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Pheochromocytoma/paraganglioma (PPGL) syndromes associated
with polycythemia have previously been described in association
with mutations in the von Hippel-Lindau gene. Recently, mutations
in the prolyl hydroxylase gene (PHD) 1 and 2 and in the hypoxia-
inducible factor 2 o (HIF2A) were also found to be associated with
multiple and recurrent PPGL. Such patients also presented with
PPGL and polycythemia, and later on, some presented with duode-
nal somatostatinoma. In additional patients presenting with PPGL
and polycythemia, no further mutations have been discovered.
Because the functional imaging signature of patients with PPGL-
polycythemia syndromes is still unknown, and because these tu-
mors (in most patients) are multiple, recurrent, and metastatic, the
goal of our study was to assess the optimal imaging approach using
4 different PET radiopharmaceuticals and CT/MRI in these patients.
Methods: Fourteen patients (10 women, 4 men) with confirmed
PPGL and polycythemia prospectively underwent 68Ga-DOTATATE
(13 patients), '8F-FDG (13 patients), '8F-fluorodinydroxyphenylalanine
('8F-FDOPA) (14 patients), '®F-fluorodopamine ('8F-FDA) (11 patients),
and CT/MRI (14 patients). Detection rates of PPGL lesions were
compared between all imaging studies and stratified between the
underlying mutations. Results: '8F-FDOPA and '8F-FDA PET/CT
showed similar combined lesion-based detection rates of 98.7%
(95% confidence interval [Cl], 92.7%-99.8%) and 98.3% (95%
Cl, 90.9%-99.7%), respectively. The detection rates for ¢8Ga-
DOTATATE (35.3%; 95% Cl, 25.0%-47.2%), '8F-FDG (42.3; 95%
Cl, 29.9%-55.8%), and CT/MRI (60.3%; 95% ClI, 48.8%-70.7%)
were significantly lower (P < 0.01), irrespective of the mutation
status. Conclusion: '8F-FDOPA and '8F-FDA are superior to 18F-
FDG, $8Ga-DOTATATE, and CT/MRI and should be the radiophar-
maceuticals of choice in this rare group of patients.
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Pheochromocytomas/paragangliomas (PPGLs) are rare tumors
derived from sympathetic tissue in adrenal or extraadrenal abdom-
inal locations or from parasympathetic tissue in the thorax or head
and neck (/). More than 35% of PPGLs are hereditary, including
multiple endocrine neoplasia 2 and neurofibromatosis 1. In recent
years, mutations in genes encoding the 4 subunits of the succinate
dehydrogenase (SDH) complex (2-5), fumarate hydratase (6), and
MY C-associated factor X (7) were identified and found to be
associated with the presence of multiple and metastatic PPGLs.

In the last few years, hypoxia-inducible factors (HIFs) have
been under thorough investigation and HIF 2 « (HIF2A also called
EPAS 1) (8,9) as well as prolyl hydroxylase (PHD) 1 and PHD?2
mutations have been discovered (/0,11) in patients with PPGLs.
HIF also functions as a regulator of erythropoietin (/2), and pa-
tients with mutations in these genes present with multiple, recur-
rent, and often metastatic PPGLs as well as with polycythemia at
birth or in early childhood. A mutation in the von Hippel-Lindau
(VHL) gene was previously known to lead to polycythemia via
alteration in HIF protein stabilization (9). Patients without HIF2A,
PHDI, or PHD2 mutations, but with identical clinical presentations,
have been evaluated at our institution. However, in these patients, no
known mutations have been identified thus far. Nevertheless, they
are strongly suggestive for carrying a yet to be discovered mutation
that will lead to an alteration in the HIF signaling pathway, causing
multiple PPGLs associated with polycythemia and elevated eryth-
ropoietin levels.

