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Incidentalomas are reported in 3%-4% of patients who undergo
abdominal anatomic imaging, making adrenal mass evaluation a com-
mon occurrence. An adrenal mass can be caused by a variety of pathol-
ogies, such as benign cortical and medullary tumors, malignant tumors
(primary or secondary), cysts, hyperplasia, hemorrhage, or more rarely
infection/inflammation processes. Functioning tumors usually have
increased hormonal production but they are less common. Regardless
of their functional status, some tumors have the potential to behave
aggressively. Anatomic and functional imaging together with biologic
evaluation play a vital role in adrenal pathology subtyping. Most patients
areinitially evaluated by CT or MRI, which allows for tumor characteriza-
tion (to a certain extent) and can rule out malignant behavior based on
the absence of tumor growth during longitudinal follow-up. In the
remaining patients for whom CT or MRI fail to characterize the patho-
genesis of adrenal tumors, the use of specialized molecular imaging
techniques should be performed after hormonal screening. This review
emphasizes well-established and emerging nuclear medicine imaging
modalities and describes their use across various clinical scenarios.
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Adrenal incidentalomas are adrenal masses greater than 1 cm
discovered on imaging that is performed for other indications (i.e.,
reasons other than adrenal disease) (/). Due to the extensive and con-
tinuous increase of abdominal imaging, the management of adrenal
incidentalomas has become a growing clinical concern. Understand-
ing the epidemiology of incidentalomas, which are benign lesions
in most cases (2), has resulted in simplifying and streamlining
of the imaging procedures and follow-up routines for adrenal inci-
dentalomas. Biochemical testing of secretory function (screening
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for mineralocorticoid, glucocorticoid, and catecholamine secretion)
is necessary to distinguish functional versus nonfunctional adrenal
lesions. Dedicated imaging is required to differentiate benign and
malignant adrenal lesions.

ADRENAL INCIDENTALOMAS AND PATIENTS PRESENTING
WITH ADRENAL DISEASE

Radiologic characterization of many adrenal incidentalomas,
including hematomas, cysts, and myelolipomas, can be executed
by CT and MRI. Most (70%) benign adrenocortical adenomas
show low attenuation on precontrast CT (=10 Hounsfield units
[HU]) (3) and chemical shift on MRI (4) due to their high content
of cytoplasmatic fat (5). Malignant tumors can also be excluded
on the basis of lesion stability on follow-up imaging at least 6—12
mo apart. Nonfunctioning adrenal incidentalomas (<4 cm in size)
that are not fully characterized on CT/MRI but demonstrate lack
of growth during longitudinal follow-up (= 6—12 mo) are considered
benign and do not need further imaging. Lesions = 4 cm are usually
discussed with a multidisciplinary board to determine individualized
patient management. Patients with functioning or uncharacterized
adrenal incidentalomas and patients with symptoms or biochemistry
indicating adrenal pathology need further molecular imaging studies
to provide an accurate diagnosis.

DIVERSITY OF IMAGING MODALITIES

Adrenal imaging is characterized by a wide variety of modalities.
For the large majority of patients, CT or MRI is sufficient to charac-
terize adrenal lesions, to exclude malignant disease (serial follow-
up), and for imaging of patients with symptoms or biochemistry
indicating adrenal disease. In selected patients, functional methods
can provide additional diagnostic information, important for the
clinical management. Several radiopharmaceuticals for nuclear
medicine imaging have been developed to visualize the following:

1. The adrenal cortex via different target structures, using a
cholesterol analog such as '*'I-6p-iodomethyl-19-norcholesterol
(named "*'I-NP-59 by researchers who have synthetized this
compound), which is incorporated in low-density lipoproteins
or CYP11B inhibitors (''C-metomidate, '**I-iodometomidate).
The final steps of production of glucocorticoids and mineralocor-
ticoids are catalyzed by the CYP11B subfamily regrouping 2
mitochondrial cytochromes P450, CYP11B1 (11B-hydroxylase)
expressed across all adrenocortical zones and CYP11B2
restricted to aldosterone-producing cells (aldosterone synthase).
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2. The adrenal medulla by targeting the molecular machinery
underlying the successive steps of uptake and catecholamines
synthesis in chromaffin cells: '*1/("*'[-MIBG, 'SF-FDA, ''C-
hydroxyephedrine, which enter into the cells via the norepineph-
rine transporter, and '*F-FDOPA, which enters via the L-type
amino acid transporter family.

