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In children and adolescents, neuroblastoma (NBL), pheochromocytoma (PCC), and
adrenocortical tumors (ACT) can arise from the adrenal gland. It may be difficult to
distinguish between these three entities including associated extra-adrenal tumors
(paraganglioma, PGL). Precise discrimination, however, is of crucial importance for
management. Biopsy in ACT or PCC is potentially harmful and should be avoided
whenever possible. We herein report data on 10 children and adolescents with ACT
and five with PCC/PGL, previously mistaken as NBL. Two patients with adrenocortical
carcinoma died due to disease progression. Two (2/9, missing data in one patient)
patients with a final diagnosis of ACT clearly presented with obvious clinical signs and
symptoms of steroid hormone excess, while seven patients did not. Blood analyses
indicated increased levels of steroid hormones in one additional patient; however, urinary
steroid metabolome analysis was not performed in any patient. Two (2/10) patients
underwent tumor biopsy, and in two others tumor rupture occurred intraoperatively. In 6/
10 patients, ACT diagnosis was only established by a reference pediatric pathology
laboratory. Four (4/5) patients with a final diagnosis of PCC/PGL presented with clinical
signs and symptoms of catecholamine excess. Urine tests indicated possible
catecholamine excess in two patients, while no testing was carried out in three
patients. Measurements of plasma metanephrines were not performed in any patient.
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None of the five patients with PCC/PGL received adrenergic blockers before surgery. In
four patients, PCC/PGL diagnosis was established by a local pathologist, and in one
patient diagnosis was revised to PGL by a pediatric reference pathologist. Genetic testing,
performed in three out of five patients with PCC/PGL, indicated pathogenic variants of
PCC/PGL susceptibility genes. The differential diagnosis of adrenal neoplasias and
associated extra-adrenal tumors in children and adolescents may be challenging,
necessitating interdisciplinary and multidisciplinary efforts. In ambiguous and/or
hormonally inactive cases through comprehensive biochemical testing, microscopical
complete tumor resection by an experienced surgeon is vital to preventing poor outcome
in children and adolescents with ACT and/or PCC/PGL. Finally, specimens need to be
assessed by an experienced pediatric pathologist to establish diagnosis.

Keywords: childhood, adrenocortical carcinoma (ACC), pheochromocytoma, paraganglioma, differential diagnostics

INTRODUCTION

In children and adolescents, three different types of primary
neoplasias can arise from the adrenal gland. Neuroblastoma
(NBL) and pheochromocytoma (PCC) originate from the adrenal
medulla. The third group, adrenocortical tumors (ACT), includes
adrenocortical adenoma (ACA), adrenocortical tumor of
undetermined malignant potential (ACx), and adrenocortical
carcinoma (ACC)]. PCC and ACT are extremely rare.

ACT has an estimated annual incidence of 0.2-0.3 new cases
per million children and adolescents (1, 2). The female-to-male
sex ratio is approximately 2:1. It follows a bimodal age
distribution, which peaks in early childhood (<3 years) and
adolescence (2-4). The majority of ACT in childhood are
related to cancer predisposition syndromes (CPS), most
notably Li-Fraumeni syndrome and Beckwith-Wiedemann
syndrome (3, 4).

PCCs are catecholamine-producing neuroendocrine tumors
arising from chromaffin cells of the adrenal medulla. Extra-
adrenal tumors are termed paraganglioma (PGL). The incidence
of PCC/PGL is 0.8-1.6 cases per million children and adolescents
per year; however, the incidence is likely underestimated since most
PCCs/PGLs in children are not detected until adulthood (5, 6). A
male predominance is reported inconsistently. The average age at
diagnosis ranges between 11 and 15 years (6-8). Most PCCs/PGLs
in childhood and adolescence are hereditary in nature including von
Hippel-Lindau (VHL) syndrome, hereditary paraganglioma
syndromes due to variants of the SDHx gene, multiple endocrine
neoplasia type 2 (MEN2) due to variants of the rearranged during
transfection protooncogene (RET), and neurofibromatosis type 1
(NF1) (6-9).

In contrast, NBL is the third most common pediatric
malignancy and the most common extracranial solid tumor
in children. Its incidence is 10.4 new cases per million children
and adolescents per year (10). The male-to-female sex ratio is
1.1:1.0 in most large studies. The median age at diagnosis is
reported to be <2 years (11). Germline chromosomal
abnormalities or pathogenic variants are rarely reported in
children with neuroblastoma. Prognosis is determined by

stage, age, myc-n amplification status, and deletion of 1p,
among others (11, 12).

In daily practice, it may be difficult to clearly distinguish
between these three entities; however, precise discrimination is of
crucial importance for correct patient management. Biopsy in
ACT or PCC/PGL is potentially harmful and should be avoided
whenever possible. In fact, complete surgical resection is a
prerequisite for potentially curative treatment approaches. In
contrast, tumor biopsy is recommended at the time of initial
diagnosis in patients with (suspicion of) NBL as tumor
histologyand molecular genetics are prerequisites for risk
stratification (11).

We herein first report data on children and adolescents with
ACT and PCC/PGL, previously suspected of having an NBL, as
recorded in the German Pediatric Oncology Hematology-
Malignant Endocrine Tumor (GPOH-MET) database. With
respect to these cases, we then explore targeted diagnostics in
children and adolescents with adrenal tumors.

PATIENTS

Information on children and adolescents reported to the GPOH-
MET study center were analyzed retrospectively. Inclusion
criteria were a histologically confirmed diagnosis of ACT or
PCC/PGL following suspicion of NBL as documented in
medical reports.

The GPOH-MET 97 and GPOH-MET 2013 databases were
approved by the ethics committees of the University of Luebeck
(Approval number 97-125) and Otto-von-Guericke-University
Magdeburg (Approval number 174/12), Germany. Written
informed consent was obtained from patients aged 15 years or
older and/or their parents or legal guardians, as appropriate.

In the GPOH-MET 97 and GPOH-MET 2013 databases, 146
patients with ACT and 88 patients with PCC/PGL were
registered between 1997 and December 2019. We identified 15
children and adolescents initially suspected to have NBL. The
demographic details and clinical presentation as available are
provided in Tables 1, 2.
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TABLE 1 | Demographic details and clinical presentation in 10 children and adolescents with adrenocortical tumors initially mistaken as neuroblastoma.

Patient Presentation Lab test Imaging Management Final Outcome
diagnosis
Tumor Consolidation
biopsy/ of diagnosis
resection
Female, - Finding in surveillance - Blood: not done - Sonography: - Tumor Histology by ACA Alive
0.4y for Beckwith— - Urine: catecholamines negative suprarenal mass resection (Rg)  reference
Wiedemann syndrome 20 mi pathologist
Male, - Finding in surveillance - Not done - Sonography: - Tumor Histology by ACA Alive
0.8y for hemihypertrophy suprarenal mass resection (Ry)  reference
11 ml pathologist
- miBG:
negative
Male, - Finding in surveillance - Not done - Sonography: - Tumor Histology by ACA Lost to
10y for hemihypertrophy suprarenal mass resection (Rg)  reference follow-up
3ml pathologist
Male, - Incidental finding in - Blood: normal levels of endocrine hormones - Sonography: - Tumor Histology by ACC Death of
02y sonography - Urine: not done suprarenal mass resection (Rg)  reference disease
18 ml pathologist
- miBG:
negative
- Bone scan:
negative
Male, - Incidental finding in - Not done - Sonography: - Tumor Histology and ACA Alive
0.4y echocardiography suprarenal mass resection (Rg)  reference
- Perioral paleness 7 ml pathology
Female, - Abdominal and back - Blood: normal levels of endocrine hormones - Sonography: - Biopsy Histology and ACC Alive
83y pain for 2 months - Urine: not done suprarenal mass reference
- Finding in diagnostic 168 ml pathology
sonography
Male, - Fever - Blood: androgens, testosterone, estrogen, - Sonography: - Biopsy Histology and ACC Alive
3.2y - Painless abdominal progesterone levels increased abdominal mass reference
mass - Urine: not done 480 ml pathology
- Hypertension
Female, - Incidental clinical - Blood: androgens, testosterone, DHEAS, - Sonography: - Tumor Histology and Adreno- Alive
04y finding— virilization androstenedione, estrogen, estriol, estradiol, abdominal mass  resection reference cortical
- Hypertrophy of clitoris ~ progesterone, 17-OHP, glucocorticoids, cortisol, 304 ml - pathology tumor of
- Hypertension renin, aldosterone levels increased Intracperative unknown
- Sweating - Urine: not done tumor spillage dignity
- Reduced performance
- Tiredness
- Weakness
- Headache
- Incidental clinical
finding during
presentation for another
reason
Female, - Symptomatic therapy - Blood: androgens, testosterone, DHEAS, - Sonography: - Tumor Histology by ACC Death of
8.4y of endocrine signs for progesterone, 17-OHP, glucocorticoids, cortisol abdominal mass resection reference disease
one year by non- levels increased 293 ml - pathologist
specialist—virilization - Urine: not done Intraoperative
- Premature pubarche tumor spillage
- Hypertrophy of clitoris
- Acne
- Sweating
- Smelling perspiration
- Greasy hair
- Vertigo
- Nausea and vomiting
- Symptomatic therapy
of endocrine signs for
one year by non-
specialist
(Continued)
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TABLE 1 | Continued

Patient Presentation Lab test
Female, - Patient from foreign No data
156.8y  country, no data

available

Imaging Management Final Outcome
diagnosis
Tumor Consolidation
biopsy/ of diagnosis
resection
No data - Tumor Histology by ACC Alive
resection (Ro) reference
-8 cycles of  pathologist
chemotherapy

ACA, adrenocortical adenoma; ACC, adrenocortical carcinoma; DHEAS, dehydroepiandrosterone sulphate; mIBG, meta-iodobenzylguanidine; NBL, neuroblastoma; NSE, neuron-
specific enolase; Ro, microscopic complete tumor resection; y, years; 17-OHP, 17-hydroxyprogesterone.

Adrenocortical Tumor Cases Mistaken

as Neuroblastoma

In 10/15 patients with suspected NBL, a histologically based
diagnosis of ACT was subsequently established. The median age
at presentation was 0.9 years (range, 0.2-15.8), and five patients
were male (Table 1). At the last follow-up, 2/10 patients had died
of disease.