The functional imaging signature for patients with these PPGL—
polycythemia syndromes has never been evaluated and is, there-
fore, currently unknown. However, these patients tend to present
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with recurrent and multiple tumors (8,17), along with metastatic
disease (/7). Proper staging and early detection of multiple and
recurrent lesions or metastatic disease is a critical clinical decision-
making point for choosing an appropriate treatment, follow-up,
and counseling plan. Therefore, our goal was to evaluate the op-
timal functional imaging approach in these patients by investigat-
ing the currently established and promising radiopharmaceuticals
and stratifying these patients by mutation status (HIF2A, PHD,
and unknown mutations). We evaluated °®Ga-DOTATATE, 'SF-
FDG, '8F-fluorodihydroxyphenylalanine ('8F-FDOPA), and '3F-
fluorodpoamine ('8F-FDA). All patients underwent anatomic imaging
with whole-body CT/MRIL

When available, histopathologic proof served as our gold
standard. When histologic proof was neither feasible nor ethical
for lesion detection, the composite of both anatomic and all functional
imaging tests was considered the imaging comparator, as previously
described and supported (13,74).

MATERIALS AND METHODS

Between February 2014 and November 2015, 14 consecutive
patients (4 men, 10 women) with PPGL—-polycythemia syndromes
with a mean age of 37.0 £ 14.7 y were prospectively evaluated at
the Eunice Kennedy Shriver National Institute of Child Health and
Human Development (NICHD) at the National Institutes of Health
(NIH). All patients had proven PPGLs based on histopathology as
well as a history of polycythemia requiring phlebotomy. Most patients
continued with follow-up in 2016.

The study protocol was approved by the institutional review board
of the Eunice Kennedy Shriver NICHD (NCT00004847). All patients
provided written informed consent for all clinical, genetic, bio-
chemical, and imaging studies regarding PPGLs.

The mean age at diagnosis of primary PPGLs in these patients
was 27.6 = 13.1 y. All 14 patients previously underwent resec-
tion of their primary PPGLs, some of them requiring multiple

operations. Individual patient characteristics are summarized in
Tables 1 and 2.

Imaging Techniques
All CT and MRI scans of the neck, chest, abdomen, and pelvis were
obtained as follows and previously described (/3). CT scans of the neck,
chest, abdomen, and pelvis were obtained using the following devices:
Somatom Definition AS and Somatom Definition Flash (Siemens Medical
Solutions) and Aquilion ONE (Toshiba Medical Systems). Section thick-
ness was up to 3 mm in the neck and 5 mm through the chest, abdomen,
and pelvis. All studies were performed with intravenous rapid infusion of
nonionic water-soluble contrast agent as well as oral contrast material.
MRI scans of the neck, chest, abdomen, and pelvis were obtained
with 1.5- and 3-T scanners (Achieva 1.5 and 3 T [Philips]; Verio 1.5-T
[Siemens Medical Solutions]). Image thickness was 5 mm for all neck
studies and 6 mm for chest, abdominal, and pelvic scans. Pre- and
postinjection images were obtained in the axial plane. All MRI scans
included axial T2 series with and without fat saturation, short tau
inversion recovery series, and T1 pre- and postcontrast series. MRI
scans of the abdomen and pelvis also included axial T1 in and out of
phase and dynamic T1-weighted high-resolution isotropic volume
examination during infusion of contrast, followed by delayed axial
and coronal postcontrast scans after intravenous injection of a
gadolinium—diethylenetriamine pentaacetic acid contrast agent.
Seven patients underwent both CT and MRI studies, whereas the
remaining 7 underwent MRI scans only. All 14 patients underwent
I8F-FDOPA PET/CT scanning, with 13 patients also undergoing *8Ga-
DOTATATE, 12 '8F-FDG, and 11 '8F-FDA PET/CT scanning.
PET/CT scans from the upper thighs to the skull were acquired
60 min after intravenous injection of a mean administered activity of
185.7 = 21.4 MBq of °®Ga-DOTATATE, 60 min after 284.7 = 74.8
MBq of '8F-FDG, 30 min after 420.5 = 110.2 MBq of '8F-FDOPA,
and approximately 8 min after 39.3 = 0.7 MBq of '8F-FDA. Sixty
minutes before each '8F-FDOPA scan, 200 mg of carbidopa was ad-
ministered orally. All PET/CT scans were acquired on Biograph-mCT
64 and Biograph-mCT 128 PET/CT scanners (Siemens Medical