3. Increased glucose metabolism with '*F-FDG, which reflects an
emerging hallmark of cancer cells called metabolic reprogram-
ming (e.g., distinct metabolic phenotypes to fuel proliferation
and progression).

4. Overexpression of some receptors such as somatostatin receptors
(SSRs) that bind somatostatin analogs and %8Ga-SSA for SSR or
C-X-C chemokine receptor type 4 (CXCR4) that respond to
CXCL12 (SDF-1) analogs and trigger chemotaxis of lympho-
cytes and bind ®®*Ga-pentixafor for CXCR4 (Fig. 1).

Technical aspects are not addressed in this review; rather, the role
of nuclear imaging modalities across a variety of clinical settings,
tailored toward the individual patient and the clinical scenario, is
emphasized.

CURRENT KEY STEPS IN ASSESSING A PATIENT WITH AN
ADRENAL MASS

The following steps can be proposed for assessing a patient with
an adrenal mass (Fig. 2; Table 1).

First Step: Radiologic Analysis with Clinical and
Biochemical Evaluation

Exclude Potential Pitfalls That Could Disguise as an Adrenal
Mass. There are several examples of pseudoadrenal tumors related
to the encroaching of adjacent normal structures (e.g., diaphragmatic
crus, gastric diverticulum) or adjacent disease processes (renal, pan-
creas, soft tissue) (6). These can usually be distinguished from true
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FIGURE 1. Schematic display of radiopharmaceuticals for adrenal cortex
and medulla tumors imaging. DXM (used for premedication before NP-59
or ""C-metomidate imaging in primary hyperaldosteronism) = dexametha-
sone; EPI = epinephrine; NE: norepinephrine; SSR = somatostatin receptors.
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FIGURE 2. Stepwise algorithm of nuclear imaging in the evaluation of
adrenal masses.

adrenal lesions. Morphologic image analysis in the transversal, cor-
onal, and sagittal planes is often helpful. However, large masses aris-
ing from the soft tissues of the retroperitoneum or the adjacent
organs may disguise as an adrenal mass.

Assess Benign and Malignant Characteristics on Morphologic
Imaging. Once an adrenal tumor has been established, its benign
or malignant nature needs to be assessed. In most patients, tumor
characterization is managed by conventional radiologic imaging
(i.e., CT or MRI) (7,8). Sharp delineation, rounded harmonic shape,
and homogeneous internal structure are usually considered morpho-
logically benign characteristics. Infiltrative margins, lobulated irreg-
ular shape and heterogeneous internal structure may indicate that the
tumor is malignant. Additionally, large tumors are more likely to be
malignant than small ones. Since malignant tumors grow at a fast
rate, unchanged tumor size in comparison to a previous CT/MRI
(> 6 mo) will strongly indicate that the tumor is benign (9).

Certain types of adrenal tumors can be diagnosed based on their typ-
ical CT/MRI appearance, such as presence of water and absence of
contrast-enhancement in cysts or hematopoietic tissue and macroscopic
fat in myelolipomas. An adrenocortical adenoma is the most common
adrenal tumor and is characterized by benign morphologic characteris-
tics on CT/MRI and high levels of cytoplasmatic fat. Because the atten-
uation of the parenchymal organs on precontrast (native) CT ranges
approximately 30-70 HUs, the presence of microscopic fat (-100
HU) in the cytoplasm of an adrenocortical adenoma will lower the
attenuation. Therefore, tumor attenuation =10 HU in a morphologi-
cally benign tumor (according to appearance on CT/MRI) can be char-
acterized as a lipid-rich adrenal adenoma. A study has shown that it is
possible to safely extend this threshold to 20 HU assuming that the
tumor is homogeneous and <30 mm in size (/0). Microscopic fat in
adrenocortical adenomas can also be shown on in-phase and out-of-
phase MRI sequences. Patients with larger tumors > 4 cm (except those
with a typical cyst or myelolipoma) are generally discussed with a mul-
tidisciplinary team. Approximately 30% of adrenocortical adenomas do
not have enough cytoplasmic fat for proper characterization on CT/MRI
and are thus categorized as lipid-poor adrenal adenomas.

