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Abstract

The adrenal glands are complex structures from which a variety of benign and malignant tumors
may arise and are a common site of metastatic disease. Several radiopharmaceuticals are used

for imaging the adrenals, including 1-123/1-131 metaiodobenzylguanidine (MIBG), norcholesterol
derivatives, In-111 pentetreotide and Ga-68 somatostatin analogs, [F-18]fluorodeoxyglucose,
[F-18]fluorodopa, [F-18]fluorodopamine, C-11 meta hydroxyephedrine, and C-11/F-18/1-123
Metomidate (MTO) or its analogs. In this review we focus on the role of these reagents in
metastatic lesions, cortical neoplasms, pheochromocytoma/paraganglioma, and neuroblastoma
(NB).
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INTRODUCTION

The adrenal is a complex gland composed of the cortex and the medulla. Each of these

can give rise to a variety of benign or malignant tumors including adrenocortical adenoma
(ACA), adrenocortical carcinoma (ACC), pheochromocytoma (PHEO), and neuroblastoma
(NB). Furthermore, it is a site of metastatic spread. With the increasing use of high-
resolution anatomic imaging, incidental identification of adrenal lesions is frequent. Thus,
adrenal lesions require further characterization, using both biochemical evaluation and
imaging. In this review, we will focus on the functional/molecular imaging of adrenal
lesions.
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MOLECULAR IMAGING AGENTS

Localization and characterization of adrenal tumors relies on conventional anatomic imaging
modalities such as CT, MRI, and US. In addition, radiopharmaceuticals targeting metabolic
pathways and receptors are extensively used. A brief review of the more common reagents
including mechanism of localization follows.

Metaiodobenzylguanidine (MIBG)

MIBG is a structural analog of guanethidine that shares structural features with
nor-epinephrine and is used for imaging pheochromocytomas/paragangliomas (PHEO/
PGL), neuroblastoma NB, and other neuroendocrine tumors [1]. MIBG internalizes via
norepinephrine transporters and moves into secretory granules via vesicular monoamine
transporters [2]. For imaging, 1-123 MIBG is superior to 1-131 MIBG [3].

Somatostatin Receptor Scintigraphy (SRS)

Somatostatin is a small regulatory peptide that binds to somatostatin receptors [4]. In-111
pentetreotide is commercially available analog for imaging neuroendocrine tumors. Newer
positron-emitting somatostatin analogs including Ga-68 DOTATOC, DOTATATE, and
DOTANOC perform better than In-111 pentetreotide because of their higher affinity and
superior resolution of positron emission tomography (PET) [5].

Fluorodeoxyglucose (FDG)

FDG is an analog of glucose and a surrogate marker for glucose metabolism. It enters
the cell through GLUT transporters [6] and is phosphorylated by hexokinase and trapped.
Procedure guidelines describing the technical aspects of FDG PET imaging have been
reported [7]. FDG is extremely useful in adrenal imaging in detecting malignancy.

F-18 Dihydroxyphenylalanine (FDOPA)

Dihydroxyphenylalanine (DOPA) is an amino acid internalized by the LAT2 amino acid
transporter and then follows the DOPA metabolic pathway [8]. It is commercially available
in Europe, but used as an investigational PET agent in the USA. FDOPA is extremely useful
in the imaging of most benign PHEO/PGL and also most malignant ones, with apparently
less sensitivity in those arising from SDHB mutations, where FDG is more sensitive.

F-18 Fluorodopamine (FDA)

F-18 fluorodopamine is an analog of dopamine used as an investigational agent for imaging
of PHEO/PGL at the National Institutes of Health (NIH) [9]. The mechanism of action is
similar to that of MIBG. It has higher affinity for norepinephrine transporters [10] than
MIBG, and as a PET reagent, is quantitative, has higher resolution, improved dosimetry, and
is a 1-day study.

C-11 Meta-Hydroxyephedrine

C-11 meta-hydroxyephedrine (HED) is a catecholamine analog developed for imaging the
sympathetic nervous system, that accumulates in adrenergic neurons via the norepinephrine
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transporter [11]. While it has the advantage of being a PET agent, it has the disadvantage of
C-11 labeling, with its 20 min T % that requires an onsite cyclotron.

Radiocholesterol Studies

Radiolabeled analogs of cholesterol include 1-131-6beta-iodomethyl-norcholesterol (NP59)
and Se-75 selenomethyl-norcholesterol (Scintiadren), that are taken up by adrenocortical
cells [12]. Drawbacks include the high absorbed dose to the adrenal glands, the length

of time required to obtain images (up to 7-14 days), and the poor spatial resolution of

the images. These agents are not commercially available in the USA, and have limited
availability elsewhere.