TABLE 1

Individual Patient Characteristics
Patient no. Sex Mutation Age (d) Age (s) Location of primary tumor Hypersecretion
1 F HIF2A 38 40 R perirenal NE, MTT, CgA
2 F HIF2A 18 24 R adrenal DA, MTT
3 F HIF2A 14 33 L paraaortic NE, NMN, CgA
4 F HIF2A 36 46 R paraaortic Negative
5 F No mutation found 57 57 L paracaval NMN, CgA
6 F No mutation found 39 39 R adrenal NMN, NE, MN, MTT, CgA
7 M No mutation found 27 36 L adrenal NE, NMN, DA, CgA
8 M No mutation found 18 45 L adrenal NE, NMN, DA, CgA
9 F PHD1 25 50 R paraadrenal NE, NMN, MN, MTT, CgA
10 M HIF2A 15 17 L adrenal NE, NMN, CgA, DA
11 F No mutation found 30 30 R adrenal NE, NMN, MTT, CgA
12 F HIF2A 8 11 R paraaortic NE, NMN, MN, MTT, CgA
13 F PHD2 42 63 L adrenal NE, NMN, CgA
14 M No mutation found 16 27 L thoracic paraspinal NE, DA, CgA

Age (d) = age at diagnosis; Age (s) = age at study; NE = norepinephrine; MTT = methoxytyramine; CgA = chromogranin A; DA =

dopamine; NMN = normetanephrine; MN = metanephrine.
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TABLE 2
Hematologic Characteristics and Polycythemia During NIH Evaluation

Patient no. Sex Phlebotomy Hemoglobin (g/dL) Hematocrit (%) Erythropoietin (mIU/mL)
1 F Every 3-6 mo 16.6 (11.2-15.7) 54.6 (34.1-44.9) 112 (2.6-18.5)
2 F Irregular 18.6 (11.2-15.7) 63.5 (34.1-44.9) 102 (2.6-18.5)
S F Every 3-6 mo 11.3 (11.2-15.7) 45.1 (34.1-44.9) 231 (2.6-18.5)
4 F Irregular 10.7 (11.2-15.7) 36.2 (34.1-44.9) 73 (2.6-18.5)
5 F Every 3-6 mo 11.3 (11.2-15.7) 38.5 (34.1-44.9) 140 (2.6-18.5)
6 F Every 3-6 mo 14.2 (11.2-15.7) 45.2 (34.1-44.9) 19.5 (2.6-18.5)
7 M Every 3 wk 12.8 (13.3-17.5) 42.6 (40.1-50.1) 87.2 (2.6-18.5)
8 M Every 2 mo 19.7 (13.3-17.5) 63.0 (40.1-50.1) 26.2 (2.6-18.5)
9 F Every 5 wk 16.5 (11.2-15.7) 51.3 (34.1-44.9) 29.1 (2.6-18.5)
10 M Every 6-8 wk 16.2 (13.3-17.5) 50.7 (40.1-50.1) 25.8 (2.6-18.5)
11 F Irregular 17.9 (11.2-15.7) 51.3 (34.1-44.9) 18.3 (2.6-18.5)
12 F Every 3-6 mo 12.4 (10.6-13.2) 40.8 (32.4-39.5) 100 (2.6-18.5)
13 F Every 2 mo 13.4 (11.2-15.7) 44.6 (34.1-44.9) 42 (2.6-18.5)
14 M Every 3-4 mo 13.3 (13.3-17.5) 46.3 (40.1-50.1) 106 (2.6-18.5)

Data in parentheses are normal values.

Solutions). PET images were reconstructed using an iterative algo-
rithm provided by the manufacturer, which also uses point-spread
function and time of flight. Low-dose CT studies for attenuation cor-
rection and anatomic coregistration were performed without contrast.

Analysis of Data

All imaging studies were read by different, experienced nuclear
medicine physicians (PET/CT scans) or radiologists (CT and MRI
scans) who were masked to all other imaging and clinical data except
for the diagnosis, sex, and age of the patient.