The use of triple-phase adrenal CT with calculation of contrast
medium washout is still widely used for characterization of indeter-
minate adrenal lesions, although with varying practice in different
countries. A diagnostic algorithm for managing incidental adrenal
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TABLE 1
Summary of Main Causes of Adrenal Masses in Nononcologic Patients and Those with Long-Term Remission (in Decreasing
Order of Frequency)

Etiology

Clinical picture

Adrenocortical adenoma
Pheochromocytoma

Usually normal, possible Cushing syndrome, primary hyperaldosteronism or hyperandrogenism
Hypertension, paroxysms (palpitations, pallor, tremor, headache, diaphoresis), possible family

history of hereditary disease or syndromic, manifestations, increased urinary or plasma
metanephrines, May be asymptomatic

Myelolipoma
Adrenal hemorrhage

Usually normal, possible chronic flank pain and abdominal discomfort
Possible history of trauma, thrombophilia (including antiphospholipid, antibody syndrome),

underlying adrenal tumor, adrenal venous sampling, possible acute adrenal insufficiency (if

bilateral)
ACC

Severe Cushing syndrome or hyperandrogenism (frequent mixed secretion), rare

hyperaldosteronism or estrogen secretion, abdominal or flanck pain

Ganglioneuroma
Adrenal cyst

Adrenal metastasis
insufficiency (if bilateral)

Primary adrenal lymphoma

Usually normal, possible catecholamines secretion in composite tumors
Usually normal, possible chronic flank pain and abdominal discomfort
History of an extraadrenal cancer, cancer-associated signs and markers, possible adrenal

Worsening general state, abdominal or flank pain, increased LDH, 82 microglobulin, CRP or

ferritinemia levels, possible adrenal insufficiency (if bilateral)

LDH = serum lactate dehydrogenase; CRP = serum C-reactive protein.

masses was updated in 2017 by the American College of Radiology
(ACR Incidental Findings Committee) (8). By contrast, the guide-
lines by the European Society of Endocrinology and European Net-
work for the Study of Adrenal Tumors do not use this approach (9),
which was based on the results of a systematic review and metaanal-
ysis (2). Further, adrenal CT washout has been shown to be false-
positive in pheochromocytomas (2,9,11).

Adrenal bleeding (especially with a history of acute trauma) will
usually appear as a typical hematoma with unenhanced attenuation
value of 55-90 HUs and will be diagnosed as such on noncontrast
(native) CT imaging. An adrenal hematoma will typically decrease
in size on follow-up imaging, with a gradual decrease in attenuation
value. A spontaneous bleed in an adrenal gland is usually silent and
therefore not generally diagnosed on CT/MRI. On late stages of CT/
MRI, the remnants of an adrenal hematoma (especially when
composed of fibrosis) may appear as an adrenal tumor and escape
characterization.

Adrenocortical carcinomas (ACC) are rare and usually appear
on CT/MRI as a large, irregular, and heterogeneous tumor with
predominantly peripheral contrast-enhancement due to central
necrosis. Pheochromocytomas typically have heterogeneous
contrast-enhancement, but can deviate from this pattern and show
a wide range of appearances. A large pheochromocytoma may
sometimes mimic an ACC. In patients with adrenal metastases, the
cancer type is generally known, and these patients usually undergo
restaging. Notably, adrenal tumors in patients with a cancer history
are benign in three quarters of the time (/2). If a tumor biopsy is indi-
cated, clinicians must ensure that a biochemically active pheochro-
mocytoma has been excluded to avoid complications. Rare
etiologies such as unilateral adrenal lymphomas, sarcomas, and
large, nonsecreting ACCs represent a true diagnostic challenge
and can only be solved by a biopsy.

Determine if the Mass Is Hormonally Active. Although most
adrenal masses are nonfunctioning adenomas, a careful investigation

288

including family history, primary neoplasm history, and physical
examination must be performed. Hormonal evaluation can reveal
clinically unsuspected, functioning adrenal tumors. The most com-
mon hormones that can be oversecreted are aldosterone and cortisol
from the cortex and epinephrine and norepinephrine from the
medulla. The first step should include an overnight low-dose dexa-
methasone suppression test, the measurement of fractionated plasma
metanephrines or 24-h urinary metanephrines, serum potassium,
and, in hypertensive patients, upright plasma aldosterone/plasma
renin activity ratio. Dehydroepiandrosterone (DHEA/DHEA-S)
measurements may show evidence of adrenal androgen excess. Pos-
itive results should be followed by specific hormonal evaluations for
a definitive diagnosis (9).