Metomidate (MTO)

C-11 MTO is a highly specific PET imaging agent for adrenocortical tumors. MTO

binds and inhibits CYP11B enzymes 11B-hydroxylase and aldosterone synthetase that are
involved in synthesis of cortisol and aldosterone and expressed in adrenocortical cells [13].
It is used to characterize and localize tumors of adrenocortical origin [14]. Because of the
Tq/» limitations of C-11, a F-18 labeled analog [F-18] fluoroetimodate (FETO) has been
developed [15]. In addition, MTO has been labeled with 1-123 for SPECT imaging [16] and
I-131 MTO has been used to treat adrenocortical carcinoma (ACC) [17].

CLINICAL APPLICATIONS OF FUNCTIONAL IMAGING

Tumors of the Adrenal Cortex

Radiocholesterol studies.—Prior to the introduction of PET scanning, molecular
imaging of adrenal cortical lesions for malignancy was limited to use of various radiolabeled
cholesterol analogs such as NP59 and Se75 selenomethyl-nor-cholesterol. These agents are
used in conjunction with anatomic imaging to assess patients with hypersecretory states

and adrenal adenomas (ACA) [18,19] and to distinguish benign from malignant adrenal
lesions [20,21], where concordant uptake in the adrenal lesion signifies benign adenoma,
and discordant, lack of uptake in an adrenal mass is an indication of malignancy. Reports
describe rare uptake in malignant lesions [20,22].

FDG PET.—The modern PET/CT era has shown rapid growth in the use of FDG

in oncology. The addition of CT to PET scanners has improved detection and proper
localization of adrenal tumors compared to PET alone. PET’s ability to quantitate allows for
reproducible measurements in the form of standardized uptake values (SUV = fraction of the
injected dose per gram, normalized to body weight).

Bagheri et al. [23] looked at the presumed normal adrenal glands (based upon normal
appearance on prior CT scans) in patients undergoing FDG PET, describing adrenal FDG
uptake in up to 68% of normal adrenals on PET/CT. In this group, most adrenals had uptake
less than liver. Only a small percentage had uptake equal to or slightly greater than liver,
with mean SUVmax of 0.9 (right) and 1.1 (left) (range 0.95 to 2.46).
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As with solitary pulmonary nodules, a major role of FDG PET is in differentiating benign
from malignant disease when adrenal abnormalities are detected. A common setting for

this applies to that of adrenal “incidentalomas”—adrenal lesions incidentally discovered on
imaging performed for other, non-adrenal reasons. The reported prevalence of incidentaloma
on CT scans is 4.5-5% [24,25]. The ability to reliably separate benign from malignant in
these cases is particularly important given the prevalence of adrenocortical adenomas (ACA)
of up to 8.7% [26] in autopsy series.

Adrenal lesions in patients with extra-adrenal malignancies.—Unsuspected
adrenal abnormalities are frequent incidental findings in patients with known extra-adrenal
malignancy. In an autopsy series, the overall incidence of metastases to the adrenal glands in
patients with epithelial cancer was 27% [27]. The incidence was particularly high in certain
malignancies such as breast (53.9%) and lung cancer (35.6%). However, even in these
patients, benign lesions are common. Fortunately, FDG has proven useful in distinguishing
between benign and malignant lesions.

A recent meta-analysis by Boland et al. [28] looking at data from 1,217 patients concluded
that FDG PET was highly effective in distinguishing between malignant and benign adrenal
masses, with a mean sensitivity and specificity of 97% and 91%, respectively. They found
no differences in accuracy between visual or quantitative analysis methods. Visually, adrenal
uptake is compared to that of normal liver, with most malignant lesions demonstrating
uptake > liver and most benign lesions < liver. Such an approach yields sensitivities
ranging from 74 to 100% and specificities of 38.2—-100%, depending on the criteria used.
Table | lists the details of several of the larger reports. Quantitatively, most malignant
lesions demonstrate much higher FDG uptake than benign lesions. The mean SUVmax for
malignant lesions has ranged from 4.8 to 12.2, whereas for benign lesions it has ranged
from 1.78 to 4.2. Tumor:Liver SUVmax ratios (T:L) yield results similar to visual analysis,
depending on the cutoff values used, with sensitivities ranging from 87 to 100% and
specificities of 91-100%, whereas use of an SUV cut-off may be less successful due to
some overlap between benign and malignant lesions (Table I).

The current generation of scanners allow us to take full advantage of the CT for co-
registration and determination of density (HU = Hounsfield units), together with visual

or semiquantitative assessment of the intensity of uptake. The primary cause of false positive
FDG uptake is due to lipid poor adenomas. By combining the SUV measurement with
attenuation values on CT, higher specificities can be obtained [29-33].

