sparing surgery (88). Intraoperative
hypertension is controlled with a variety of agents including
sodium nitroprusside or esmolol (36). Magnesium sulfate, dex-
medetomidine, or nicardipine have also been used (36, 75, 90).
Care should be exercised when giving fluids intraoperatively if
patients are hypotensive, to preclude cardiopulmonary compli-
cations in the case of catecholamine-induced cardiomyopathy
(74, 77). Given the potential complications of resecting such
tumors, an experienced anesthesiologist and endocrine surgeon
are essential to the care of these patients.

Postoperative
The use of phenoxybenzamine is associated with postop-
erative hypotension from sustained alpha blockade for the 24 h

following surgery. This can be resistant to adrenergic arteriolar
constrictors and instead requires intravascular fluids to maintain
hemodynamic stability (78, 80). Postoperatively the sustained
alpha blockade was not seen in patients receiving doxazosin as
compared to phenoxybenzamine (78). Hypoglycemia can occur
postoperatively due to rebound hyperinsulinism from a reduc-
tion of catecholamines and should be monitored (91).

Treatment of Malignant PCCs and PGLs
Complete surgical resection is the curative therapy of PCCs and
PGLs; in the instance of malignancy, certain therapies can offer dis-
ease control. "'I-MIBG is currently used for malignant tumors and
relies on the uptake of MIBG by the norepinephrine transporter.
If tumor uptake of this radioisotope is poor, other modalities to
include peptide receptor radionuclide therapy with radiolabeled
somatostatin analogs or '"'In-pentetreotide scintigraphy (SRS) may
be performed (92). Chemotherapy with cyclophosphamide, vin-
cristine, and dacarbazine are also utilized with malignant disease in
both pediatric and adult cases. The largest study to date has shown
progressive disease in 52% (11 patients), while 4% (1 patient) had
complete remission, 22% (5 patients) had partial response, and
22% (5 patients) had stable disease (93). Finally, external beam
radiotherapy (EBRT) has been used to control metastatic PCCs and
PGLs, with results of the largest retrospective study of 24 patients
indicating symptomatic control in 81% of lesions and stable disease
in 87% of lesions (94). A retrospective review of 17 patients with
PGLs excluding HNPGLs were treated with EBRT with 76% of the
patients achieving either local disease control or symptomatic relief
(95). The retrospective nature of both studies does not allow for the
determination of long-term disease progression or stability when
using EBRT and hence prospective studies would be helpful.

SURVIVAL, RECURRENCE, AND LONG-
TERM FOLLOW-UP

A retrospective chart review of 30 pediatric patients, from 1975 to
2005 showed that those who were classified as having benign disease
had a 100% survival rate as compared to those with malignant
disease, who had 5-, 10-, and 15-year survival rates of 78, 62, and
31%, respectively (4). Genetic testing was not available during that
time period except for five patients who tested positive for a RET
mutation (three patients) or an SDHD or SDHB mutation (two
patients). Authors from this study classified malignant disease as
that with distant metastases, tumor unresectable due to local inva-
sion of vital structures or tumor recurrence regionally or distally
after initial resection and initial negative microscopic margins.
Ludwig et al. reported on a 100% overall survival rate and 95%
5-year disease free survival, based on the lower malignancy rate of
7% in their patient population and their ability to achieve negative
microscopic margins in all resections (17). Recent survival data from
the EAPPR of the patients who were diagnosed in the pediatric age
group show that 6% (8 patients) of those with hereditary disease
(144 patients) died, with a follow-up mean range of 10-19 years
(range 0-53 years) (11). Three of the patients had VHL, three had
SDHB mutations, two had NF1, and one SDHA with the cause of
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death being metastases in seven and cardiac failure in one patient.
All 33 patients with sporadic disease, followed for a mean of 10 years
(range 1-45 years) were alive at subsequent follow-ups. The overall
mean life expectancy of hereditary disease was 62 years. Life expec-
tancy was greatly reduced with SDHB-associated disease, at 47 years,
while patients with VHL had the lowest life expectancy at 27 years.

Malignant PCCs and PGLs are defined by the World Health
Organization classification as the presence of metastases that
does not include local invasion of a tumor (96). As such, a malig-
nant tumor that has not yet metastasized may be classified as
benign. Two classification systems exist to predict malignant
potential of PCCs and PGLs. The PCC of the Adrenal Gland
Scaled Score (PASS) (97) utilizes the histologic pattern, degree
of cellularity, presence of necrosis, type of invasion and mitotic
features to classify tumors while the Grading system for
Adrenal Pheochromocytoma and Paraganglioma (GAPP) (98)
additionally takes into account the Ki67 proliferation index of
tumors as well as their biochemical profile. As user variability
exists in the PASS system, it is not used in most centers. On
the other hand, the GAPP system needs to be validated before being
implemented into clinical practice. Given the lack of reliable markers
to distinguish a benign lesion from a malignant one, lifelong follow-
up of patients is required in the instance that metastases develop.