Second Step: Distinguish the Clinical Scenarios

Nonfunctioning Adrenal Masses with a Typical Appearance:
Functional Imaging Is Not Recommended. These tumors include
adrenocortical adenomas, myelolipomas, and cysts (the characteriza-
tion has been described above). In addition to lipid-poor adrenocorti-
cal adenomas, other adrenal tumors characterized as benign include
ganglioneuroma, lymphangioma, benign oncocytoma, and schwan-
noma, based on size stability on CT/MRI at least 6—12 mo apart. These
are usually not diagnosed histopathologically unless the patient subse-
quently undergoes surgical resection or biopsy.

Functioning Adrenal Masses: Functional Imaging May Be
Appropriate (Cushing Syndrome, Primary Hyperaldosteronism
[PHA], and Pheochromocytoma). Adrenal Cushing syndrome
(also called ACTH-independent) is mainly caused by benign or
malignant unilateral adrenocortical tumors. In rare cases, adrenal
Cushing syndrome is caused by primary bilateral macronodular
adrenal hyperplasia (PBMAH) or primary micronodular bilateral
adrenal hyperplasia, mainly related to primary pigmented nodular
adrenocortical disease (PPNAD) or less frequently related to isolated
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micronodular adrenocortical disease. PBMAH has been attributed to
germline mutations in the Armadillo repeat containing 5 (ARMCS)
gene in about 50% of cases. ARMCS is located on chromosome 16
(16p11.2) and acts as an adrenal gland tumor suppressor gene.

PPNAD is often familial and associated with multiple endocrine
neoplasia syndrome and the Carney complex and caused by germ-
line PRKARIA4 mutations in up to 70%. PRKAR1A (chromosome
17q22-24) encodes the protein kinase A (PKA) regulatory subunit
type 1A, an important regulator of cAMP signaling in most cells.
PPNAD is usually diagnosed before the age of 30 y, with 50% of
patients being younger than 15 y at diagnosis (13).

Several clinical scenarios can be distinguished:

1. Presence of a typical adrenocortical adenoma: for these patients,
there is no need for nuclear medicine imaging. In the presence of
borderline hormonal results, adrenocortical imaging can be per-
formed to confirm autonomous secretion of cortisol by the
adenoma. This was historically demonstrated with NP-59 scin-
tigraphy that typically shows a unilateral tumor uptake. Adenoma
cortisol secretion suppresses pituitary ACTH production and
tracer uptake by the contralateral adrenal gland. In some centers
"'C-metomidate-PET/CT is available for disease characterization
(Fig. 1).

2. Presence of a large heterogeneous mass: the disease is most likely
related to an ACC and the patient should undergo '*F-FDG PET/
CT for initial staging. The main differential diagnosis is adrenal
oncocytoma (benign or malignant); however, differential diagno-
sis is almost impossible when relying solely on imaging. Of note,
oncocytomas are characterized by very high 'F-FDG uptake;
however, this can also be observed in ACCs that contain a sub-
stantial oncocytic component. If available, ''C-metomidate-
PET/CT also allows a noninvasive characterization and staging
of ACC (14). "'C-metomidate binds to the 11B-hydroxylase
enzyme, which is involved in the last step of the synthesis of cor-
tisol and aldosterone.

3. Presence of unilateral or bilateral micronodules or normal adre-
nals: the diagnosis is most likely related to PPNAD. Physicians
should be aware that radiologic imaging can be misleading in
some cases of PPNAD with unilateral abnormality (micronod-
ules with or without coexistence of macronodules). In PPNAD,
adrenal cortex functional imaging using NP-59 typically shows
a bilateral adrenal uptake with possible asymmetrical uptake in
patients with macronodules (15).

4. Presence of PBMAH: in this situation, adrenal cortex imaging
may help when choosing the most appropriate surgical approach.
Unilateral adrenalectomy can offer prolonged remission (only
20% recurrence) and is associated with about 40% of incomplete

and transient secondary adrenal insufficiency cases. This postop-
erative adrenal insufficiency illustrates the low production yield
of cortisol per milligram of tissue since it is produced by a sub-
population of steroidogenic cells in the hyperplastic adrenals
(16). One hundred percent remission may be achieved with bilat-
eral adrenalectomy, but this induces definitive adrenal insuffi-
ciency with lifelong need of steroid replacement and risk for
adrenal crisis. The best criteria for choosing an adrenalectomy
are still unknown. Adrenal vein catheterization to compare corti-
sol concentration between the right and left adrenal effluents has
not gained acceptance to date. Adrenal cortex imaging with quan-
titative analysis could play a role for guiding surgery, especially
when masses have similar volumes. In all these situations, radio-
pharmaceuticals that target the CYP11B enzyme family are of
interest and have the potential to provide clinical benefits.