In 3/10 patients (aged 0.4, 0.8, and 1.0 years), a small adrenal
mass was detected by sonography for tumor surveillance because
of Beckwith—-Wiedemann syndrome and hemihypertrophy,
respectively. Urine analysis showed catecholamines within the
normal range (according to local reference values) in one-third
of children, while for two-thirds of patients no measurements
were performed. Meta-iodobenzylguanidine (mIBG)
scintigraphy was negative in one-third of patients and not
carried out in two-thirds. All three patients underwent tumor
resection. Assessment by a local pathologist revealed NBL, which
was subsequently revised to ACA by a reference pediatric
pathologist in all three patients.

Two (2/10) patients (aged 0.2 and 0.4 years) underwent
diagnostic sonography for other reasons. Blood analysis
revealed normal levels of “endocrine” hormones (not further
specified) in one. On suspicion of NBL, complete tumor
resection was performed in both patients. In one patient,
diagnosis of NBL was revised to ACA by a pediatric reference
pathologist while ACC was diagnosed in the other by a local and
reference pediatric pathologist.

In one 8.3-year-old patient, an adrenal mass was detected by
diagnostic sonography for persisting abdominal and back pain.
This patient also showed normal levels of “endocrine” hormones
(not further specified). On suspicion of NBL, a biopsy was
performed and revealed ACC.

One 3.2-year-old patient presented with fever and a palpable
painless abdominal mass. Clinical assessment revealed
hypertension raising suspicion of NBL; however, blood analysis
demonstrated increased steroid hormone levels. Nevertheless, on
suspicion of NBL, tumor biopsy was performed and
revealed ACC.

Two (2/10) patients (aged 0.4 and 8.4 years) presented with
virilization, hypertrophy of the clitoris, and inappropriate
sweatiness. Abdominal sonography demonstrated an adrenal
mass of approximately 300 ml in both patients. Blood tests
determined increased levels of steroid hormones; however,

NBL was still suspected, and tumor resection was performed.
In both patients, tumor rupture occurred intraoperatively. ACx
was diagnosed by a local pathologist and subsequently confirmed
by a pediatric reference pathologist in the 0.4-year-old female. In
the 8.4-year-old female, reference pathology assessment
determined ACC.

One 15.8-year-old patient was diagnosed and treated for NBL
abroad. Data on clinical presentation at diagnosis were not
available. Once transferred to a German pediatric oncology
clinic, histological specimen was reassessed by a pediatric
pathologist and diagnosis revised to ACC.

In summary, seven (7/9; missing data in one patient) patients
with ACT initially mistaken as NBL presented without obvious
clinical signs and symptoms of steroid hormone excess while two
of nine patients clearly did. Blood analysis determined increased
levels of steroid hormones in one out of 10 additional patients;
however, urine analysis demonstrated catecholamine levels
within normal limits in one out of nine patients and was not
performed in eight of nine. Two (2/10) patients underwent
tumor biopsy, while in two out of 10 other patients tumor
rupture occurred intraoperatively. In six out of 10 patients,
ACT diagnosis was only established by reference pediatric
pathology review.

Pheochromocytoma and Paraganglioma
Mistaken as Neuroblastoma

In five out of 15 patients suspected to have NBL, subsequent
histological findings confirmed a PGL in three out of five cases,
PCC and PGL in another, and a composite PCC and NBL in the
fifth case (Table 2). The median age at presentation was 9.6 years
(range, 4.7-13.4). Three (3/5; 60%) patients were male. All
patients were alive at the last follow-up.

Among five patients with PCC/PGL, four out five presented
with an abdominal tumor and one out of five with a thoracic
tumor. Daily activity was markedly reduced in four out five
patients. Clear clinical signs and symptoms of catecholamine
excess were reported in three out five patients. In addition,
echocardiography demonstrated left ventricular load and
hypertrophy in one out of five patients. Two (2/4) of those
patients developed a hypertensive crisis. Tumors were detected
by sonography in all patients. In two out of five patients, mIBG
scintigraphy was positive (data missing for 3 patients). Urine
analysis was performed in only two out of five cases; the first
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TABLE 2 | Demographic details and clinical presentation in 5 children and adolescents with pheochromocytoma and paraganglioma initially mistaken as neuroblastoma.

Patient Presentation

Lab tests Imaging

Management Final

Consolidation
of diagnosis

Tumor biopsy/
resection

diagnosis

Outcome

Male
47y

Male
134y

Female
8.2y

Male
1.2y

Female
9.6y

- Reduced
activity

- Hypertension
- Tachycardia
- Diaphoresis
- Palpitations
- Headache

- Swelling of
hands

- Tachypnea
Acute
condition:

- Clouding of
consciousness
- Seizure

- Palpable
abdominal
mass

- Reduced
activity

- Hypertension
- Hypertensive
crisis

- Diaphoresis
- Lossin
weight

- Abdominal
pain

- Nausea and
vomiting

- Reduced
activity

- Hypertension
- Tachycardia
- Palpitations
- Diaphoresis
- Headache

- Flush

- Weakness

- Palpable
abdominal
mass

- Palpitations
- Palpable
abdominal
mass

- Reduced
activity

- Abdominal
pain

Urine: vanillylmandelic
acids and metanephrine
levels increased

- Sonography: thoracic mass 9,4 ml

- MRI: suspicion of NBL

- mIBG scintigraphy: positive

- Bone scan: negative

- ECG: left ventricular load and hypertrophy

Urine: noradrenaline and
normetanephrine levels
increased

- Sonography: multifocal abdominal masses
- Bone scan: negative
- ECG: left ventricular load and hypertrophy

Not done - Sonography: adrenal mass 16,2 ml

- mIBG scintigraphy: positive

Not done - Sonography: abdominal mass 339 ml

- CT: lung metastases

- ECG: left ventricular load and hypertrophy
Not done - Sonography: abdominal mass 332 ml with
tumor thrombus into the VCI

- MRI: irregular roundish shape,
heterogeneous structure, moderate
heterogenous uptake of contrasting agent

- 1 cycle of NBL PGL
chemotherapy

- Fine needle biopsy
after first cycle of

chemotherapy

Histology and
reference
pathology

PCC and
PGL

- Tumor resection on
suspicion of NBL (Ro)

Histology and
reference
pathology

- Tumor resection on
suspicion of NBL (Ro)

Histology and
reference
pathology

PCC and
NBL

- Tumor resection PGL
(Ro)

- 1 cycle of NBL
chemotherapy

- Unresectable

- Fine needle biopsy

Histology by
reference
pathologist
Histology and PGL
reference

pathology

Alive

Alive

Composite  Alive

Alive

Alive

CT, computed tomography; ECG, echocardiography; mIBG, meta-iodobenzylguanidine; MRI, magnetic resonance imaging; NBL, neuroblastoma; PCC, pheochromocytoma; PGL,
paraganglioma; Ry, microscopic complete tumor resection; VCI, vena cava inferior; y, years.

presented with increased levels of vanillylmandelic acid (VMA)
and metanephrine and the second with increased levels of
noradrenaline and normetanephrine (according to local
reference values, information on assay methods was not
available). Urine analysis was not done in three out of

five patients.

Although presenting with serious clinical signs and symptoms
of catecholamine excess including a tonic-clonic convulsive
seizure, and the high metanephrine levels in urine, NBL-
directed chemotherapy was administered in a 4.7-year-old
male with a small thoracic mass. Fine-needle biopsy was

performed only subsequent to the chemotherapy. Histology
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revealed diagnosis of PGL further confirmed by genetic testing
(identification of a pathogenic VHL variant).

Similarly, a 13.4-year-old male presented with serious clinical
signs and symptoms of catecholamine excess confirmed by urine
analysis (details not available). Sonography demonstrated
adrenal and abdominal masses. On suspicion of NBL, tumor
resection was performed. Histology confirmed PCC and PGL. A
pathogenic SDHB variant was identified by genetic testing.

In the third patient (8.2-year-old female) with serious clinical
signs and symptoms of catecholamine excess, sonography
demonstrated a small, mIBG-positive adrenal mass. On
suspicion of NBL, tumor resection was performed. The
pathology report revealed a composite PCC and NBL. Genetic
testing identified a pathogenic VHL variant.

An 11.2-year-old male presented with palpitations and a
palpable abdominal mass. Computed tomography
demonstrated lung metastases, echocardiography left
ventricular load and hypertrophy. On suspicion of NBL,
complete tumor resection was performed and one cycle of
NBL-directed multidrug chemotherapy was administered.
Reassessment of the tumor specimen by a pediatric reference
pathologists ascertained a diagnosis of PGL.

A 9.6-year-old female with an abdominal mass and a tumor
thrombus into the vena cava inferior (detected by sonography)
presented with reduced activity and abdominal pain. Tumor
resection was deemed impossible; thus, fine-needle biopsy was
performed on suspicion of NBL. Histology revealed PGL.

In summary, four (4/5) patients with PCC/PGL initially
mistaken as NBL presented with clinical signs and symptoms
of catecholamine excess. Urine analysis indicated suspicious
findings in two (2/5) patients, while testing was not done in
three (3/5) patients. Importantly, measurements of plasma
metanephrines were not performed in any patient. Despite
signs and symptoms of catecholamine excess, accompanied in
two (2/5) cases by evidence of catecholamine excess, no patient
received adrenergic blocking drugs before surgery. In four (4/5)
patients, PCC/PGL diagnosis was established by a local
pathologist, while in one (1/5) patient the diagnosis was
revised to PGL by a pediatric reference pathologist. Genetic
testing indicated variants of PCC/PGL susceptibility genes in
three (3/5) patients, whereas data were not available in two (2/
5) patients.

CLINICAL PRESENTATION AND
DIAGNOSTIC WORKUP IN CHILDREN
WITH ACT AND PCC/PGL

In contrast to our case series that included 20% of patients with
signs of virilization, ACT are associated with excessive androgen
production and virilization in 80-95% of cases (2-4, 13). Signs of
virilization are premature pubarche (early onset of pubic hair),
hirsutism, and hypertrophy of the clitoris or penis. Typically,
these signs show rapid progress. Often bone age is significantly
accelerated. Further presentations in children with ACT

comprise voice changes, accelerated growth, gynecomastia,
or acne.