False negative adrenal uptake on FDG is usually due to the small size, necrosis

and hemorrhage, well differentiated tumors, metastases from pulmonary carcinoid, and
metastases from other non-FDG avid tumors [29,34,35]. False positives have been due to
uptake by ACAs, often lipid poor [33,36], myelolipomas [33], infection/inflammation [37],
adrenal hyperplasia, adrenal hemorrhage with bilateral FDG uptake [38], the occasional
normal adrenal [23], and uptake in perirenal brown fat. In addition, benign PHEO also
frequently show FDG uptake greater than liver.
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Adrenal lesions in patients without known malignancy.—When questions of
possible malignancy arise in patients with adrenal lesions and no history of extra-adrenal
malignancy, FDG PET can play an important role. The problem, of course, is to reliably
identify the rare, unsuspected ACC, the diagnosis of which usually carries a grave prognosis
unless detected at an early stage. Only a few studies have focused on this patient population,
and both visual and quantitative criteria have been used. Note that these studies all

focused on patients needing adrenalectomy (for hyper-secretory tumor, enlarging tumor, or
indeterminate/suspicious imaging characteristics on CT), and thus used selected populations.

In two series, FDG PET/CT was used to evaluate suspicious adrenal lesions, excluding

those with clear-cut benign features on anatomic imaging [39,40]. Using the visual criterion
of T:L > 1.6-1.8 resulted in 100% sensitivity and 90-100% specificity for malignancy.
Groussin et al. [41] prospectively performed FDG scans on 77 patients without a history

of cancer who were to undergo adrenal surgery. Using a T:L cutoff value of 1.45, the
sensitivity and specificity for differentiating between benign and malignant disease were

100 and 88%, respectively, compared to 82 and 100% when the cutoff was 2.63. The mean
SUVmax for ACC was 11.1 (range 3.5-26.2), and for ACAs 3.3 (range 1.7-7.8). Using
SUVmax alone, a cutoff value of 3.4 resulted in a sensitivity and specificity of 100 and 70%,
respectively. No ACC had uptake less than liver. A negative FDG was highly predictive of

a benign lesion, thus possibly helping avoid unnecessary surgery. Similarly, Ansquer et al.
[42] evaluated 78 patients without history of malignancy or malignancy in remission for over
1 year. FDG was negative in 97% of the lesions deemed non-surgical with one false positive
adenoma. A cutoff SUVmax of 3.3 resulted in a sensitivity of 93% and specificity of 78%
for malignancy. Overall, the negative predictive value for detecting malignancy was 93% and
the positive predictive value for detecting a surgical lesion was 97%.

Adrenal cortical carcinoma.—As discussed above, in addition to adrenal metastases,
primary ACC also demonstrates increased FDG uptake, and FDG PET can play a role in
initial diagnosis, staging, and follow-up, as well as having prognostic implications. While
rare, ACC carries a grave prognosis with an overall 5-year mortality of 75 to 90% and an
average survival of less than 15 months [43]. Distant metastases are present at the time of
diagnosis in a large percentage of patients, and many others have locoregional spread. The
primary and only curative approach to ACC is surgical resection of the primary tumor and
metastases. Surgical resection is also often considered for recurrent disease, both to improve
survival and for local control. To this end, preoperative imaging for staging and localization
of metastases is necessary and FDG is a valuable tool.

In 2001, Becherer et al. [44] reported on 10 ACC patients in whom FDG had a sensitivity
and specificity for tumor detection of 100% and 95% vs. 89% and 100% with CT.

Lesions had an average SUVmax of 7.4. FDG altered staging in 3/10 patients and changed
therapeutic management in 2/10 patients. Mackie et al. [45] evaluated 12 patients with
suspected recurrent or metastatic ACC with FDG PET. 10/11 patients subsequently shown
to have recurrent or metastatic disease had positive FDG scans, with mean SUVmax of 7.8
(range 2.9-14.2). These lesions all had T:L > 2.0. One of 12 patients with metastatic ACC
had a false negative PET/CT scan with mild FDG uptake in a liver lesion (SUVmax 2.9)
and T:L ratio of 0.7, suggesting benign disease. Another patient had a small liver lesion with
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SUVmax of 1.9 with a T:L ratio of 0.9, consistent with benign disease and subsequently
shown to be scar tissue. An example of a positive ACC with metastatic spread is shown
Figure 1.