SUV..x Was determined, and focal areas of abnormal uptake show-
ing a higher SUV,,,,x than surrounding tissue were considered lesions.
All imaging studies were performed within 31 * 43 d of each other.
For regional analysis, adrenal glands, liver, abdomen/pelvis (exclud-
ing adrenal glands and liver), lungs, mediastinum, neck, and bone
were analyzed separately. Lesion-to-lesion analyses were performed,
and lesion-related detection rates were compared between the differ-
ent imaging modalities. If the number of lesions in a region exceeded
15, the count was truncated at 15.

As previously described and supported (/3,14), a positive result on at
least 2 different functional imaging modalities, or at least 1 functional
imaging study and confirmation on CT/MRI, was counted as true dis-
ease. Furthermore, histologic proof was available for 18 lesions. The
patients were stratified and evaluated separately between HIF2A, PHD,
and unknown mutations, as well as for the entire study cohort.

Statistics

Results are given as means with 95% confidence intervals (CIs)
unless stated otherwise. For statistical analysis, the McNemar test
was used to compare sensitivities between the different imaging
modalities. A 2-sided P value of less than 0.05 was considered
significant.

RESULTS

I8F-FDOPA, identifying 73 of 74 lesions, and '8F-FDA PET/
CT, identifying 57 of 58 lesions, demonstrated lesion-based de-
tection rates of 98.7% (95% CI, 92.7%-99.8%) and 98.3% (95%
CI, 90.9%-99.7%), respectively. Fourteen patients underwent an
I8F_.DOPA scan, whereas only 11 underwent an '®F-FDA PET/CT
scan. '8F-FDOPA and '8F-FDA PET/CT each identified signifi-
cantly more lesions than 'F-FDG PET/CT (2-sided P < 0.01),
68Ga-DOTATATE PET/CT (2-sided P < 0.01), and anatomic imag-
ing studies with CT/MRI (2-sided P < 0.01), separately. The strat-
ification of patients into 3 subgroups (HIF2A, PHD, and patients
without a known mutation) did not show any significant changes
in sensitivities compared with the combined patient group. Lesion-
based findings comparing all functional imaging modalities as well
as CT/MRI in the mentioned subgroups and in different locations
are summarized in Tables 3-7.

TABLE 3
Number of Identified Lesions in 8Ga-DOTATATE, '8F-FDG, '8F-FDOPA, '8F-FDA PET/CT, and CT/MRI, Stratified by
Genetic Background and Compared with Lesions Identified by Imaging Comparator

Lesion 68Ga-DOTATATE 8F-FDG 8F-FDOPA 18F-FDA CT/MRI
Combined 24/68 22/52 73/74 57/58 44/74
HIF2A 10/20 11/26 25/26 14/15 18/26
PHD 1/5 3/5 5/5 3/3 2/5
Unknown mutation 13/43 8/21 43/43 40/40 24/43
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TABLE 4
Detection Rate (%) and 95% Cls (%) for 68Ga-DOTATATE, '8F-FDG, '8F-FDOPA, '8F-FDA PET/CT, and CT/MRI, Stratified
by Genetic Background

Lesion 68Ga-DOTATATE 18F-FDG 18F-FDOPA 18F-FDA CT/MRI
Combined 35.3 (25.0-47.2) 42.3 (29.9-55.8) 98.7 (92.7-99.8) 98.3 (90.9-99.7) 60.3 (48.8-70.7)
HIF2A 50.0 (29.9-70.0) 42.3 (25.5-61.1) 96.1 (81.1-99.3) 93.3 (70.2-98.8) 69.2 (50.0-83.5)
PHD 20.0 (3.6-62.5) 60.0 (23.1-88.2) 100 (56.6-100) 100 (43.9-100) 40.0 (11.8-76.9)
Unknown mutation 30.2 (18.6-45.1) 38.1 (20.7-59.1) 100 (91.8-100) 100 (91.2-100) 55.8 (41.1-69.6)

Histopathologic proof was feasible for 18 lesions in 5 patients.
Three of these histologically confirmed lesions were positive only
on '8F-FDOPA PET/CT and negative on all other imaging modal-
ities, including CT and MRIL.