Primary hyperaldosteronism (PHA) represents the most common
form of secondary hypertension, with a prevalence of up to 12% of
hypertensive patients. The most frequent subforms are idiopathic
hyperaldosteronism or idiopathic adrenal hyperplasia and
aldosterone-producing adenoma. Rare causes include unilateral
hyperplasia, ACC, and familial hyperaldosteronism. Studies con-
ducted in the last 8 y have identified somatic driver mutations in a
substantial percentage of aldosterone-producing adenoma. Differen-
tiation between aldosterone-producing adenoma and bilateral hyper-
plasia is essential when considering further treatments that rely on
lifelong medications (mineralocorticoid receptors antagonists or
potassium-sparing diuretics) or adrenalectomy. This can be chal-
lenging because nonfunctioning adenoma can coexist with
aldosterone-producing adenoma or bilateral hyperplasia, and a uni-
lateral nonfunctioning adenoma can be incidentally detected on CT/
MRI in bilateral adrenal hyperplasia. The use of conventional imag-
ing alone in the etiologic diagnosis of PHA could lead to inappropri-
ate therapeutic strategies in up to 40% of cases. Adrenal venous
sampling (AVS) is the gold standard for subtyping PHA and surgical
teams that use AVS achieve better results, as assessed by postoper-
ative decreases in blood pressure (/7). This beneficial effect on out-
come has not been reported in the SPARTACUS trial (Subtyping
Primary Aldosteronism: a Randomized Trial Comparing Adrenal
Vein Sampling and CT Scan, NCT01096654), although this trial
was somewhat hampered by some cohort and endpoint bias
(18,19). 1t is noteworthy, however, that not all patients need to
undergo AVS. Younger patients (age < 35 y) with spontaneous
hypokalemia, marked aldosterone excess, and unilateral adrenal
lesions who have radiologic features consistent with a cortical ade-
noma on adrenal CT scan may not need AVS before proceeding to
unilateral adrenalectomy. Nuclear medicine imaging is classically

positioned after unsuccessful AVS

localization, which is not uncommon.
AVS is technically difficult, especially
cannulating the right adrenal vein from
the inferior vena cava (attested by low
selectivity index). Even with correct
placement of the catheter in the right
adrenal vein, the sampling technique is

FIGURE 3. Aldosterone-producing adenomain a patient with primary hyperaldosteronism. A 55-y-old
man with primary aldosteronism and inconclusive adrenal venous sampling. "C-metomidate PET/CT
after 5 d of 1 mg X 3 dexamethasone suppression shows high focal tracer uptake (SUV,,ax = 24.3) in
8-mm nodule in the lateral aspect of the left adrenal gland consistent with an aldosterone-producing
adenoma (arrows). Uptake in the normal contralateral adrenal is low (arrowhead). Physiologic uptake
is seen in gastric juice. (A) Axial PET. (B) Axial PET/CT fusion. (C) Coronal PET/CT fusion.

critical, and simultaneously drawing
blood from the inferior vena cava
should be avoided. Furthermore, there
are some discrepancies regarding per-
formances across centers, interpretation
of the results, and technical approaches
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(e.g., using or not using cosyntropin stimulation). The role of nuclear
medicine will be greatly dependent on the development of PET
radiopharmaceuticals. Except for %®Ga-pentixafor PET/CT, all
nuclear imaging investigations require premedication with dexa-
methasone to achieve ACTH suppression, with the goal of inhibiting
the cortisol-producing cortical tissue that could mask the underlying
disease. Although '*'I-NP-59 is not widely available any longer, it
may be useful in evaluating patients with primary hyperaldosteron-
ism for adrenalectomy when AVS is inconclusive. *'1-NP-59 scin-
tigraphy, however, has several practical drawbacks such as limited
spatial resolution and relatively high radiation dose exposure (effec-
tive dose estimated to 1.5 mSv/MBq). Along with this, patients must
withdraw from interfering medications that may provoke (together
with dexamethasone) a hypertension flair. Use of SPECT/CT with
NP-59 scintigraphy allows precise localization of the functional
activity to anatomic structures improving diagnostic interpretation
(20).

To circumvent the main shortcomings of '*'I-NP-59 imaging,
several tracers that target the CYP11B enzyme family and
chemokine-receptor CXCR4 (°®Ga-pentixafor) have been devel-
oped (Fig. 1).