Leboulleux et al. [46] used FDG PET/CT and thoracic, abdominal, and pelvic CT to
prospectively evaluate 28 patients with ACC. Individual lesion-wise (269 total), FDG had

a sensitivity of 90% compared to 88% for CT. Organ-wise, FDG had a sensitivity of 93%
compared to 82% for CT. Twelve percent of lesions were seen by FDG and not CT, whereas
7% were seen only on CT. In 38% of cases, local recurrences were detected only by PET. In
a separate study of 51 patients where 22/51 had ACC, FDG had a 95% sensitivity and 97%
specificity using a T:L ratio = 1.7 for ACC [47].

A correlation between tumor aggressiveness and FDG uptake has been described [47].
Prognostically, an SUVmax > 10 and a high FDG uptake volume both correlated with a
poorer survival with 54% of patients with SUVmax >10 dying within 6 months of their scan,
compared to none of those with SUVmax <10 [46].

After adrenalectomy, false positive localization in the normal remaining adrenal of patients
treated with mitotane has been reported within 24 months of starting mitotane, with FDG
uptake > liver in up to 14-19% [48]. This may be related to increased ACTH stimulation due
to the suppression of steroidogenesis by mitotane.

MTO imaging.—The initial C-11MTO report by Bergstrom et al. [14] demonstrated
promising results with MTO PET in 15 patients with adrenal masses on CT who were

to undergo surgery. Normal adrenals had a mean SUVmax of 12 (range 7-17). Normal

liver mean SUVmax was 11 (range 6-20). Adrenocortical lesions (six ACA, two ACC,

and one nodular hyperplasia) demonstrated very high uptake of the radiotracer, in contrast
to non-cortical lesions that had mean SUVmax of 1.5 (pheochromocytoma, myelolipoma,
cysts, and metastases). ACAs and hyperplasia had mean SUVmax of 29 and 22, respectively,
whereas ACCs had mean SUVmax of 16. Subsequent reports confirm that MTO can
reliably distinguish adrenocortical from non-cortical tumors, but cannot separate malignant
from benign disease [13,49-51]. In a series of 173 patients, Hennings et al. [50] found a
sensitivity and specificity of 89 and 96% for identifying tumors of the adrenal cortex. There
is also evidence that functional tumors have higher SUVs than non-functional ones [49].

One study to date has focused on the potential role of MTO imaging in ACC [52],
demonstrating uptake in primary and metastatic sites of disease in a study of 11 patients.
MTO detected two sites of disease missed by CT, and correctly identified a focus that was
thought to be a liver metastasis on CT as benign. Conversely, MTO missed three CT positive
lesions, but all were subsequently found to be largely necrotic at surgery. Thus, MTO may
be useful in initial staging and restaging of ACC. How it compares to FDG imaging in this
regard is yet to be established, although a recent case report shows better visualization of
metastatic disease with MTO than with FDG [53].

In order to overcome the limitations of the short T1/2 of C-11, an F-18 analog
fluoroetimodate (FETO) has been evaluated in 10 healthy volunteers, with promising results
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[15]. Alternatively, iodometimodate (IMTO) labeled with 1-123 is suitable for SPECT
imaging [16]. This agent exhibits high uptake in adrenocortical tissue and derived tumors,
both primary and metastatic, including lesions missed by CT. Subsequently, this group
administered 1-131 IMTO to 11 patients with advanced Stage IV ACC and very high 1-123
IMTO uptake by all known disease sites and observed a partial response in 1/10 and stable
disease in 5/10 [17]. Mean survival was 15 months (range 3—-33) with median progression
free survival was 14 months (range 5-33) which was ongoing in three patients at last
follow-up.

In summary, while further work is needed, initial results indicate that MTO imaging is both
sensitive and specific for discriminating between cortical and non-cortical tumors of the
adrenal cortex. Unfortunately, it cannot differentiate between malignant and benign tissue,
although visualization of extra-adrenal sites is suggestive of malignancy and metastatic
disease. This may change, however, as further experience with longer-lived agents such as
F-18 FETO and 1-123 IMTO is gained. In the meanwhile, C11 MTO holds promise as a
more specific agent than FDG for staging of ACC, as does I-131 IMTO for therapy.

TUMORSOFTHE ADRENAL MEDULLA
Pheochromocytoma/Paraganglioma (PHEO/PGL)

PGL are rare tumors that originate from chromaffin-producing cells. Those PGLSs originating
in the adrenal gland are called pheochromocytoma (PHEO), whereas in all other locations
they are referred to as PGLs. Differentiation between benign and malignant PGLs cannot be
made histologically and requires the presence of metastatic disease to confirm malignancy.
Most PGLs are sympathetic in origin and arise from the adrenal; whereas those originating
in the head and neck are most often of parasympathetic origin and generally do not

produce catecholamines. For the purposes of this imaging review, we will discuss PGL/
PHEO together since most reports do not separate these out and imaging characteristics are
somewhat similar, with the exception of head and neck PGL, that are beyond the scope of
this review.