In 4 patients, metastatic lesions were found in retroperitoneal
lymph nodes, liver, and bones. On 8F-FDOPA, 4 additional liver
lesions and 3 additional abdominal lesions were seen, which were
not positive on any other imaging modality or verified by histo-
pathology, and were therefore counted as possibly false-positive.
Possible false-positive results for ®*Ga-DOTATATE were found in
1 bone lesion, for '8F-FDA in 4 abdominal lesions, and for '8F-
FDG in 5 abdominal lesions. Two positive lesions on '8F-FDG
were confirmed as metastatic somatostatinoma in a patient with an
HIF2A mutation. However, many other somatostatinoma metasta-
ses (confirmed by histopathology) in this patient were negative on
I8F.FDG and also negative on all other imaging modalities, in-
cluding anatomic, investigated in this study. Therefore, these neg-
ative somatostatinoma lesions were excluded from our evaluation.

68Ga-DOTATATE PET/CT was falsely and completely negative
in 2 patients with 5 lesions identified on at least 2 other imaging
modalities. '8F-FDG PET/CT was totally negative in 1 patient
with 5 similarly detected lesions.

Mean SUV .., for identified lesions was 33.7 = 18.3 for %3Ga-
DOTATATE, 10.8 * 4.6 for '8F-FDG, 40.8 =+ 20.9 for '8F-FDOPA,
and 23.1 = 13.5 for '8F-FDA.

A PET imaging example comparing °*Ga-DOTATATE, 'SF-
FDG, '8F-FDOPA, and '8F-FDA PET/CT in the same patient is
shown in Figure 1.

DISCUSSION

We present the largest study evaluating the functional imaging
signature of patients presenting with the rare PPGL—polycythemia

syndromes using 4 different PET radiopharmaceuticals, including
68Ga-DOTATATE, '8F-FDG, '8F-FDOPA, and '8F-FDA, as well as
CT and MRIL

I8F-FDOPA and '8F-FDA PET/CT showed similar, significantly
higher detection rates, 98.6% and 98.3%, respectively, than all
other investigated imaging modalities in this study. Stratification
of patients into 3 subgroups (HIF2A, PHD, and patients without a
known mutation) did not show any significant differences com-
pared with the entire study cohort.

ISF.FDOPA and '8F-FDA are both specific radiopharmaceuti-
cals. 8F-FDOPA targets the cell via the large amino acid trans-
porter system (/5), has previously shown good diagnostic results
in other neuroendocrine tumors (/5), and is currently recom-
mended for head and neck PGL imaging as well as for metastatic
disease in sporadic metastatic PGL (/6).

I8F.FDA specifically enters the cell via the norepinephrine
transporter and targets the catecholamine synthesis, storage, and
secretion pathways (17,18). Although '8F-FDA has shown mixed
results in patients with more dedifferentiated PPGLs with under-
lying SDH subunit B (SDHB) mutations, it has shown a good
diagnostic accuracy in primary as well as metastatic sporadic
PPGLs (19-21). Although some of the patients in our cohort
had metastatic disease, the excellent and almost equal diagnostic
performance of '8F-FDOPA and '8F-FDA in all patients evalu-
ated in this study suggests that PPGLs in patients with PPGL-
polycythemia syndromes are, in general, more well-differentiated
tumors in which the expression and function of large amino acid
transporter and norepinephrine transporter systems is not signifi-
cantly impaired. This is supported by the biochemical phenotype
of these tumors (Table 1).

Although the diagnostic utility of !23I-metaiodobenzylguani-
dine (MIBG), which was not evaluated in this study, is known
to be inferior to '3F-FDA (19), the evaluation of '>)I-MIBG uptake

TABLE 5
Number of Identified Lesions in 8Ga-DOTATATE, '8F-FDG, '8F-FDOPA, '8F-FDA PET/CT, and CT/MRI Compared with
Lesions Identified by Imaging Comparator Based on Lesion Location

Lesion 68Ga-DOTATATE 18F-FDG 18F-FDOPA 18F-FDA CT/MRI
All compartments 24/68 22/52 73/74 57/58 44/74
Neck 11 0/ 11 11 0/
Adrenal R 01 01 11 11 11
Adrenal L 1/2 0/2 2/2 11 2/2
Abdomen 19/46 22/47 52/52 37/37 33/52
Liver 3/12 0/1 1112 1112 5/12
Bone 0/6 0/0 6/6 6/6 3/6