For patients with PHA, ''C-metomidate-PET/CT has been used
for visualization of aldosterone-producing adenoma (Fig. 3) (21).
In addition to its limited availability, the clinical use of " C-metomi-
date is also limited by its focal uptake in nonfunctioning adenoma,
which also requires suppression of ACTH for 5 d of dexamethasone
administration before PET/CT imaging. The diagnosis of
aldosterone-producing adenoma relies on the higher tumor SUV .«
compared with the contralateral gland (22) and can be less conclu-
sive in small adenoma. The results from an ongoing British trial
MATCH (NCT02945904) comparing ''C-metomidate and AVS
for lateralization in PHA with correlation to surgery and histopathol-
ogy are still pending.

The use of'*’I-iodometomidate for SPECT is limited by the
reduced spatial resolution and the need to premedicate patients
with dexamethazone (23). ®®*Ga-pentixafor is likely the most prom-
ising PET radiotracer. Interestingly, CXCR4 expression is almost

negligible in nonfunctioning adenomas on immunohistochemical
studies (24). In a prospective study that included 36 patients with
PHA, ®®Ga-pentixafor was effective in distinguishing aldosterone-
producing adenoma from nonfunctioning adenoma and hyperplasia
(25). On immunohistochemistry analysis, 24 of 25 aldosterone-
producing adenoma showed an intense CXCR4 expression, whereas
the remaining lesions (4 hyperplasia and 5 nonfunctioning adenoma)
did not express (5/11) or slightly expressed (6/11) CXCR4. Consid-
ering the correlation between CXCR4 expression and tracer uptake,
the use of quantitative indices increases the diagnostic value of
8 Ga-pentixafor PET/CT. In conclusion, targeted molecular imaging
(NP-59, ligands of the CYP11B enzyme family or CXCR4) could be
areliable tool in patients with PHA in the absence of a clear-cut AVS
result and potential indication for surgery. It is expected by clinicians
and nuclear physicians that these emerging modalities could be posi-
tioned before AVS in the near future. Development of highly selec-
tive CYP11B2 ligands might also be useful for nuclear imaging in
PHA but is challenging due to the high homology of CYP11B1
and CYP11B2. Selective radiolabeled inhibitors of CYP11B2
have so far been evaluated in preclinical studies.
Pheochromocytoma (PHEO) arises from the chromaffin cells of
the adrenal medulla and typically produce both norepinephrine
and epinephrine. Metastatic PHEO are rare and usually large,
although tumor size is a less reliable predictor for malignancy com-
pared with adrenocortical tumors. PHEOs are usually sporadic but
they can also be related to inherited genetic mutations such as
RET (MEN2A and MEN2B), von Hippel-Lindau (VHL), SDHx,
NF-1, MAX, and TMEM127. In apparently sporadic cases or cases
with negative genetic testing, functional imaging should be priori-
tized in selected cases to confirm the diagnosis in rare situations
(e.g., typical imaging appearance with normal metanephrines, or
unreliable laboratory values due to acute critical illness) or exclude
malignancy in large PHEOs. In suspected hereditary cases (syn-
dromic manifestations, family history, multifocality, young age
and exclusive norepinephrine secretion), functional imaging is rec-
ommended to screen for potential multifocality and malignancy,
especially in SDHB cases. In sporadic cases, either '*F-FDOPA or
2[LMIBG can be used as first choice
tracers (Fig. 4). RET-, NFI-, MAX-,

and TMEM127-related tumors, which
are almost always confined to the adre-
nal medulla and are well-differentiated,
are better evaluated with '*F-FDOPA
PET/CT (26). The low uptake of '*F-
FDOPA by healthy adrenals facilitates
the detection of subcentimeter PHEO
(microPHEO) that can coexist within
the same or contralateral adrenal gland.
For SDHx cases, the use of *®Ga-SSA
PET/CT imaging is recommended as a
first choice despite uptake by healthy
adrenals (27-29). ''C-hydroxyephe-
drine is a norepinephrine analog and
has been used as a PET tracer for the
diagnosis of PHEO (30); however, its
availability is restricted to merely a