Hypercortisolism (Cushing’s syndrome) is reported in up to
75% of patients (2-4, 13). Symptoms of Cushing’s syndrome may
include growth retardation, hypertension, central obesity, moon
face, and buffalo hump. Hypertension without other symptoms
of hypercortisolism was reported in only one (1/10) patient in
our case series.

Typically, only few tumors are hormonally inactive and, thus,
asymptomatic. The gradual onset of signs and symptoms may
frequently be unrecognized for several months. In six (6/10)
patients subsequently diagnosed with ACT, no signs and
symptoms of excessive androgen production and/or
hypercortisolism were reported.

The clinical presentation of PCC/PGL in children is
dominated by manifestations of excessive catecholamine
secretion, which can result in predominant symptoms such as
palpitations, sweating, tremor, pallor, nausea, and vomiting (6,
14, 15). Other relevant symptoms include hypertension,
headache, and visual impairment. These signs and symptoms
often have a recurrent paroxysmal nature. This is particularly
relevant for hypertension, which is less common in children than
in adults. Therefore, paroxysmal hypertension should raise
suspicion of catecholamine excess.

Also, NBL can present with hypertension due to excessive
catecholamine secretion and/or renal vessel compression.

In fact, serious clinical signs and symptoms of catecholamine
excess were present in three (3/5) patients in our case series,
while one (1/5) additional patient presented with milder signs
and symptoms. No typical manifestations of catecholamine
secretion were reported in only one (1/5) patient. Although the
basis for clinical suspicion of PCC/PGL depends usually on the
presence of signs and symptoms of catecholamine excess, routine
surveillance programs have indicated that in children as in
adults, a catecholamine-producing tumor can be present
without manifestations of hypertension or other signs and
symptoms of catecholamine excess (16, 17). Thus, absence of
hypertension or signs and symptoms of catecholamine excess
cannot be used to exclude PCC/PGL. This is also born out from
widespread use of imaging studies, which led to the incidental
discovery of PCC/PGL without hypertension or other signs and
symptoms of catecholamine excess.

ENDOCRINE ASSESSMENT FOR EXCESS
HORMONE PRODUCTION

A detailed preoperative endocrine assessment is essential to
establishing the origin of the neoplasia (cortex versus medulla
versus others).

Biochemical Testing for ACT

In general, endocrine workup in a patient suspected of an adrenal
tumor is complex and consultation of a pediatric endocrinologist
should be sought. The biochemical diagnosis of ACT is based on
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the analysis of steroid hormones in plasma or serum, as well as
the determination of steroid hormone metabolites in urine (13).
Currently, immunoassays or liquid chromatography-tandem
mass spectrometry (LC-MS/MS) is the preferred technique for
steroid hormone analysis in plasma or serum. However, due to
specificity problems with direct immunoassays, clinicians must
ensure that the methods applied are reliable. Thus, collaboration
with specialized and experienced pediatric laboratories is highly
advisable. The most important steroid hormone analytes in
plasma or serum required for the diagnosis of ACT are the
glucocorticoid marker cortisol, the main androgens DHEA-S and
testosterone, and the mineralocorticoid aldosterone. The
concentrations of steroid hormones in plasma or serum may
vary with time over the day. A dexamethasone suppression test
may be useful since autonomous cortisol production is typically
not suppressible.

Urinary steroid metabolome analysis by gas chromatography-
mass spectrometry (GC-MS) is useful for the delineation of adrenal
tumors. The technique makes use of the fact that 90% of all steroid
hormone metabolites are excreted into urine. Especially in children,
urine is easy and non-invasive to obtain. As GC-MS is a non-
selective (untargeted) analytical technique and has the highest
separation power for steroid hormone metabolites, it permits
characterization of the complete steroid metabolome (steroid
metabolic fingerprint) that is unique for individuals with an
adrenocortical tumor. The steroid metabolite pattern comprises
glucocorticoids, mineralocorticoids, sex hormones, and
intermediate metabolites (18).

The differential diagnosis of hyperandrogenism is complex.
In this context, such a comprehensive GC-MS-based urinary
steroid metabolome analysis provides the added benefit of
discerning further diagnostically important entities such as the
virilizing CAH forms of 21-hydroylase deficiency, 11-hydroxylase-
deficiency, and 3B-hydroxysteroid dehydrogenase deficiency as
well as other identifiable causes of hyperandrogenism such as
11B-hydroxysteroid dehydrogenase deficiency type 1 (19).

Biochemical Testing for Catecholamine-
Producing Tumors

Despite the fact that four out of five pediatric patients with a final
diagnosis of PCC/PPGL presented with signs and symptoms of
catecholamine excess, a biochemical workup was incomplete or
included analytes no longer recommended for biochemical
testing, such as catecholamines or VMA, the final product of
catecholamine metabolism. In addition, in three of five cases
biochemical testing was not performed at all.

In contrast to chromaffin-cell-derived PCCs/PGLs that actively
secrete catecholamines from storage vesicles by a process involving
exocytosis, which only occurs episodically or at low or even
negligible rates, NBLs display a relative lack of such
catecholamine storage vesicles (Eisenhofer et al. 2022 submitted
data, 20-24). Therefore, it is well established that plasma or urinary
measurements of catecholamines offer limited diagnostic accuracy
for the diagnosis or exclusion of both NBL and other
catecholamine-producing tumors (25). Thus, both types of
catecholamine-producing tumors may present with normal
concentrations of catecholamines in plasma or urine.

Diagnosis of NBLs currently depends principally on biopsy-
based histopathology. In contrast, for diagnosis of PCCs/PGLs,
measurements of plasma or urinary metanephrines, the O-
methylated metabolites of catecholamines, are the recommended
first-line tests (26). The diagnostic superiority of metanephrines
over catecholamines is explained by the fact that the first are
produced from metabolism of catecholamines in large amounts
within tumor cells, a process that is independent of catecholamine
secretion 27. Additional measurements of plasma
methoxytyramine, the O-methylated metabolite of dopamine,
are important for diagnosis of patients with dopamine-
producing tumors (28) especially among patients with high risk
of PPGLs (29). In contrast, measurements of the urinary
catecholamine metabolite VMA, often measured in conjunction
with urinary homovanillic acid (HVA), are of limited diagnostic
utility (Eisenhofer et al. 2022 submitted data, 30) for
catecholamine-producing tumors, as particularly tumor-derived
VMA is diluted by considerable amounts of VMA produced in
other sources (31).

In the herein presented cohort, catecholamines and/or
metanephrines were measured in urine. Previous studies in adult
cohorts but also isolated reports of pediatric cases, though, have
shown superior diagnostic performance of plasma over urinary
metanephrines (29, 32, 33). However, blood sampling can be an
inconvenient procedure for children. In particular, blood should
always be drawn after overnight fasting and at least after 20 min of
supine rest. In addition, blood sampling may often be a stressful
condition for young children and may lead to activation of the
sympathetic nervous system and therefore to increased proportions
of false-positive results. Taking the above into consideration,
measurements of metanephrines in urine constitute a more
practical approach, compared to plasma metanephrines, with spot
urine collections the preferred method in children. If this approach is
decided, clinicians should be aware that urinary methoxytyramine
has negligible diagnostic value, as it is mainly derived from sources
largely independent of the circulating metabolite or dopamine (34).
Finally, it is of paramount importance that laboratories utilize
appropriate assays and have available appropriate age-adjusted
reference intervals for children with further consideration of sex
differences (35-38). Liquid chromatography with electrochemical
detection (LC-ECD) was initially the method of choice for the
diagnosis of PCC/PGL (39) but in the last decade has been largely
replaced by liquid chromatography with tandem mass spectrometry
(LC-MS/MS) (40). Easy-to-use immunoassays are not recommended
due to underestimation of concentrations in conjunction with upper
limits of reference intervals that are also too high for reliable detection
of tumors (41).

IMAGING FEATURES

For best patient care, adequate visualization of the tumor and
potential metastases is essential. For the diagnosis of an adrenal
mass in children as well as for staging purposes, ultrasonography (US)
followed by magnetic resonance imaging (MRI) and computed
tomography (CT) for the evaluation of lung metastases is a
standard initial imaging modality (42, 43). Since CT and functional
imaging modalities are associated with radiation exposure, they
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should be used in a restrictive and targeted manner particularly
in children.

Indeed, all patients in our case series underwent MRI and
CT (patients with ACC from a foreign country), respectively,
in addition to ultrasonography. Details on imaging features
were not available; however, we may suggest that imaging
features were consistent with differential diagnosis of NBL as
assessed by the local radiologist. One may speculate that an
experienced pediatric radiologist would have established
another prioritized differential diagnosis based on
imaging features.

All three imaging modalities are widely and readily available, but
they, in many cases by themselves, cannot determine the exact entity
of the mass nor its behavior (ACA vs. ACC, PCC with malignant
potential). Of note, the International Neuroblastoma Risk Group
(INRG) Project proposed a new staging system designed for tumor
staging before any treatment. The INRG Staging System includes
image-defined risk factors (IDRFs) for localized disease (44, 45).
Details on imaging diagnostic steps and features in ACT, PCC/PGL,
and NBL are given in Figure 1.

Additional information such as the results of laboratory
assessment and functional imaging is needed. On radiological
imaging, most ACCs and malignant PCCs are inhomogeneous
with irregular margins and irregular enhancement of the solid
components after administration of i.v. contrast medium.

For planning of tumor resection, morphological imaging is
important to exclude or verify local invasion or tumor extension
into the inferior vena cava, as well as lymph node or other metastases
(lung and liver).

Functional imaging using radiotracers may aid in the
diagnosis and staging of adrenal tumors. It should be used
preoperatively only in hormonally inactive tumors. The
radiotracer should be chosen according to clinical settings,
the results of morphological imaging, and especially the
results of hormonal screening (particularly in patients with
PCC/PGL); in some patients, the result of a biopsy including
genetics may already be available and guide tracer
selection (46).