The diagnosis of PHEO/PGL is usually made biochemically. Imaging is used to localize
the primary tumor and evaluate for multicentric or metastatic disease. Furthermore, it is
important to localize disease prior to intervention. In addition, in patients with metastatic
disease, MIBG and SRS scintigraphy may be used to select candidates for 1-131 MIBG or
Y-90/Lu-177 somatostatin analog therapy.

A number of familial syndromes are associated with PHEO/PGL, and these different
genotypes are associated with higher rates of malignancies, extra-adrenal disease, and/or
different imaging phenotypes. The major syndromes include multiple endocrine neoplasia
2 (MEN2A,B), von Hippel Lindau (VHL), neurofibromatosis 1 (NF1), and SDHx (x

= B, C, and D) mutations. Unfortunately, most imaging studies have evaluated mixed
populations, making it difficult to delineate the precise role of the various agents in each
syndrome. Timmers et al. [54] was the first to recognize that in patients with malignant
disease associated with SDHB, FDG imaging had the highest sensitivity (74% on a per
lesion basis) compared to 57% for 1-123 MIBG, 76% for FDA and 45% for FDOPA
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PET. Taieb et al. [55] also showed high uptake and sensitivity of FDG in patients with
SDHx mutations. These findings are likely related to up regulation of hypoxic angiogenic
responsive genes in patients with SDHx mutations [56]. In VHL patients, a study has
shown that FDA localizes much better than 1-131 MIBG [57]. Thus, sensitivities reported
in the literature for functional imaging in PHEO/PGL may vary significantly depending
on the patient population being studied, given the heterogeneity of uptake with the various
radiopharmaceuticals (Fig. 2).

[-131/1-123 MIBG

1-131/1-123 MIBG are the prototypical reagents for imaging PHEO/PGL. 1-131 has high
overall sensitivity (Tables Il and 11), and results with 1-123 MIBG are superior to 1-131
MIBG [3]. A phase 3 multicenter trial of 140 patients evaluated 1-123 MIBG for PHEO/PGL
and found the sensitivity for PHEO was 87% compared to 67% for PGL with an overall
sensitivity of 81% and specificity of 75% [58]. A meta-analysis evaluating the sensitivity of
1-123 MIBG for tumor detection in patients with PHEQ included 395 subjects and estimated
a sensitivity of 96% and specificity of 98% [59].

Another meta-analysis found a sensitivity of 92-98% for 1-123 MIBG in patients with
non metastatic PGL and 79% for metastatic disease [60]. Bhatia et al. [61] have also
shown higher (85%) sensitivity for detecting primary adrenal PHEO compared to 58%
for extraadrenal PGL. Overall, the sensitivity of MIBG for metastatic disease appears to
be slightly lower than for primary tumors [62], perhaps related to dedifferentiation or to
genetically determined differences in phenotype. Recent studies have shown that lack of
VMAT-1 transporters is associated with an MIBG negative imaging phenotype [63].

Visualization of normal adrenal glands with 1-123 MIBG imaging occurs in 31-50% of
cases, and can lead to false positive results [3,64], although in the absence of a CT
abnormality and adrenal uptake < liver one would favor physiologic uptake [64]. The advent
of SPECT/CT may improve [65] the interpretation and accuracy of MIBG.

F-18 Fluorodopamine (FDA)

FDA PET imaging is superior to MIBG in PHEO/PGL (higher receptor affinity [10], higher
resolution and sensitivity of PET and same day imaging), but has been used extensively in
only one institution. The sensitivity of FDA in metastatic PHEO/PGL is high, ranging from
88 to 100% on a per patient basis or 70 to 97% on a per lesion basis [54,57,62,66]. Direct
comparisons have shown higher sensitivity for FDA than MIBG [57,62,66].

C-11 Meta-Hydroxyephedrine PET

Two groups have reported on the use of C-11 HED in patients with tumor of the sympathetic
nervous system including PHEO and NB [67]. In eight PHEO patients, HED detected all
sites of confirmed disease compared to MIBG, which failed to localize sites in four patients
[11]. Favorable results were seen in 19 patients with PHEO and NB where HED also
detected more tumor lesions than MIBG [67].
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FDG PET

FDOPA PET

Shulkin et al. [68] was among the first to report on the use of FDG for PHEO/PGL

imaging. They observed a per patient sensitivity of 76% overall, 58% for benign PHEO/PGL
compared to 88% for malignant disease. In patients who were both MIBG and FDG positive,
MIBG was superior in 56% and equal or better than FDG in 88%. More recently, higher
FDG sensitivities have been reported for benign lesions (88%) [54]. In malignant PHEO/
PGL, FDG sensitivity ranges from 88 to 100% on a per patient basis (Table 111). FDG
appears to have the highest sensitivity in patients with SDHB mutations [62].