FIGURE 4. Large pheochromocytoma (sporadic) with mediastinal lymph node metastasis. (A and B)
Large heterogeneous mass on CT ([A] axial plane, [B] sagittal plane). (C-E) Marked tumor avidity for '8F-
FDOPA (arrow) with visualization of subcarinal posterior mediastinal lymph node (arrowhead) and not a
second paraganglioma based on pathologic analysis ([C] maximum-intensity projection [MIP], [D and E]

axial PET/CT fusion).
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few centers. In a recent study in patients
with borderline elevated metanephrines
or symptoms consistent with PHEO,
"C-hydroxyephedrine PET/CT allowed
for the diagnosis or exclusion of
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FIGURES5. '®F-FDG PET/CTinACC with extension into inferior vena cava.
(A and B) Left ACC (arrow) with tumor thrombus extending via left adrenal
and renal veins into inferior vena cava (arrowhead) ([A] maximum-intensity
projection [MIP], [B] coronal PET/CT fusion).

diagnosis for PHEO. Furthermore, ''C-hydroxyephedrine PET/CT
has also been used for the staging of malignant PHEO, postoperative
surveillance, and detection of recurrent disease (317).

The clinical decision making in the selection of metastatic
PHEO patients for appropriate targeted radionuclide therapy (con-
ventional/novel high-specific-activity '*'I-MIBG therapy or '”"Lu-
DOTATATE) should be personalized to the imaging of phenotypes
on '*’I-MIBG and “®*Ga-SSA scans.

Nonfunctioning Indeterminate Adrenal Masses in Nononcologic
Patients: Functional Imaging May Be Appropriate. Several studies
have shown that assessment of tumor metabolism by '*F-FDG PET/
CT can help characterize large or indeterminate masses. This is
important to achieve early diagnosis of malignant tumors and avoid
unnecessary resection of benign lesions. When surgery is indicated,
there is also a wide range of surgical techniques that may be used,
including cortical-sparing adrenalectomy, adrenalectomy, adrena-
lectomy with removal of the periadrenal fat, and extensive resection
to obtain as much as possible negative resection margins and with
laparoscopic or open surgery. Overall, management of adrenal
masses can be influenced by '*F-FDG PET/CT findings. Although
'"F-FDG PET/CT can be helpful to differentiate patients with malig-
nant tumors from those with benign lesions, there is an uncertainty in
a gray zone when 'SF-FDG uptake is neither very low nor very high
(32). ACC has been consistently demonstrated to display high met-
abolic activity on '*F-FDG PET imaging. Because of the poor prog-
nosis, marked by a high incidence of disseminated disease at
presentation and high recurrence rate after initial complete resection,
patients undergo repeated imaging evaluation for staging and restag-
ing of the disease. '*F-FDG PET/CT plays an important role in both
the initial ACC staging and in the subsequent follow-up staging.

The use of tumor-to-liver uptake SUV,,,, ratio was found to be
more accurate than visual analysis in the distinction between benign
and malignant tumors, with an optimal threshold varying across
studies. In a prospective study, we have previously shown that a ratio

> 1.5 was associated with malignancy, with sensitivity, specificity,
positive predictive value, negative predictive value, and accuracy of
86.7%, 86.1%, 56.5, 96.9, and 86.2%, respectively (33). Although
this cutoff value is useful, it is well known that some adrenocortical
cancers and large retroperitoneal sarcomas may exhibit lower uptake
values. Several imaging patterns can be distinguished and need to be
integrated with the clinical evaluation for each patient.

1. A ratio below 1: this is mainly observed in hematoma, myeloli-
poma, cysts, cavernous angioma, and metastasis of some lower
grade renal cancer (even several years after initial surgery of
the primary).

2. A moderate tumor uptake (ratio often between 1 and 1.5): adreno-
cortical adenoma, metastases (renal), pheochromocytoma (spo-
radic), adrenal hyperplasia, ganglioneuroma, and low-grade ACC.

3. A high tumor uptake (ratio > 3): 5 main diagnoses should be con-
sidered: ACC, oncocytic neoplasm (benign or malignant), lym-
phoma, PHEO (mostly related to SDHB and SDHD), and
metastasis. Certain imaging findings can be useful such as hetero-
geneous uptake with extension into the inferior vena cava for ACC
(Fig. 5; Supplemental Fig. 1 [supplemental materials are available
at http://jnm.snmjournals.org]), homogeneous and round appear-
ance for oncocytic neoplasms, homogeneous with irregular mar-
gins, infiltrative appearance, and potential bilateral adrenal or
nodal involvement of lymphoma. The PHEO tumors seen in this
setting are almost always secreting and often associated with
brown adipose tissue (BAT) uptake mostly due to norepinephrine
secretion (34). In the presence of extensive brown adipose tissue
activation (especially in periadrenal areas) with a heterogeneous
tumor uptake (central photopenic area), it is crucial to check that
the assessment of metanephrines has been performed.