The standard for functional imaging of NBL is I-123-meta-
iodobenzylguanidine (mIBG) (11, 47). Imaging may be used to

Adrenocortical tumors

US: all patients
Abdominal MRY/CT*: all patients

Chest CT: all patients

F-18-FDG-PET: on suspicion of high-risk
ACC

Bone scan: on clinical suspicion of bone
metastases

Brain MRI: on clinical suspicion of brain
metastases

Genetic counselling: all patients

Us:

— well-defined mass

— appearance varies based on the size of the
lesion: smaller lesions homogeneous, larger
lesions heterogeneous secondary to
necrosis/hemorrhage

Cr:

— irregularly-shaped

— central areas of necrosis and hemorrhage,
resulting in variable enhancement

— relative contrast retention (washout <40%)
on delayed contrast-enhanced CT

— w/o calcification

— wl/o focal extension into the renal vein, IVC,
and liver

MRI:

— T2: heterogeneous mass of high signal;
variable signal intensity in areas of
hemorrhage

— C+ (Gd): heterogeneous enhancement

PCC/PGL

US: all patients
MRY/CT?*: all patients

Functional imaging (mIBG, 18-F-DOPA-
PET, or SSR-PET as appropriate): all patients
choice of radiopharmaceutical depends on
tumor genotype and biology, linked to location
(sympathetic vs parasympathetic, adrenal vs
extra-adrenal) and biochemical phenotype

Genetic counselling: all patients

— variable appearance ranging from solid to
mixed cystic and solid to cystic

CT:

— usually large, heterogeneous masses with
areas of necrosis and cystic change;
typically enhancing avidly

— Hounsfield unit >10

— may wash out similar to an adrenal adenoma

— tend to enhance more on the portal venous
than the arterial contrast phase

— wlo calcification

slightly hypointense to the remainder of
the adrenal; if necrotic and/or hemorrhagic
more heterogeneous signal
— T2: w/o marked hyperintensity areas of
necrosis/hemorrhage/calcification
— C+ (Gd): heterogeneous (prolonged)
enhancement

Neuroblastoma

US: all patients
MRI: all patients

151.mIBG scintigraphy w/o SPECT: all
patients
B8F-FDG PET-CT: if mIBG negative

Genetic counselling: if indicated

USs:

— heterogeneous mass with vascularity

— w/o areas of necrosis appearing as regions of
low echogenicity

— w/o calcification

CT:

— heterogeneous with calcifications

— low attenuation in areas of necrosis

— tumor morphology: mass insinuating itself
beneath aorta and lifting it off the vertebral
column; tends to encase vessels and may
lead to compression; usually displaced
adjacent organs

— in more aggressive tumors: direct invasion
of the psoas muscle or kidney

MRI:
: heterogeneous and iso to hypointense
— T2: heterogeneous and hyperintense
cystic/necrotic areas
— C+ (Gd): variable and heterogeneous
enhancement

only due to radiation exposure.

FIGURE 1 | Imaging diagnostics (A) and features (B) of adrenal tumors in children. CT, computed tomography; FDG, fluorodeoxyglucose; mIBG, metaiodobenzylguanidine;
MRI, magnetic resonance imaging; PET, positron emission tomography; SPECT, single-photon emission computed tomography; US, ultrasonography; *, CT in selected cases
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identify metastases as well as patients suitable for I-131-mIBG
radionuclide therapy. Imaging is performed by planar scintigraphy
but also as single-photon emission computed tomography (SPECT)
sometimes in combination with low-dose CT (SPECT/CT). I-123-
mIBG targets the norepinephrine transporter which is highly
expressed on both NBL and PCC/PGL due to the similar origin of
these tumors; correspondingly, a differentiation between NBL and
PCC/PGL is not possible using 123-mIBG. In line with this, mIBG
scintigraphy was performed prior to surgery in two out of five
patients subsequently diagnosed with PCC/PGL. In both patients,
the lesions were mIBG positive. Hence, mIBG imaging did not add
in the differential diagnosis of the lesions.

In case no uptake is observed, an F-18-fluorodeoxyglucose-
positron emission tomography (F-18-FDG-PET) may be
performed. F-18-FDG-PET is a useful tool for distinguishing
potentially malignant lesions from benign tumors in
radiologically indeterminate adrenal lesions (48). The uptake of
the tracer reflects the glucose metabolic activity of the respective
tissue; therefore, F-18-FDG-PET is not able to reliably differentiate
between (malignant) tumor entities. Uptake can sometimes also be
seen in benign lesions, such as adrenal adenomas or (benign) PCCs.
Of note, I-123-mIBG imaging is superior to F-18-FDG PET/CT in
the assessment of disease extent in high-risk neuroblastoma;
however, F-18-FDG PET/CT has significant prognostic
implications in these patients (49, 50).

F-18-L-Fluoro-L-3, 4-dihydroxyphenylalanine (F-18-
FDOPA), another tracer used for PET imaging, is the
precursor of catecholamines and therefore shows uptake in
tumors derived from the adrenal medulla (NBL and PCC/
PGL). Accordingly, a differentiation between NBL and PCC/
PGL is not possible using F-18-FDOPA. However, ACT do not
commonly show uptake of these radiotracers.

Somatostatin-receptor-targeted PET (SSR-PET) has widely
replaced somatostatin receptor scintigraphy because of superior
imaging characteristics. Usually, somatostatin receptor agonists
labeled with the positron emitter Gallium-68 (Ga-68-DOTA-
NOC, -TOC, -TATE) are used. Catecholamine-producing
tumors most notably PGLs are known to highly express SSR
(51); however, also in ACT an SSR expression may be found (52).
The imaging may be used to identify patients suitable for peptide
receptor radionuclide therapy (PRRT).

In patients with an established diagnosis of (malignant) PCC/
PGL, F-18-FDG-PET appears to be inferior to other PET
imagings, targeting the somatostatin receptor (SSR-PET) in a
pediatric population with an SDHB variant (53) and malignant
tumors; however, it may be used if SSR-PET is not available. F-
18-FDOPA-PET may be used in the abovementioned entity as
well and has been shown to be of value in tumors associated with
VHL, NF1, and RET alterations (51).

SURGICAL APPROACH TO PEDIATRIC
ACT AND PCC

A microscopically complete resection is of utmost importance in
the treatment of both ACC and PCC/PGL; however, biopsy was

performed in two out of 10 patients with ACT and two out of five
patients with PCC/PGL; therefore, one patient in whom
complete tumor resection was deemed impossible.

Open surgery with transperitoneal access is the standard
treatment of all patients with localized and locally advanced-
stage ACCs when complete resection can be achieved (54, 55).
Care must be taken to avoid tumor spillage in any case. However,
in our case series, tumor spillage by intraoperative tumor rupture
occurred in two out of 10 patients subsequently diagnosed with
ACC and ACx, respectively. Intraoperative tumor rupture is
associated with an inferior prognosis and implicates intensified
systemic treatment also in patients otherwise not qualifying for
systemic therapy.

A multinational survey including 68 children and adolescents
with adrenal masses including PCC (n = 9) and ACT (n = 1)
demonstrated that the minimally invasive approach was safe in
masses up to 145.6 ml with a low complication rate (56). In a
single-center study, Wu and colleagues reported their experience
with open vs. laparoscopic adrenalectomies for stage I/II
adrenocortical carcinoma and a tumor size <10 cm in adults
(57). In this study, local and peritoneal recurrence rates were 42%
after laparoscopic adrenalectomy and 22% after open
adrenalectomy (p = 0.035); however, there was no significant
difference between the open and laparoscopic approaches
regarding OS and EFS. The authors concluded that the open
approach should be considered as treatment of choice. Even
though data on the surgical approach in patients with
intraoperative tumor rupture were not available, both patients
in our case series presented with large tumors with
approximately 300 ml tumor volume.

The resection status is a major predictor of prognosis for ACC
in children and adolescents (58). A margin-free complete
resection, in fact, provides the only means to achieve long-
term survival. To obtain a R, resection of a locally advanced
ACC, it can be mandatory to resect (parts of) adjacent organs
such as the wall of the vena cava, liver, spleen, colon, pancreas,
and/or stomach. Locoregional lymphadenectomy improves
tumor staging, but the role of lymph node dissection in
patients with localized disease remains unclear (3).

Laparoscopic adrenalectomy is a safe and effective procedure
for PCC/PGL in children (59). In adults, no difference in the 5-
year-EFS in malignant PCC between laparoscopic and open
approaches was demonstrated (60), but tumor size >6 cm was
associated with a decreased likelihood for minimally invasive
surgery (60). A meta-analysis of open vs. laparoscopic surgery in
PCC involving 626 adult patients demonstrated that
laparoscopic surgery is safe and effective and causes less
intraoperative hemodynamic instability (61). No data on the
prognostic role of radical surgery and lymphadenectomy are
available up to now for pediatric PCC and synchronous
metastatic diseases.

Of note, a preoperative preparation with adrenergic blocking
drugs is mandatory for patients with PCC/PGL (26). In our case
series, no child with PCC/PGL underwent preoperative
preparation with adrenergic blockade despite clinical suspicion
of catecholamine excess in several cases. This is dangerous and
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completely inappropriate. Preoperative preparation requires
alpha-adrenergic blockade to control blood pressure and to
prevent perioperative cardiovascular complications. Beta
blockers are used if significant tachycardia occurs after alpha
blockade. Preoperative medical treatment is recommended for 7
to 14 days to allow adequate time to normalize blood pressure
and heart rate. Treatment should also include a high-sodium diet
and fluid intake to reverse catecholamine-induced blood volume
contraction preoperatively to prevent severe hypotension after
tumor removal (26).

In summary, adrenal surgery should be performed only in
experienced centers. Laparoscopic adrenalectomy should be
considered extremely carefully and only performed in centers
with a consolidated experience in laparoscopic adrenal surgery,
in which principles of oncologic surgical treatment are
strictly respected.

HISTOLOGICAL DIAGNOSIS

The pathological differential diagnosis of adrenal neoplasia is still
largely based on morphological features requiring an
experienced pediatric pathologist. This is corroborated by our
data; diagnosis was established by a pediatric reference
pathologist in six out of 10 patients with ACT and one out of
five patients with PCC/PGL.