Several studies have evaluated the use of FDOPA in PHEO/PGL, with reported per patient
sensitivities of 88—100% (Tables Il and I11). Compared to MIBG, FDOPA detected 100% of
benign lesions, whereas MIBG only detected 71% [69]. Timmers et al. [54] also reported

a higher sensitivity of 81% for FDOPA compared to 77% for MIBG in benign tumors.
FDOPA also has high sensitivity in malignant PHEO/PGL, typically superior to MIBG
[70-72] (Table II). For instance, Taieb et al. [73] had 100% sensitivity on a per patient
basis with FDOPA, higher than FDG or MIBG. More recently, out of 353 lesions, FDOPA
detected 98% compared to 38.5% for MIBG [72], although in one series, the per region
sensitivity was only 45%, lower than MIBG (57%), due to inclusion of SDHB patients. In
SDHB patients, 7/15 had falsely negative FDOPA scans, with only 20% sensitivity on a per
lesion basis compared to 83% for FDG, 82% for FDA, and 57% for MIBG. In contrast, in
non-SDHB patients, FDOPA had the highest sensitivity of 93% compared to 76% for FDA,
62% for FDG, and 59% for MIBG [54]. Other studies also show very high sensitivity for
benign PHEO/PGL (Table II).

Somatostatin Receptor Imaging (SRS)—In-111 and Ga-68 Agents

Several studies have evaluated In-111 pentetreotide for detection of PHEO/PGL. In benign
PHEO/PGL, sensitivity is low, ranging from 25 to 28.5% (Table Il). In contrast, the
sensitivity of SRS for malignant PHEO/PGL is usually high, ranging from 87.5 to 88.9%
(Table 111).

Although not officially approved, studies have shown that Ga-68 labeled DOTATOC,
DOTATATE, or DOTANOC have higher sensitivity for tumor detection than In-111
pentetreotide in neuroendocrine tumors [74]. Naji et al. [75] compared 1-123 MIBG to
Ga-68 DOTATATE in 12 patients with neural crest tumors. Six of seven patients with
PHEO were Ga-68 DOTATATE positive compared to four with 1-123 MIBG. Like In-111
pentetreotide, these reagents have the potential to identify patients who may benefit from
Y-90 or Lu-177 SRS directed therapy.

Neuroblastoma (NB)

Like PHEO/PGL, NB is a neuroendocrine tumor derived from the sympathetic nervous

system. It is the most common extracranial solid tumor in children and among the most

lethal. Approximately 81% of patients are diagnosed between ages 0—4 years [76]. With
improvements in therapy, overall 5-year survival has increased from 45 to 73% from the
1970s to 2000s [77]. The most common sites of involvement are the adrenals (48%),
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MIBG

retroperitoneum (25%), and chest (16%) [78]. Distant metastasis predominantly affect bone
marrow and bone. Survival is dependent on age, stage, and other biologic parameters at
presentation; initial assessment involves complex testing and imaging [79].

A consensus report from the international Neuroblastoma Risk Group Project has indicated
the importance of MIBG imaging in their guidelines [79]. MIBG is routinely used in the
initial staging and follow-up of patients with NB since it will frequently upstage patients,
may have prognostic implications and on follow-up, can identify recurrent or refractory
disease.

The original reports using MIBG in NB date back to the early 1980s. MIBG has high
sensitivity in NB, typically greater than 90% [80-82] (Table 1V). A meta-analysis of 1-123
MIBG in patients with NB showed an overall sensitivity of 94% (range 76-100%) [59]. A
multicenter trial evaluating 93 patients found a sensitivity of 88% and specificity of 83%
[83].

Several studies have noted that 24—-41% of patients imaged following therapy will have
falsely negative MIBG scans [80,84,85]. Nonetheless, in a small percentage of patients,
MIBG will be the only positive modality and therefore, should be included in followup [84].

Bone Scanning

SRS

Bone scanning agents (Tc-99m labeled bisphosphonates) generally have lower sensitivity
for detecting bony metastases than MIBG [86,87]. At initial staging, bone scintigraphy

may help localize some patients that are MIBG negative or that have cortical bone lesions
[87,88], but they are not used routinely in follow-up since in most cases, they do not provide
additional information beyond MIBG and are associated with a higher frequency of false
positive findings.