PET ImaciNng HIF2A PPGL AND POLYCYTHEMIA
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TABLE 6
Detection Rate (%) and 95% Cls (%) for 68Ga-DOTATATE, '8F-FDG, '8F-FDOPA, '8F-FDA PET/CT, and CT/MRI Based on
Lesion Location

Detection rate 68Ga-DOTATATE 18F-FDG 18F-FDOPA 18F-FDA CT/MRI
All compartments 35.3 (25.0-47.2) 42.3 (29.9-55.8) 98.7 (92.7-99.8) 98.3 (90.9-99.7) 60.3 (48.8-70.7)
Neck 100 (20.7-100) 0 (0.0-79.4) 100 (20.7-100) 100 (20.7-100) 0 (0.0-79.4)
Adrenal R 0 (0.0-79.4) 0 (0.0-79.4) 100 (20.7-100) 100 (20.7-100) 0 (0.0-79.4)
Adrenal L 0 (9.5-90.6) 0 (0.0-65.6) 100 (34.2-100) 100 (34.2-100) 100 (34.2-100)
Abdomen 41.3 (28.3-55.6) 46.8 (33.3-60.8) 100 (93.1-100) 100 (90.6-100) 63.5 (49.9-75.2)
Liver 25.0 (8.9-53.2) 0 (0.0-79.4) 91.7 (64.6-98.5) 91.7 (64.6-98.5) 41.7 (19.3-68.1)
Bone 0 (0.0-39.1) — 100 (61.0-100) 100 (61.0-100) 50.0 (18.7-81.2)

might be of importance in these patients because '’I-MIBG and
I8F-FDA enter the cell via the same transporter-system (2/) and
123_.MIBG uptake identifies patients who are potentially eligible
for 131I-MIBG treatment. Considering the limited availability of
I8F.FDOPA and '8F-FDA, and the limited diagnostic value of
IBF-FDG and ®8Ga-DOTATATE in this study, '>*I-MIBG could
be an appropriate diagnostic imaging modality for this group
of patients. However, the utility of 2 [I-MIBG needs further
evaluation.

I8F-FDG is currently the radiopharmaceutical of choice in met-
astatic PPGL (22-24) and has good accuracy, especially in pa-
tients with more dedifferentiated tumors and underlying SDHB
mutations (20,25). These tumors show upregulated expression of
glucose transporters as well as an upregulation of hexokinase,
which explains the high '3F-FDG uptake in tumors with SDH
subunit A-D (collectively SDHx) deficiency (26,27). These tumors
belong to the cluster 1 pseudohypoxic tumors and are believed to
be associated with HIF stabilization (28). Furthermore, an upre-
gulation of glucose transporters was shown in HIF2A and PHD
mutation—related tumors (/1,28). However, despite these similar-
ities to SDHx-related tumors, the tumors in our patient cohort
showed a low detection rate for '8F-FDG PET/CT, which could
possibly be explained by a lack of hexokinase upregulation, which
has been shown in HIF2A-mutated tumors (28).

68Ga-DOTATATE PET/CT was recently introduced into PPGL
imaging and has shown excellent results in the patient groups eval-
uated thus far, which mainly include those with sporadic and SDHB-
related metastatic PPGL as well as head and neck PGLs (13,29-34).

If metastatic tumors are positive on ®®Ga-DOTATATE, patients may
be eligible for peptide receptor radionuclide therapy. In studies
performed at our institution, %3Ga-DOTATATE was superior to
I8SF_.FDOPA, '8F-FDA, and '8F-FDG in most patients studied so
far (13,30). Therefore, the low lesion detection rate in the PPGL—
polycythemia patient cohort was surprising. In fact, %*Ga-DOTATATE
had the lowest lesion detection rate among all of the imaging
procedures, identifying only 35.8% of all lesions, indicating
that most of the patients in this patient cohort would be poor
candidates for peptide receptor radionuclide therapy, because
only a minority of lesions showed significant *Ga-DOTATATE
uptake.