Differentiating benign from malignant adrenocortical tumors
is very challenging on a biopsy only and may lead to
misdiagnosis (48, 62). Furthermore, the biopsy comes with
significant risks such as hemorrhage and the risk of tumor
dissemination precluding a R, resection (63). The latter is a
major prognostic factor in children and adolescents with ACT
(58, 64).

In patients with PCC/PGL, adrenal biopsy can be life-
threatening due to biopsy-related complications such as
hemorrhage, capsular disruption with tumor implantation,
hypertensive crisis, myocardial infarction, arrhythmia, stroke,
or death (65-68).

If a biopsy is planned, rarely required in adrenal lesions, ACT
and PCC/PGL must be excluded by biochemical testing prior to
the biopsy to avoid potential life-threatening complications.
However, two out of 10 children with ACT and two out of five
children with PCC/PGL were biopsied either percutaneously or
by open surgery.

The diagnosis of an ACT is based on morphology and the
immunohistochemical expression of, e.g., inhibin and melan A.
The differential diagnosis between ACA and ACC is challenging.
The most widely used diagnostic score for tumors in the pediatric
age group has been introduced by Wieneke et al. (69) and
includes the following parameters: weight, size, extension into
adjacent tissue and organs, vena cava invasion, venous invasion,
capsular invasion, tumor necrosis, number of mitoses, and
atypical mitotic figures. A score >3 suggests malignancy. More
recently, a five-item microscopic score was proposed by Picard
et al. (13) including capsular invasion, venous invasion, tumor
necrosis, number of mitoses, and Ki-67 proliferation index.

In our case series, ACA was diagnosed in four out of 10
patients aged <1 year with small ACT, while ACCs were
diagnosed in five out of 10 patients ranging from 0.2 to 15.8
years with predominantly large tumors (range, 18-480 ml). In
addition, ACT was classified as ACx in one 0.4-year-old patient
with a large tumor of 304 ml.

For PCC, the situation is similarly demanding (70). Several
histologic features (local invasiveness, growth pattern, presence
of necrosis, cellularity, spindled morphology, nuclear
pleomorphism and hyperchromasia, mitotic activity, and
atypical mitosis) comprise the PCC adrenal gland scaled score
(71). However, there is currently no consensus on the adoption
of a formal scoring system for these tumors. According to the
current World Health Organization (WHO) classification,
malignancy is still defined by the presence of metastases to a
site where PCC/PGL tissue is not normally present, i.e., liver or
bone, to avoid confusion with multiple primary tumors (72, 73).
No single histological finding can predict metastatic disease.

In our cohort, diagnosis of PGL was only established by a
pediatric reference pathologist in one out of five cases with
metastatic disease to the lungs, while in four out of five
patients diagnoses were already established by local
pathologists. Worth noting is that one out of five patients with
a pathogenic SDHD variant presented with multifocal disease,
and in one out of five patients tumor invasion into the VCI was
documented. Both clinical presentations cannot clearly
distinguish between NBL and PCC/PGL.

NBL is one of the “small, round blue cell” neoplasms in
childhood (74, 75). The histologic subtypes of the neuroblastic
tumors appear to correlate with the normal differentiation
patterns of the sympathetic nervous system (74-77). The
typical NBL is composed of small but uniformly sized cells
containing dense, hyperchromatic nuclei and scant cytoplasm.
The presence of neuritic processes, or neuropil, is a
pathognomonic feature of all but the most primitive NBL (75).
The Homer-Wright pseudorosette, another diagnostic feature of
NBL, seen in 15% to 50% of cases, is composed of neuroblasts
surrounding areas of eosinophilic neuropil. Distinguishing NBL
from other tumors of childhood often requires techniques
beyond hematoxylin and eosin staining and light microscopy.
Immunohistochemistry is a helpful adjunct to light microscopy.
NBL will stain with monoclonal antibodies recognizing, e.g.,
synaptophysin, tyrosinhydroxylase, and PHOX2B.

DISCUSSION

The differential diagnosis of adrenal masses in children and
adolescents can be challenging. In our registry, we identified 15
children and adolescents, who were initially mistaken as NBL
and subsequently diagnosed with ACT or PCC/PGL.

The incidence of NBL in children and adolescents is about
30-50-fold higher compared to ACT and about 10-fold higher
compared to PCC/PGL. Thus, diagnosis of NBL particularly in
young children presenting with adrenal masses is more likely;
however, ACT and PCC/PGL must also be considered in
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childhood cases. NBLs impress as adrenal/abdominal/thoracic
masses sometimes infiltrating into adjacent tissues. Signs and
symptoms of catecholamine excess such as hypertension and
tachycardia are rare but can occur (11). Of note, even in the
absence of hypertension and signs and symptoms of a
catecholamine producing tumor, a PCC/PGL cannot be ruled
out (32).

Although calcifications in NBLs are frequent, lack of evidence
of calcification in ultrasonography and/or magnetic resonance
imaging does not exclude diagnosis of NBL. In addition,
functional imaging in particular mIBG imaging cannot
distinguish between NBL and PCC/PGL. Thus, most
importantly, thorough preoperative workup to reliably confirm
or exclude a PCC/PGL with plasma or urinary metanephrines is
essential; the fact that biochemical testing was not performed in
three out of five patients subsequently diagnosed with PCC/PGL
reveals that this need has not been firmly embedded in clinical
practice. In case a delay in treatment is clinically acceptable,
genetic testing for PCC/PGL syndromes may add to
diagnostic confirmation.

Usually, presenting clinical signs and symptoms in patients
with ACT differ from those of patients with NBL and PCC/PGL.
In asymptomatic patients, differential diagnosis is much more
sophisticated. In all cases of an adrenal mass, a comprehensive
hormonal analysis is strongly recommended (Figure 2).

The diagnostic accuracy of the workup is high if applied
appropriately (including pre-analytics) and the preoperative
hormone pattern may serve as a fingerprint of the tumor
during periodic surveillance and follow-up. We suggest
performing biochemical testing in dedicated laboratories with
experience in pediatric endocrinology. In patients with

apparently inconclusive results, seeking advice from a center
may be helpful.

Of note, three out of 10 patients with ACT were diagnosed
with Beckwith-Wiedemann syndrome and hemihypertrophy,
respectively. These syndromes are associated with an increased
risk to develop a wide spectrum of malignancies including
among others NBL as well as ACT.

Prognosis of ACT patients with intraoperative tumor spillage
is inferior compared to complete tumor resection necessitating
intensified treatment (64). Thus, in children and adolescents
with adrenal masses in whom definite diagnosis cannot be
established prior to surgery, microscopical complete tumor
resection instead of biopsy must be performed.

A final diagnosis was established by a pediatric reference
pathologist in six out of 10 ACT cases and in one out of five PCC/
PGL cases. Initial misdiagnosis resulted in NBL-directed
multidrug chemotherapy in five patients with subsequent
diagnosis of ACT and in one patient with PGL. Original
pathology reports were not available. Thus, it was not possible
to determine why particularly ACTs were initially misdiagnosed
as NBL by local pathology assessment. Due to the sophisticated
differential diagnosis of adrenal neoplasia and their rarity in
children, consultation of an experienced pediatric pathologist is
strongly recommended.

CONCLUSION

The differential diagnosis of adrenal neoplasias and associated
extra-adrenal tumors in children and adolescents may be
challenging necessitating interdisciplinary and multidisciplinary
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FIGURE 2 | Flowchart showing the diagnostics steps in children presenting with an adrenal mass in imaging. GC-MS, gas chromatography-mass spectrometry; IA,
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efforts. We suggest a step-wise assessment starting with
conventional imagings, e.g., sonography and MRI, and hormonal
testing. In ambiguous and/or hormonally inactive cases though
comprehensive biochemical testing, preoperative functional
imaging may aid in the diagnosis. Microscopical complete tumor
resection by an experienced surgeon is vital to preventing poor
outcome in children and adolescents with ACT and/or PCC/PGL.
Finally, specimens need to be assessed by an experienced pediatric
pathologist to establish diagnosis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the University of Luebeck (approval number 97-125)
and Otto-von-Guericke-University Magdeburg (approval number
174/12), Germany. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of kin.
Written informed consent was obtained from the minor(s)’ legal
guardian/next of kin for the publication of any potentially
identifiable images or data included in this article.

REFERENCES

1. Siegel DA, King J, Tai E, Buchanan N, Ajani UA, Li J. Cancer Incidence Rates
and Trends Among Children and Adolescents in the United States, 2001-
2009. Pediatrics (2014) 134:e945-55. doi: 10.1542/peds.2013-3926

2. Dall'Igna P, Virgone C, De Salvo GL, Bertorelle R, Indolfi P, De Paoli A, et al.
Adrenocortical Tumors in Italian Children: Analysis of Clinical
Characteristics and P53 Status. Data From the National Registries. ] Pediatr
Surg (2014) 49:1367-71. doi: 10.1016/j.jpedsurg.2014.03.006

3. Rodriguez-Galindo C, Krailo MD, Pinto EM, Pashankar F, Weldon CB,
Huang L, et al. Treatment of Pediatric Adrenocortical Carcinoma With
Surgery, Retroperitoneal Lymph Node Dissection, and Chemotherapy: The
Children's Oncology Group ARAR0332 Protocol. J Clin Oncol (2021) 39
(22):2463-73. doi: 10.1200/JC0O.20.02871

4. Picard C, Faure-Conter C, Leblond P, Brugieres L, Thomas-Teinturier C,
Hameury F, et al. Exploring Heterogeneity of Adrenal Cortical Tumors in
Children: The French Pediatric Rare Tumor Group (Fracture) Experience.
Pediatr Blood Cancer (2020) 67:¢28086. doi: 10.1002/pbc.28086

5. Olson SW, Yoon S, Baker T, Prince LK, Oliver D, Abbott KC. Longitudinal
Plasma Metanephrines Preceding Pheochromocytoma Diagnosis: A
Retrospective Case-Control Serum Repository Study. Eur ] Endocrinol
(2016) 174:289-95. doi: 10.1530/EJE-15-0651

6. Pamporaki C, Hamplova B, Peitzsch M, Prejbisz A, Beuschlein F, Timmers H,
et al. Characteristics of Pediatric vs Adult Pheochromocytomas and
Paragangliomas. ] Clin Endocrinol Metab (2017) 102:1122-32. doi: 10.1210/
jc.2016-3829

7. Redlich A, Pamporaki C, Lessel L, Fruhwald MC, Vorwerk P, Kuhlen M.
Pseudohypoxic Pheochromocytomas and Paragangliomas Dominate in
Children. Pediatr Blood Cancer (2021) 68:¢28981. doi: 10.1002/pbc.28981

8. de Tersant M, Genere L, Freycon C, Villebasse S, Abbas R, Barlier A, et al.
Pheochromocytoma and Paraganglioma in Children and Adolescents:

AUTHOR CONTRIBUTIONS

All authors confirmed they have contributed to the intellectual
content of this paper. MiK, conception and design, acquisition of
data, analysis and interpretation of data, drafting the article; CP and
MP, conception and design, drafting parts of the article; Mak,
provision of study material or patients; SW, drafting parts of the
article, provision of study material or patients; MH, drafting parts of
the article, provision of study material or patients; CV, revising the
article for intellectual content; GS, drafting parts of the article, MK,
drafting and revising parts of the article; TS, provision of study
material or patients; BH, provision of study material or patients;
MEF, acquisition of data, provision of study material or patients; PV,
acquisition of data, provision of study material or patients; AR,
acquisition of data, analysis and interpretation of data, provision of
study material or patients, revising the article for intellectual
content. All authors contributed to the article and approved the
submitted version.