Long-term follow-up of these tumors is essential due to
recurrence, which has been noted to occur anywhere between
1 and 14 years following initial presentation (11, 99, 100) in small
pediatric case series. In contrast, data from the EAPPR showed that
38% of the pediatric registrants (n = 177) had recurrences after
a mean time period of 25 years (11), with a reported recurrence
rate of 12-38% (4, 11, 18, 100). The incidence of recurrent tumors
increased with time, from 25% at 9 years to 50% at 31 years (11). The
types of recurrent tumors were extra-adrenal (18%) and contralat-
eral (13%) (95% CI 31-46) more so than ipsilateral (16%) ones (95%
CI 12-28%) (11). Recurrences were significantly more common in
patients with germline mutations than those with sporadic disease
and tended to recur 10 years earlier, with a latency period of 23
versus 33 years, respectively (11). The mutations seen with these
recurrent tumors were associated with VHL and SDHD mutations.
Within these gene-specific mutations, SDHD mutations had a
recurrent tumor after 18 years of latency versus 21 years for VHL
mutations. HNPGLs recurred in 4% of pediatric patients and were
caused by SDHD mutations at initial diagnosis and during recur-
rences. Seven percent of patients had a third recurrence, with a time
interval of 1-20 years (mean 5 years) from second to third tumor;
they all had germline mutations. The prevalence of malignancy was
highest in SDHB mutation-positive individuals, with extra-adrenal
and thoracic PGLs posing added risk for malignancy (11).

In a retrospective study of 263 patients with PCCs or PGLs,
125 were found to have metastatic disease, of which 32 patients
presented before 20 years of age (42). Of those, 72% (23 patients)
had a germline mutation in SDHB, 9.4% (3 patients) had
an SDHD mutation, and 6.3% (2 patients) had a VHL muta-
tion, with the absence of a known mutation in the remainder
(4 patients). The study that established plasma methoxytyramine
as a biomarker for metastatic PCCs and PGLs also recognized
the association between extra-adrenal disease, tumor size >5 cm

and SDHB mutation carriers associated with a high risk of
malignancy (58).

Long-term follow-up on patients with hereditary PCCs
and PGLs cannot be stressed enough given the lifelong risk
of recurrence and metastatic disease. Laboratory testing with
serum/urine metanephrines should be performed yearly and
patients should undergo imaging studies intermittently and
as clinically indicated based upon symptoms and/or positive
laboratory testing (17) at follow-up visits. Smaller pediatric and
adult case series recommend follow-up at 6 weeks and between
6 months and 1 year following initial surgery, then annually
(17, 50).

The different characteristics of known mutations may change
the follow-up frequency and surveillance emphasis. For exam-
ple, SDHB mutations have high risk of metastasis (42), VHL
and SDHD mutation carriers have high recurrence rates (11),
and SDHA and TMEM127 have now been identified to confer
added risks of malignancy. Recommendations of the EAPPR are
to perform annual surveillance for the first 3 years after initial
diagnosis of mutation carriers, this being the time frame where
malignancy is apparent unless diagnosed at presentation, fol-
lowed by lifelong follow-up. However, since malignancy can occur
much later in life, constant and frequent follow-up is advisable in
such patients.

CONCLUSION

Pheochromocytoma and PGL, although rare, are potentially
curable causes of secondary hypertension in pediatric
patients. The identification of new gene mutations and the
determination of recurrence and malignancy rates have
allowed clinicians to acquire a better understanding of this
disease process. All patients should be offered genetic testing
given the high rate of inheritance of these tumors in pediat-
rics. All patients with genetic mutations should be followed
throughout their lifetime given the risk of recurrence and
malignancy. Those with SDHB gene mutations ought to be
aggressively followed given the high risk of metastatic disease.
Precise management of hypertension in such patients allows
for safe pre-, intra-, and postoperative courses. It should be
stressed that a multidisciplinary approach is needed in the
treatment of patients with PCC or PGL. A team of experi-
enced nephrologists, endocrinologists, genetic counselors,
radiologists, endo-oncologists, oncologists, and surgeons
will allow for optimal delivery of care to such patients and
will also allow for the orchestration of follow-ups and careful
attention to the recurrent and malignant potential of these
tumors.
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