Studies have shown that NB cells exhibit predominantly somatostatin receptors (SSTR) 1
and 2 [89], and quantitation of In-111 pentetreotide uptake is related to SSRT levels [90].
Several studies have compared the utility of SRS to that of MIBG (Table 1V). In most,
MIBG detected more lesions with higher contrast than In-111 pentetreotide. In the largest
series of 88 patients, the sensitivity of MIBG was much higher than SRS, 94% vs. 64%,
respectively [91]. In line with other studies [92-94], prognosis was better for SRS positive
patients who had a survival probability of 95% at 4 years compared to 62% for SRS negative
patients. Furthermore, the event free survival was 86% and 37%, respectively at 4 years.

Overall, SRS is not routinely used in the evaluation of NB [79]. Preliminary studies have
shown that the newer Ga-68 DOTATOC labeled SRS PET agents appear to have higher
sensitivity than In-111 pentetreotide, similar to MIBG [95], with 97% sensitivity compared
to 90.7% for MIBG. Further studies with these newer PET reagents need to be performed to
evaluate their role, if any, in NB.

J Surg Oncol. Author manuscript; available in PMC 2022 June 20.
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FDG PET

Some NB do not have or lose their ability to concentrate MIBG,; this is generally ascribed
to changes in differentiation, although this has not been corroborated histologically [96].
Studies evaluating the use of FDG at presentation, recurrence, or evaluation of response to
treatment have been reported [97-102], and there appears to be a correlation between the
degree of FDG uptake and shorter survival [99].

A comparison between FDG and MIBG in primary/residual NB prior to systemic therapy
was performed by Shulkin et al. [97]. In their report, FDG and MIBG identified all primary/
residual lesions, but MIBG was equal or superior in 5/7 patients. In a retrospective study in
patients with stage 1 and 2 disease, FDG depicted more primary or locoregional metastases
in 6/10 patients than MIBG, although SUVs were not very high (mean 2.8) [98].

Similarly, in evaluation patients with refractory or recurrent NB, MIBG outperformed/
equaled FDG in 11/13 patients in Shulkin’s study [97]. In another study of 20 patients,
MIBG was superior to FDG in depicting tumor load in 43%, equal in 43%, and inferior

in 14% [99]. In stage 4 disease, MIBG depicted more lesions in 52% (44/85) scans,
whereas FDG detected more in 13% (11/85) and was equal in 15% (13/85) [98]. In all

of these studies, detection of bone/marrow disease was problematic with FDG because of its
physiologic distribution in bone marrow in young patients and the normal increased marrow
uptake following growth factor therapy.

A report by Taggart et al. [103] evaluated FDG and 1-123 MIBG for assessment of response
to therapy in 14 patients treated with 1-131 MIBG. Out of 139 distinct lesions, 51% were
MIBG positive/FDG negative, 9.4% were MIBG negative/FDG positive, and 39.6% were
concordantly positive. In the post therapy setting, FDG positive/MIBG negative lesions
were infrequent (3.9%). In both the pre- and post-treatment setting, the incidence of FDG
positive/MIBG negative lesions was low (<6.6%). Complete metabolic response observed by
FDG did not always correlate with MIBG scanning. Thus, these and other studies show that
FDG cannot replace MIBG for follow-up [104].

Other PET Reagents

FDOPA proved promising in a group of 19 patients with suspected primary or recurrent

NB [105]. FDOPA correctly identified 94% with disease, in contrast to 65% on MIBG. All
MIBG positive patients were FDOPA positive. Overall, on a scan-based analysis, FDOPA
showed a sensitivity of 95% and specificity of 96% compared to 68% and 64%, respectively,
for MIBG. FDOPA resulted in patient management changes 32% of the time. FDOPA
appeared to have an advantage in identifying primary/residual tumor and locoregional soft
tissue recurrence, but no significant difference in bone/ bone marrow disease was noted,
although when a per lesion analysis was performed, FDOPA also outperformed MIBG in the
bone/bone marrow.

A preliminary study in seven patients evaluated C-11 hydroxyephedrine PET imaging of
patients with NB [106]. Tumors were positive in all cases and imaging could be started
within the first five minutes post injection. A possible alternative is the use of FDA, that has
been used extensively in patients with PHEO and has a longer T1/2 [107].

J Surg Oncol. Author manuscript; available in PMC 2022 June 20.
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In summary, 1-123 MIBG imaging remains the most important functional imaging
modality in patients with NB given its sensitivity, specificity, and prognostic implications.
Nonetheless, some NBs are not MIBG avid and in these cases or in cases with equivocal/
discordant findings, FDG PET is helpful, although its use in lieu of MIBG is not endorsed
[108]. New modalities that have not been adequately evaluated include FDOPA, FDA, C-11
hydroxyephedrine, and Ga-68 labeled somatostatin analogs.