FUNDING

The GPOH-MET study and registry are funded by Deutsche
Kinderkrebsstiftung (DKS 2014.06, DKS 2017.16, DKS 2021.11),
W.A. Drenckmann Stiftung, Mitteldeutsche Kinderkrebsforschung,
and Magdeburger Forderkreis krebskranker Kinder e.V. CP is
supported by the Deutsche Forschungsgemeinschaft (CRC/
TRR 205).

Experience of the French Society of Pediatric Oncology (SFCE). J Endocr

Soc 4 (2020) 4(5):bvaa039. doi: 10.1210/jendso/bvaa039
9. Virgone C, Andreetta M, Avanzini S, Chiaravalli S, De Pasquale D, Crocoli A,
et al. Pheochromocytomas and Paragangliomas in Children: Data From the
Italian Cooperative Study (TREP). Pediatr Blood Cancer (2020) 67:¢28332.
doi: 10.1002/pbc.28332
Kaatsch P, Grabow D, Spix C. German Childhood Cancer Registry - Annual
Report 2018 (1980-2017). Institute of Medical Biostatistics, Epidemiology and
Informatics (IMBEI) at the University Medical Center of the Johannes
Gutenberg University Mainz (2019).
Simon T, Hero B, Schulte JH, Deubzer H, Hundsdoerfer P, von Schweinitz D, et al.
2017GPOH Guidelines for Diagnosis and Treatment of Patients With
Neuroblastic Tumors. Klin Padiatr (2017) 229:147-67. doi: 10.1055/s-0043-103086
Cohn SL, Pearson AD, London WB, Monclair T, Ambros PF, Brodeur GM,
et al. The International Neuroblastoma Risk Group (INRG) Classification
System: An INRG Task Force Report. J Clin Oncol (2009) 27:289-97. doi:
10.1200/JC0O.2008.16.6785
Picard C, Orbach D, Carton M, Brugieres L, Renaudin K, Aubert S, et al.
Revisiting the Role of the Pathological Grading in Pediatric Adrenal Cortical
Tumors: Results From a National Cohort Study With Pathological Review.
Mod Pathol (2019) 32:546-59. doi: 10.1038/s41379-018-0174-8
Barontini M, Levin G, Sanso G. Characteristics of Pheochromocytoma in a 4-
to 20-Year-Old Population. Ann N 'Y Acad Sci (2006) 1073:30-7. doi: 10.1196/
annals.1353.003
Jochmanova I, Abcede AMT, Guerrero RJS, Malong CLP, Wesley R, Huynh T,
et al. Clinical Characteristics and Outcomes of SDHB-Related
Pheochromocytoma and Paraganglioma in Children and Adolescents.
J Cancer Res Clin Oncol (2020) 146:1051-63. doi: 10.1007/s00432-020-03138-5
Eisenhofer G, Walther MM, Huynh TT, Li ST, Bornstein SR, Vortmeyer A,
et al. Pheochromocytomas in Von Hippel-Lindau Syndrome and Multiple
Endocrine Neoplasia Type 2 Display Distinct Biochemical and Clinical

10.

11.

12.

13.

14.

15.

16.

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 918435


https://doi.org/10.1542/peds.2013-3926
https://doi.org/10.1016/j.jpedsurg.2014.03.006
https://doi.org/10.1200/JCO.20.02871
https://doi.org/10.1002/pbc.28086
https://doi.org/10.1530/EJE-15-0651
https://doi.org/10.1210/jc.2016-3829
https://doi.org/10.1210/jc.2016-3829
https://doi.org/10.1002/pbc.28981
https://doi.org/10.1210/jendso/bvaa039
https://doi.org/10.1002/pbc.28332
https://doi.org/10.1055/s-0043-103086
https://doi.org/10.1200/JCO.2008.16.6785
https://doi.org/10.1038/s41379-018-0174-8
https://doi.org/10.1196/annals.1353.003
https://doi.org/10.1196/annals.1353.003
https://doi.org/10.1007/s00432-020-03138-5
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kuhlen et al.

Adrenal Tumors in Children/Adolescents

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Phenotypes. J Clin Endocrinol Metab (2001) 86:1999-2008. doi: 10.1210/
jcem.86.5.7496

Baguet JP, Hammer L, Mazzuco TL, Chabre O, Mallion JM, Sturm N, et al.
Circumstances of Discovery of Phaeochromocytoma: A Retrospective Study
of 41 Consecutive Patients. Eur | Endocrinol (2004) 150:681-6. doi: 10.1530/
€je.0.1500681

Wudy SA, Schuler G, Sanchez-Guijo A, Hartmann MF. The Art of Measuring
Steroids: Principles and Practice of Current Hormonal Steroid Analysis.
J Steroid Biochem Mol Biol (2018) 179:88-103. doi: 10.1016/
j.jsbmb.2017.09.003

Kulle A, Krone N, Holterhus PM, Schuler G, Greaves RF, Juul A, et al. Steroid
Hormone Analysis in Diagnosis and Treatment of DSD: Position Paper of EU
COST Action BM 1303 'Dsdnet'. Eur ] Endocrinol (2017),176 P1-9. doi:
10.1530/EJE-16-0953

Eisenhofer G, Keiser H, Friberg P, Mezey E, Huynh TT, Hiremagalur B, et al.
Plasma Metanephrines are Markers of Pheochromocytoma Produced by
Catechol-O-Methyltransferase Within Tumors. J Clin Endocrinol Metab
(1998) 83:2175-85. doi: 10.1210/jcem.83.6.4870

Eisenhofer G, Kopin IJ, Goldstein DS. Catecholamine Metabolism: A
Contemporary View With Implications for Physiology and Medicine.
Pharmacol Rev (2004) 56:331-49. doi: 10.1124/pr.56.3.1

Eisenhofer G, Huynh TT, Hiroi M, Pacak K. Understanding Catecholamine
Metabolism as a Guide to the Biochemical Diagnosis of Pheochromocytoma.
Rev Endocr Metab Disord (2001) 2:297-311. doi: 10.1023/A:1011572617314
Verly IRN, Leen R, Meinsma JR, Hooijer GKJ, Savci-Heijink CD, van Nes J,
et al. Catecholamine Excretion Profiles Identify Clinical Subgroups of
Neuroblastoma Patients. Eur | Cancer (2019) 111:21-9. doi: 10.1016/
j.jca.2019.01.014

Verly IR, van Kuilenburg AB, Abeling NG, Goorden SM, Fiocco M, Vaz FM,
et al. Catecholamines Profiles at Diagnosis: Increased Diagnostic Sensitivity
and Correlation With Biological and Clinical Features in Neuroblastoma
Patients. Eur ] Cancer (2017) 72:235-43. doi: 10.1016/j.ejca.2016.12.002
Lenders JW, Pacak K, Walther MM, Linehan WM, Mannelli M, Friberg P,
et al. Biochemical Diagnosis of Pheochromocytoma: Which Test Is Best?
JAMA (2002) 287:1427-34. doi: 10.1001/jama.287.11.1427

Lenders JW, Duh QY, Eisenhofer G, Gimenez-Roqueplo AP, Grebe SK,
Murad MH, et al. Pheochromocytoma and Paraganglioma: An Endocrine
Society Clinical Practice Guideline. J Clin Endocrinol Metab (2014) 99:1915—
42. doi: 10.1210/jc.2014-1498

Eisenhofer G, Kopin IJ, Goldstein DS. Leaky Catecholamine Stores: Undue
Waste or a Stress Response Coping Mechanism? Ann N Y Acad Sci (2004)
1018:224-30. doi: 10.1196/annals.1296.027

Peitzsch M, Prejbisz A, Kroiss M, Beuschlein F, Arlt W, Januszewicz A, et al.
Analysis of Plasma 3-Methoxytyramine, Normetanephrine and Metanephrine
by Ultraperformance Liquid Chromatography-Tandem Mass Spectrometry:
Utility for Diagnosis of Dopamine-Producing Metastatic
Phaeochromocytoma. Ann Clin Biochem (2013) 50:147-55. doi: 10.1258/
acb.2012.012112

Eisenhofer G, Prejbisz A, Peitzsch M, Pamporaki C, Masjkur J, Rogowski-
Lehmann N, et al. Biochemical Diagnosis of Chromaftin Cell Tumors in
Patients at High and Low Risk of Disease: Plasma Versus Urinary Free or
Deconjugated O-Methylated Catecholamine Metabolites. Clin Chem (2018)
64:1646-56. doi: 10.1373/clinchem.2018.291369

Peitzsch M, Butch ER, Lovorn E, Mangelis A, Furman WL, Santana VM, et al.
Biochemical Testing for Neuroblastoma Using Plasma Free 3-O-Methyldopa,
3-Methoxytyramine, and Normetanephrine. Pediatr Blood Cancer (2020) 67:
€28081. doi: 10.1002/pbc.28081