Future studies need to investigate whether the poor perfor-
mance of ®®Ga-DOTATATE in this patient cohort is due to a lack
of somatostatin receptor (SSR) expression, inactivation of SSR,
or overexpression of SSR of other subtypes that could poten-
tially be visualized with 4¥Ga-DOTATOC or ®8Ga-DOTANOC,
because these radiopharmaceuticals show affinity for SSR3 and
SSR5, whereas °8Ga-DOTATATE shows selective affinity for
SSR2 (395).

False-positive lesions were found with every radiopharma-
ceutical. The fact that some lesions were identified only by '8F-
FDOPA, and were confirmed by histopathology, suggests that
some of the lesions counted as false-positive could have actually
been true-positive disease. Two positive lesions on '8F-FDG
were found in a patient who also had confirmed metastatic
somatostatinoma related to her HIF2A mutation. Therefore, it
may be that the '8F-FDG-positive lesions in this patient are

TABLE 7
Number of Identified Lesions in 8Ga-DOTATATE, '8F-FDG, '8F-FDOPA, '8F-FDA PET/CT, and CT/MRI Compared with
Lesions Identified by Imaging Comparator Based on Lesion Location for Patients Who Underwent Imaging with All PET

Radiopharmaceuticals

Lesions 68Ga-DOTATATE 18F-FDG 18F-FDOPA 18F-FDA CT/MRI
All compartments 20/52 13/52 51/52 51/52 31/52
Neck 11 01 11 11 01
Adrenal R 0/0 0/0 0/0 0/0 0/0
Adrenal L 11 01 11 11 11
Abdomen 15/32 13/32 32/32 32/32 22/32
Liver 3/12 0/12 11/12 11/12 5/12
Bone 0/6 0/6 6/6 6/6 3/6
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FIGURE 1. A 44-y-old male with multiple abdominal paragangliomas
was first diagnosed with a left adrenal pheochromocytoma at age 18.
No mutation was found. He required phlebotomies since early child-
hood due to polycythemia. 68Ga-DOTATATE PET (A) demonstrated 2
retroperitoneal lesions, also faintly seen on '8F-FDG PET (B) (solid ar-
rows). '8F-FDOPA PET (C) and '8F-FDA PET (D) similarly showed addi-
tional retroperitoneal lesions (dotted arrows). Images are shown as
maximum-intensity projections.

related to somatostatinoma. On the basis of the limited experi-
ence in this single patient, confirmation of her metastatic soma-
tostatinoma also suggests that °®Ga-DOTATATE, '8F-FDOPA,
and '8F-FDA are unlikely to detect somatostatinoma-related
lesions.

Our study has several limitations. Although this is the largest
cohort with PPGL—polycythemia patients evaluated to date, the
sample size is still small. However, this is not surprising, because
this is a rare syndromic presentation. Only Diérr et al. have al-
ready investigated the clinical and imaging features in a group
consisting of 7 HIF2A patients, also showing good lesion de-
tection rates with '8F-FDOPA PET/CT (36). Although Dirr
et al. focused solely on HIF2A-releated PPGL and polycythemia,
our study investigated patients with HIF2A-, PHDI-, and PHD2-
related mutations, as well as patients with identical clinical pre-
sentations, but no known mutations. Furthermore, histologic proof
was neither feasible nor ethical for many lesions, although our
imaging comparator might have given a good approximation of
truth.

CONCLUSION

The specific, well-established radiopharmaceuticals '8F-FDOPA
and '8F-FDA showed excellent and equal diagnostic performance in
lesion detection in PPGL—polycythemia patients, detecting signifi-
cantly more lesions than '8F-FDG, %3Ga-DOTATATE, and anatomic
imaging with CT/MRYI, irrespective of the underlying mutation sta-
tus. Therefore, '8F-FDOPA and '8F-FDA appear to be the preferred
radiopharmaceuticals for evaluation of this rare group of patients.
However, '8F-FDOPA and especially '8F-FDA are of limited avail-
ability. Because '8F-FDA and '*¥'3![-MIBG use the same trans-
porter system, these patients may be excellent candidates for
123/1311_MIBG imaging and treatment. This needs to be evaluated
in future studies.
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