Metastases and primary tumor can be detected simultaneously on
"8E-FDG PET/CT. High-resolution CT chest images should be ana-
lyzed carefully to depict a potential primary lung cancer.

Beyond the use of SUV . ratio cutoff values, an alternative
approach would be to build a predictive model based on metabolic
indices and tumor sizes obtained from '*F-FDG PET/CT and calcu-
late an individual risk for malignancy in a given patient.

An adrenal biopsy should only be performed if the results are
likely to alter the patient’s management and after a PHEO is
excluded biochemically, due to the risk of a catecholamine-
induced (released by mass biopsy or anesthetics) hypertensive crisis
and tachyarrhythmia.

In some centers ' C-metomidate-PET/CT is available for charac-
terization of whether the adrenal tumor is of adrenocortical origin,
because of the specific tracer uptake in tumors derived from the adre-
nal cortex. Retroperitoneal sarcomas and other nonadrenocortical
tumors are completely ''C-metomidate-negative. In the event of a
large atypical adrenocortical adenoma, the differentiation between
this and an ACC is generally not difficult, because of the irregular
'C-metomidate uptake in an atypical adrenocortical adenoma and
ability to visualize ACC metastases.

Nonfunctioning Indeterminate Adrenal Masses in Oncologic
Patients: '*’F-FDG PET/CT Is Recommended. Less than 30% of
adrenal masses in patients with a known extraadrenal cancer are
related to metastatic disease (12).

The most common primary neoplasms are non—small cell lung
carcinoma, lymphoma, colorectal cancer, and renal cell carcinoma.
Once an adrenal lesion has been detected in patients with cancer,
its characterization is critical to stage the primary disease. PET/CT
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is a highly accurate method for differentiating benign from adrenal
metastasis, provided that the primary tumor is itself '*F-FDG—-avid.
Despite excellent sensitivity, 'SF-FDG PET/CT false-negative
results can occur with small metastases < 5 mm, hemorrhagic or
necrotic tumors, and in tumors with low '®F-FDG avidity after che-
motherapy. False-negative PET results have been reported in
patients with adrenal metastases secondary to pulmonary neuroen-
docrine tumors, lepidic “bronchioloalveolar” lung cancer, and renal
cell carcinoma. False-positive results are reported in inflammatory
and infectious processes, PHEO, and, notably, benign adrenal ade-
noma and hyperplasia. A tumor uptake higher than or equal to that
of the liver on visual analysis has an excellent clinical value, with
a mean sensitivity and specificity of 97% and 91%, respectively
(35). The published studies, however, have several limitations.
They are almost all retrospective, histologic proof (biopsy, surgery,
or autopsy) is available for a minority of patients (20%), and the cri-
terion for malignancy is defined by an increase in size or by tumor
regression during chemotherapy. The role of '*F-FDG PET/CT is
primarily to establish the extent of metastatic disease, whether the
adrenal tumor represents a solitary metastasis or is part of an oligo-
metastatic disease, available for resection or local treatment, or
requires systemic therapy. Image-guided adrenal biopsies can be
performed safely when noninvasive adrenal imaging tests are incon-
clusive and after biochemically excluding a PHEO.

CONCLUSION

Most patients with adrenal tumors present with incidentalomas,
and only a minority present with symptoms of adrenal disease. Char-
acterization of these tumors is mostly managed by CT/MRI and bio-
chemistry for most patients. However, for the remaining, more
complicated clinical scenarios, nuclear medicine imaging is usually
advantageous for establishing an accurate diagnosis. Therefore, an
understanding of the radiotracers and their mechanisms for tumor
visualization and characterization is important.
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KEY POINTS

QUESTION: Should molecular imaging be considered for assessing
an adrenal mass in all patients?

PERTINENT FINDINGS: The first step relies on clinical, biochemi-
cal, and radiological analysis. Molecular imaging can complement
these investigations in certain situations (e.g., disease subtyping in
some cases with overt endocrine disease, characterization of
indeterminate masses, staging of large tumors).

IMPLICATIONS FOR PATIENT CARE: The evaluation of patients

with adrenal mass(es) follows a stepwise approach. Complex cases
should be referred to high-volume, specialized centers in order to

ensure favorable outcomes.
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