Eisenhofer G, Aneman A, Hooper D, Holmes C, Goldstein DS, Friberg P.
Production and Metabolism of Dopamine and Norepinephrine in Mesenteric
Organs and Liver of Swine. Am ] Physiol (1995),268 G641-9. doi: 10.1152/
ajpgi.1995.268.4.G641

Weise M, Merke DP, Pacak K, Walther MM, Eisenhofer G. Utility of Plasma
Free Metanephrines for Detecting Childhood Pheochromocytoma. J Clin
Endocrinol Metab (2002) 87:1955-60. doi: 10.1210/jcem.87.5.8446

Sarathi V, Pandit R, Patil VK, Lia AR, Bandgar TR, Shah NS. Performance of
Plasma Fractionated Free Metanephrines by Enzyme Immunoassay in the
Diagnosis of Pheochromocytoma and Paraganglioma in Children. Endocr
Pract (2012) 18:694-9. doi: 10.4158/EP12050.0R

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Patin F, Criniere L, Francia T, Kassem S, Pierre P, Bruno C, et al. Low
Specificity of Urinary 3-Methoxytyramine in Screening of Dopamine-
Secreting Pheochromocytomas and Paragangliomas. Clin Biochem (2016)
49:1205-8. doi: 10.1016/j.clinbiochem.2016.05.008

Franscini LC, Vazquez-Montes M, Buclin T, Perera R, Dunand M,
Grouzmann E, et al. Pediatric Reference Intervals for Plasma Free and
Total Metanephrines Established With a Parametric Approach: Relevance
to the Diagnosis of Neuroblastoma. Pediatr Blood Cancer (2015) 62:587-93.
doi: 10.1002/pbc.25385

Peitzsch M, Mangelis A, Eisenhofer G, Huebner A. Age-Specific Pediatric
Reference Intervals for Plasma Free Normetanephrine, Metanephrine, 3-
Methoxytyramine and 3-O-Methyldopa: Particular Importance for Early
Infancy. Clin Chim Acta (2019) 494:100-5. doi: 10.1016/j.cca.2019.03.1620
Griffin A, O'Shea P, FitzGerald R, O'Connor G, Tormey W. Establishment of a
Paediatric Age-Related Reference Interval for the Measurement of Urinary
Total Fractionated Metanephrines. Ann Clin Biochem (2011) 48:41-4. doi:
10.1258/acb.2010.010062

Davidson DF, Hammond PJ, Murphy D, Carachi R. Age-Related Medical
Decision Limits for Urinary Free (Unconjugated) Metadrenalines,
Catecholamines and Metabolites in Random Urine Specimens From
Children. Ann Clin Biochem (2011) 48:358-66. doi: 10.1258/acb.2011.011023
Lenders JW, Eisenhofer G, Armando I, Keiser HR, Goldstein DS, Kopin IJ.
Determination of Metanephrines in Plasma by Liquid Chromatography With
Electrochemical Detection. Clin Chem (1993) 39:97-103. doi: 10.1093/
clinchem/39.1.97

Eisenhofer G, Peitzsch M, McWhinney B. Impact of LC-MS/MS on the
Laboratory Diagnosis of Catecholamine- Producing Tumors. Trends
Analytical Chem (2016) 84:106-16. doi: 10.1016/j.trac.2016.01.027
Weismann D, Peitzsch M, Raida A, Prejbisz A, Gosk M, Riester A, et al.
Measurements of Plasma Metanephrines by Immunoassay vs Liquid
Chromatography With Tandem Mass Spectrometry for Diagnosis of
Pheochromocytoma. Eur J Endocrinol (2015) 172:251-60. doi: 10.1530/EJE-14-0730
Hanafy AK, Mujtaba B, Roman-Colon AM, Elsayes KM, Harrison D, Ramani
NS, et al. Imaging Features of Adrenal Gland Masses in the Pediatric
Population. Abdom Radiol (NY) (2020) 45:964-81. doi: 10.1007/s00261-
019-02213-x

Sundin A, Hindie E, Avram AM, Tabarin A, Pacak K, Taieb D. A Clinical
Challenge: Endocrine and Imaging Investigations of Adrenal Masses. J Nucl
Med (2021) 62:265-33S. doi: 10.2967/jnumed.120.246066

Brisse HJ, McCarville MB, Granata C, Krug KB, Wootton-Gorges SL,
Kanegawa K, et al. Guidelines for Imaging and Staging of Neuroblastic
Tumors: Consensus Report From the International Neuroblastoma Risk
Group Project. Radiology (2011) 261:243-57. doi: 10.1148/radiol. 11101352
Monclair T, Brodeur GM, Ambros PF, Brisse HJ, Cecchetto G, Holmes K,
et al. The International Neuroblastoma Risk Group (INRG) Staging System:
An INRG Task Force Report. J Clin Oncol (2009) 27:298-303. doi: 10.1200/
JCO.2008.16.6876

Crona J, Taieb D, Pacak K. New Perspectives on Pheochromocytoma and
Paraganglioma: Toward a Molecular Classification. Endocr Rev (2017)
38:489-515. doi: 10.1210/er.2017-00062

Bar-Sever Z, Biassoni L, Shulkin B, Kong G, Hofman MS, Lopci E, et al.
Guidelines on Nuclear Medicine Imaging in Neuroblastoma. Eur ] Nucl Med
Mol Imaging (2018) 45:2009-24. doi: 10.1007/500259-018-4070-8

Fassnacht M, Arlt W, Bancos I, Dralle H, Newell-Price J, Sahdev A, et al.
Management of Adrenal Incidentalomas: European Society of Endocrinology
Clinical Practice Guideline in Collaboration With the European Network for
the Study of Adrenal Tumors. Eur ]| Endocrinol (2016) 175:G1-G34. doi:
10.1530/EJE-16-0467

Papathanasiou ND, Gaze MN, Sullivan K, Aldridge M, Waddington W,
Almuhaideb A, et al. 18f-FDG PET/CT and 123I-Metaiodobenzylguanidine
Imaging in High-Risk Neuroblastoma: Diagnostic Comparison and Survival
Analysis. ] Nucl Med (2011) 52:519-25. doi: 10.2967/jnumed.110.083303
Sung AJ, Weiss BD, Sharp SE, Zhang B, Trout AT. Prognostic Significance of
Pretreatment (18)F-FDG Positron Emission Tomography/Computed
Tomography in Pediatric Neuroblastoma. Pediatr Radiol (2021) 51:1400-5.
doi: 10.1007/s00247-021-05005-y

Taieb D, Jha A, Treglia G, Pacak K. Molecular Imaging and Radionuclide
Therapy of Pheochromocytoma and Paraganglioma in the Era of Genomic

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 918435


https://doi.org/10.1210/jcem.86.5.7496
https://doi.org/10.1210/jcem.86.5.7496
https://doi.org/10.1530/eje.0.1500681
https://doi.org/10.1530/eje.0.1500681
https://doi.org/10.1016/j.jsbmb.2017.09.003
https://doi.org/10.1016/j.jsbmb.2017.09.003
https://doi.org/10.1530/EJE-16-0953
https://doi.org/10.1210/jcem.83.6.4870
https://doi.org/10.1124/pr.56.3.1
https://doi.org/10.1023/A:1011572617314
https://doi.org/10.1016/j.ejca.2019.01.014
https://doi.org/10.1016/j.ejca.2019.01.014
https://doi.org/10.1016/j.ejca.2016.12.002
https://doi.org/10.1001/jama.287.11.1427
https://doi.org/10.1210/jc.2014-1498
https://doi.org/10.1196/annals.1296.027
https://doi.org/10.1258/acb.2012.012112
https://doi.org/10.1258/acb.2012.012112
https://doi.org/10.1373/clinchem.2018.291369
https://doi.org/10.1002/pbc.28081
https://doi.org/10.1152/ajpgi.1995.268.4.G641
https://doi.org/10.1152/ajpgi.1995.268.4.G641
https://doi.org/10.1210/jcem.87.5.8446
https://doi.org/10.4158/EP12050.OR
https://doi.org/10.1016/j.clinbiochem.2016.05.008
https://doi.org/10.1002/pbc.25385
https://doi.org/10.1016/j.cca.2019.03.1620
https://doi.org/10.1258/acb.2010.010062
https://doi.org/10.1258/acb.2011.011023
https://doi.org/10.1093/clinchem/39.1.97
https://doi.org/10.1093/clinchem/39.1.97
https://doi.org/10.1016/j.trac.2016.01.027
https://doi.org/10.1530/EJE-14-0730
https://doi.org/10.1007/s00261-019-02213-x
https://doi.org/10.1007/s00261-019-02213-x
https://doi.org/10.2967/jnumed.120.246066
https://doi.org/10.1148/radiol.11101352
https://doi.org/10.1200/JCO.2008.16.6876
https://doi.org/10.1200/JCO.2008.16.6876
https://doi.org/10.1210/er.2017-00062
https://doi.org/10.1007/s00259-018-4070-8
https://doi.org/10.1530/EJE-16-0467
https://doi.org/10.2967/jnumed.110.083303
https://doi.org/10.1007/s00247-021-05005-y
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kuhlen et al.