SUMMARY

There are a number of molecular imaging agents that have been used for imaging

the adrenal. These include MIBG, radiolabeled nor-cholesterol derivatives, and In-111
pentetreotide. Newer reagents include FDG, FDA, HED, FDOPA, Ga-68 SRS, and MTO.
Some of these reagents such as the nor-cholesterol derivatives are rarely used these days,
while PET reagents other than FDG are only available in a few centers with on-site
cyclotron and/or radiochemistry facilities and have not been used in large number of
patients.

In the evaluation of adrenal incidentalomas, FDG plays an important role with established
high sensitivity and specificity in determining malignancy, particularly in the setting of
known extra-adrenal malignancy. FDG is also useful in patients with ACC in evaluating the
extent of disease. Furthermore, it appears to have prognostic implications. MTO reagents
can differentiate cortical from non-cortical adrenal tumors, but cannot separate benign from
malignant disease. Because its mechanism of binding, it may have advantage in ACC
compared to FDG, but this is yet to be determined.

1-123 MIBG plays an established role in imaging of enterochromaffin-derived tumors
including PHEO/PGL and NB. MIBG remains an indispensable tool in the management

of NB patients as an imaging agent and for selecting patients for therapeutic applications.
FDG and FDOPA also show promise in NB. While SRS agents have been used in NB, their
limited sensitivity in advanced disease has limited their utility. The newer Ga-68 labeled
SRS reagents require further studies in this setting.

There are multiple competing reagents for evaluation of patients with PHEO/PGL. MIBG,
because of availability, is the most frequently used and has an important role, including
selecting patients for 1-131 MIBG therapy. Nonetheless, it is clear that newer reagents
with similar mechanisms of uptake such as FDA have better performance characteristics—
unfortunately, this reagent has been used extensively in only one center. FDOPA, approved
in Europe, has shown high sensitivity for PHEO/PGL, although it is not commercially
available in the USA. FDG is also extremely useful in PHEO/ PGL, particularly in the
setting of malignant disease. SRS reagents are less sensitive for metastatic PHEO/PGL,
although sensitivity is much higher for malignant than benign disease. The newer Ga-68
SRS analogs may exhibit better performance characteristics, but their role, particularly with
respect to selection for therapy with Y-90/Lu-177 SRS, remains to be defined.
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Fig. 1.
Patient with an 8.2 x 5.3 cm adrenal cortical carcinoma showing hypermetabolic activity on

FDG in primary tumor with SUVmax of 11.9 (long arrows) and tumor thrombus SUVmax
10.2 (short arrows) confirmed at surgery. Coronal FDG (left panel), CT (middle panel), and
fused PET/CT (right panel) images.
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Fig. 2.

Pagtient with SDHD and metastatic PHEO/PGL. Imaging with a variety of
radiopharmaceutical shows heterogeneity in uptake. MIBG panel (MIP—top, and coronal
slice—bottom) shows uptake in bilateral adrenal PHEOs (black arrows). Two foci in lower
midline chest are thought to be due to swallowed activity in esophagus, glomus tumor is

not visualized. FDG MIP panel shows intense bilateral uptake in the adrenal PHEOs and a
right atrial PGL (white arrow). Mild uptake in a right glomus jugulare PGL was also seen
(not shown this projection). Foci in mediastinum and upper abdomen (red arrows) represent
uptake in brown fat. FDOPA MIP panel shows intense uptake in right glomus jugulare PGL
(chevron) and right atrial lesion. Mild uptake was seen in the left adrenal PHEO but not right
(not seen in this view). FDA MIP shows intense uptake in bilateral adrenal PHEOs with faint
uptake in atrial lesion. Physiologic gallbladder activity is also seen. No intracranial uptake
was seen. SRS panel shows In-111 pentetreotide MIP images with intense uptake in the
right glomus jugulare tumor and cardiac lesion but no uptake in the bilateral adrenal tumors.
Images courtesy of Dr. Karel Pacak, NICHD, NIH.
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Sensitivity for detection of Neuroblastoma

TABLE IV.

Patient-based sensitivity (lesion-based sensitivity in parentheses)

Name Patients In-111 pentetreotide MIBG
[95] 5 Ga-68 100%
(97.2%) (90.79%)%
[91] 88 64% 9a0?
[116] 7 57% -
[93] 12 75% 92047
%123 MIBG.
5131 migG.
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