Adrenal Tumors in Children/Adolescents

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Characterization of Disease Subgroups. Endocr Relat Cancer (2019) 26:R627—
52. doi: 10.1530/ERC-19-0165

Grisanti S, Filice A, Basile V, Cosentini D, Rapa I, Albano D, et al. Treatment
With 90y/177lu-DOTATOC in Patients With Metastatic Adrenocortical
Carcinoma Expressing Somatostatin Receptors. J Clin Endocrinol Metab
(2020) 105(3):dgz091. doi: 10.1210/clinem/dgz091

Jha A, Ling A, Millo C, Gupta G, Viana B, Lin FI, et al. Superiority of (68)Ga-
DOTATATE Over (18)F-FDG and Anatomic Imaging in the Detection of
Succinate Dehydrogenase Mutation (SDHx)-Related Pheochromocytoma and
Paraganglioma in the Pediatric Population. Eur J Nucl Med Mol Imaging
(2018) 45:787-97. doi: 10.1007/s00259-017-3896-9

Ribeiro RC, Pinto EM, Zambetti GP, Rodriguez-Galindo C. The International
Pediatric Adrenocortical Tumor Registry Initiative: Contributions to Clinical,
Biological, and Treatment Advances in Pediatric Adrenocortical Tumors. Mol
Cell Endocrinol (2012) 351:37-43. doi: 10.1016/j.mce.2011.10.015

Sandrini R, Ribeiro RC, DeLacerda L. Childhood Adrenocortical Tumors.
J Clin Endocrinol Metab (1997) 82:2027-31. doi: 10.1210/jc.82.7.2027
Fascetti-Leon F, Scotton G, Pio L, Beltra R, Caione P, Esposito C, et al.
Minimally Invasive Resection of Adrenal Masses in Infants and Children:
Results of a European Multi-Center Survey. Surg Endosc (2017) 31:4505-12.
doi: 10.1007/500464-017-5506-0

WuK, Liu Z, Liang ], Tang Y, Zou Z, Zhou C, et al. Laparoscopic Versus Open
Adrenalectomy for Localized (Stage 1/2) Adrenocortical Carcinoma:
Experience at a Single, High-Volumecenter. Surgery (2018) 164:1325-9. doi:
10.1016/j.surg.2018.07.026

Zambaiti E, Duci M, De Corti F, Gamba P, Dall'Igna P, Ghidini F, et al.
Clinical Prognostic Factors in Pediatric Adrenocortical Tumors: A Meta-
Analysis. Pediatr Blood Cancer (2021) 68:¢28836. doi: 10.1002/pbc.28836
Rubalcava NS, Overman RE, Kartal TT, Bruch SW, Else T, Newman EA.
Laparoscopic Adrenal-Sparing Approach for Children With Bilateral
Pheochromocytoma in Von Hippel-Lindau Disease. | Pediatr Surg (2021)
57(3):414-7. doi: 10.1016/j.jpedsurg.2021.04.007

Hue JJ, Alvarado C, Bachman K, Wilhelm SM, Ammori JB, Towe CW, et al.
Outcomes of Malignant Pheochromocytoma Based on Operative Approach: A
National Cancer Database Analysis. Surgery (2021) 170:1093-8. doi: 10.1016/
j.surg.2021.04.001

Fu SQ, Wang SY, Chen Q, Liu YT, Li ZL, Sun T. Laparoscopic Versus Open
Surgery for Pheochromocytoma: A Meta-Analysis. BMC Surg (2020) 20:167.
doi: 10.1186/s12893-020-00824-6

Bancos I, Tamhane S, Shah M, Delivanis DA, Alahdab F, Arlt W, et al.
DIAGNOSIS OF ENDOCRINE DISEASE: The Diagnostic Performance of
Adrenal Biopsy: A Systematic Review and Meta-Analysis. Eur ] Endocrinol
(2016) 175:R65-80. doi: 10.1530/EJE-16-0297

Williams AR, Hammer GD, Else T. Transcutaneous Biopsy of Adrenocortical
Carcinoma is Rarely Helpful in Diagnosis, Potentially Harmful, But Does Not
Aftect Patient Outcome. Eur | Endocrinol (2014) 170:829-35. doi: 10.1530/
EJE-13-1033

Virgone C, Roganovic ], Vorwerk P, Redlich A, Schneider DT, Janic D, et al.
Adrenocortical Tumours in Children and Adolescents: The EXPeRT/
PARTNER Diagnostic and Therapeutic Recommendations. Pediatr Blood
Cancer (2021) 68:€29025. doi: 10.1002/pbc.29025

Vanderveen KA, Thompson SM, Callstrom MR, Young WFJr., Grant CS,
Farley DR, et al. Biopsy of Pheochromocytomas and Paragangliomas:
Potential for Disaster. Surgery (2009) 146:1158-66. doi: 10.1016/
j.surg.2009.09.013

Sood SK, Balasubramanian SP, Harrison BJ. Percutaneous Biopsy of Adrenal and
Extra-Adrenal Retroperitoneal Lesions: Beware of Catecholamine Secreting
Tumours! Surgeon (2007) 5:279-81. doi: 10.1016/S1479-666X(07)80026-6

67. Quayle FJ, Spitler JA, Pierce RA, Lairmore TC, Moley JF, Brunt LM. Needle Biopsy of
Incidentally Discovered Adrenal Masses is Rarely Informative and Potentially
Hazardous. Surgery (2007) 142:497-502. doi: 10.1016/j.surg.2007.07.013
McCorkell SJ, Niles NL. Fine-Needle Aspiration of Catecholamine-Producing
Adrenal Masses: A Possibly Fatal Mistake. AJR Am ] Roentgenol (1985)
145:113-4. doi: 10.2214/ajr.145.1.113

Wieneke JA, Thompson LD, Heffess CS. Adrenal Cortical Neoplasms in the
Pediatric Population: A Clinicopathologic and Immunophenotypic Analysis
of 83 Patients. Am ] Surg Pathol (2003) 27:867-81. doi: 10.1097/00000478-
200307000-00001

Asa SL, Ezzat S, Mete O. The Diagnosis and Clinical Significance of
Paragangliomas in Unusual Locations. J Clin Med (2018) 7(9):280. doi:
10.3390/jcm7090280

Thompson LD. Pheochromocytoma of the Adrenal Gland Scaled Score
(PASS) to Separate Benign From Malignant Neoplasms: A
Clinicopathologic and Immunophenotypic Study of 100 Cases. Am ] Surg
Pathol (2002) 26:551-66. doi: 10.1097/00000478-200205000-00002

Strong VE, Kennedy T, Al-Ahmadie H, Tang L, Coleman J, Fong Y, et al.
Prognostic Indicators of Malignancy in Adrenal Pheochromocytomas:
Clinical, Histopathologic, and Cell Cycle/Apoptosis Gene Expression
Analysis. Surgery (2008) 143:759-68. doi: 10.1016/j.surg.2008.02.007
Turchini J, Cheung VKY, Tischler AS, De Krijger RR, Gill AJ. Pathology and
Genetics of Phacochromocytoma and Paraganglioma. Histopathology (2018)
72:97-105. doi: 10.1111/his.13402

Shimada H, Ambros IM, Dehner LP, Hata J, Joshi VV, Roald B, et al. The
International Neuroblastoma Pathology Classification (the Shimada System).
Cancer (1999) 86:364-72. doi: 10.1002/(SICI)1097-0142(19990715)86:2<364::
AID-CNCR21>3.0.CO;2-7

Shimada H, Ambros IM, Dehner LP, Hata J, Joshi VV, Roald B. Terminology and
Morphologic Criteria of Neuroblastic Tumors: Recommendations by the
International Neuroblastoma Pathology Committee. Cancer (1999) 86:349-63.
doi: 10.1002/(SICI)1097-0142(19990715)86:2<349:AID-CNCR20>3.0.CO;2-Y
Choi JH, Ro JY. Mediastinal Neuroblastoma, Ganglioneuroblastoma, and
Ganglioneuroma: Pathology Review and Diagnostic Approach. Semin Diagn
Pathol (2022) 39:120-30. doi: 10.1053/j.semdp.2021.06.007

Shimada H, Chatten J, Newton WA]Jr., Sachs N, Hamoudi AB, Chiba T, et al.
Histopathologic Prognostic Factors in Neuroblastic Tumors: Definition of Subtypes
of Ganglioneuroblastoma and an Age-Linked Classification of Neuroblastomas. J
Natl Cancer Inst (1984) 73:405-16. doi: 10.1093/jnci/73.2.405

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kuhlen, Pamporaki, Kunstreich, Wudy, Hartmann, Peitzsch,
Vokuhl, Seitz, Kreissl, Simon, Hero, Friihwald, Vorwerk and Redlich. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 918435


https://doi.org/10.1530/ERC-19-0165
https://doi.org/10.1210/clinem/dgz091
https://doi.org/10.1007/s00259-017-3896-9
https://doi.org/10.1016/j.mce.2011.10.015
https://doi.org/10.1210/jc.82.7.2027
https://doi.org/10.1007/s00464-017-5506-0
https://doi.org/10.1016/j.surg.2018.07.026
https://doi.org/10.1002/pbc.28836
https://doi.org/10.1016/j.jpedsurg.2021.04.007
https://doi.org/10.1016/j.surg.2021.04.001
https://doi.org/10.1016/j.surg.2021.04.001
https://doi.org/10.1186/s12893-020-00824-6
https://doi.org/10.1530/EJE-16-0297
https://doi.org/10.1530/EJE-13-1033
https://doi.org/10.1530/EJE-13-1033
https://doi.org/10.1002/pbc.29025
https://doi.org/10.1016/j.surg.2009.09.013
https://doi.org/10.1016/j.surg.2009.09.013
https://doi.org/10.1016/S1479-666X(07)80026-6
https://doi.org/10.1016/j.surg.2007.07.013
https://doi.org/10.2214/ajr.145.1.113
https://doi.org/10.1097/00000478-200307000-00001
https://doi.org/10.1097/00000478-200307000-00001
https://doi.org/10.3390/jcm7090280
https://doi.org/10.1097/00000478-200205000-00002
https://doi.org/10.1016/j.surg.2008.02.007
https://doi.org/10.1111/his.13402
https://doi.org/10.1002/(SICI)1097-0142(19990715)86:2%3C364::AID-CNCR21%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-0142(19990715)86:2%3C364::AID-CNCR21%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-0142(19990715)86:2%3C349::AID-CNCR20%3E3.0.CO;2-Y
https://doi.org/10.1053/j.semdp.2021.06.007
https://doi.org/10.1093/jnci/73.2.405
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Adrenocortical Tumors and Pheochromocytoma/Paraganglioma Initially Mistaken as Neuroblastoma—Experiences From the GPOH-MET Registry
	Introduction
	Patients
	Adrenocortical Tumor Cases Mistaken as Neuroblastoma
	Pheochromocytoma and Paraganglioma Mistaken as Neuroblastoma

	Clinical Presentation and Diagnostic Workup in Children With ACT and PCC/PGL
	Endocrine Assessment for Excess Hormone Production
	Biochemical Testing for ACT
	Biochemical Testing for Catecholamine-Producing Tumors

	Imaging Features
	Surgical Approach to Pediatric ACT and PCC
	Histological Diagnosis
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


