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Summary

Nuclear medicine has been implicated in the diagnosis and treatment of endocrine disorders for several decades. With recent
development of PET tracers, functional imaging now plays a major role in endocrine tumors enabling with high performance
to their localization, characterization, and staging. Besides '®F-FDG, which may be used in the management and follow-up
of endocrine tumors, new tracers have emerged, such as '*F-DOPA for neuroendocrine tumors (NETs) (medullary thyroid
carcinoma, pheochromocytomas and paragangliomas and well-differentiated NETSs originating from the midgut) and '®F-
Choline in the field of primary hyperparathyroidism. Moreover, some peptides such as somatostatin analogs can also be used
for peptide receptor radionuclide therapy. In this context, Gallium-68 labeled somatostatin analogs (**Ga-SSA) can help to
tailor therapeutic choices and follow the response to treatment in the so-called “theranostic” approach. This review
emphasizes the usefulness of these three novel PET tracers (ISF—Choline, BE_FDOPA, and 68Ga-SSA) for primary
hyperparathyroidism and neuroendocrine tumors.

Keywords PET/CT - Neuroendocrine tumors * Primary hyperparathyroidism * 18F-Choline * 18F-FDOPA - Gallium-68 -
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Introduction

For several decades, nuclear medicine has gained an
important place in the diagnosis of endocrine disorders,
particularly in the field of neuroendocrine tumors (NETs).
In the last 15 years, the development of positron emission
tomography combined with computerized tomography
(PET/CT) has stimulated research in this field, resulting in
the development of novel radioactive tracers, some of which
are now widely used in endocrinology (Table 1). In this
review, we discuss the role of three novel PET tracers (‘°F-
Choline, '®F-FDOPA, and ®®Ga-labeled somatostatin ana-
logs (®8Ga-SSA)) as diagnostic tools in the diagnosis of
endocrine tumors, in addition to 18F-FDG, the most com-
monly used PET tracer.
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radioactive tracers with a specific in vivo molecular target.
Conventional planar scintigraphy was the first modality
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Table 1 Main indications of MTC PPGL GEP NETS Lung NETSs
PET tracers used for NET
evaluation Foregut Midgut ~ Unknown
BE.FDopa  ++ (residual - Head and neck PGL +/- +++ + +/-
disease with CT - PGL with SDHD
> 150 pg/ml) mutations
- Pheochromocytomas
%Ga-SSA  +/- - Metastatic PPGL +++ +++ +++ well
- Head and neck PPGL differentiated
- PPGL with SDHB
mutations
BE.FDG Prognostic value - Metastatic PPGL Prognostic no +- +++ poorly

- PPGL with SDHB value

differentiated

mutations

MTC medullary thyroid carcinoma, PGL paraganglioma, PPGL pheochromocytoma and/or paraganglioma,
CT calcitonin level, NET neuroendocrine tumor, GEP gastro-entero-pancreatic

developed and consists a two-dimensional (2D) planar
imaging technique using the detection of single-photon-
emitting radio-isotopes for establishing the distribution of
the radioactive tracer in the human body. The more recent
development of three-dimensional (3D) single-photon
emission tomography (SPECT), later combined with com-
puterized tomography (SPECT/CT, also known as “hybrid
imaging”), has enabled better detection and sensitivity, with
more precise localization of lesions thanks to the use of CT.

In parallel, PET/CT has been developed, and proved to
have substantial technical advantages over single-photon
emission techniques, notably thanks to the use of positron-
emitting radio-isotopes specifically used for PET, by
exploiting the detection of coinciding pairs of annihilation
photons resulting from positron emission. Indeed, after a
short distance (approximately 1 mm) in matter, the emitted
positron encounters an electron (anti-particle of the posi-
tron) resulting in the annihilation of both particles and the
emission of two annihilation photons in separate directions
at an angle of 180° one from another. This technology
enables a substantial improvement in spatial and temporal
resolution, resulting in better image quality and shorter
acquisition times. For this reason, this modality has seen
important development in recent years, and several novel
PET tracers have been developed.

PET tracers used in endocrinology
'®F-FDG

BE_FDG is currently the most widely used radioactive tra-
cer for routine PET imaging. It consists of fluoro-deoxy-
glucose (FDG), a glucose analog, labeled with '*F, a
positron-emitting radio-isotope. This compound is accu-
mulated in cells overexpressing glucose membrane trans-
porters (GLUT transporters) and hexokinase, an
intracellular glycolytic enzyme [1]. 'F-FDG PET/CT
explores cellular glucose metabolism, which is upregulated

in certain pathological situations, for instance in certain
types of cancer or in inflammatory diseases. The diagnostic
and prognostic values of 'SF-FDG PET/CT have been
demonstrated in several endocrine pathologies, particularly
in the fields of thyroid cancer and NETs.

18E_Choline

8E_Choline is a phospholipid membrane precursor (cho-
line) implicated in cellular membrane metabolism, labeled
with '8F. This radioactive tracer enables the exploration of
conditions involving increased cell proliferation in which
cellular membrane production is increased [2]. Initially
developed in the field of prostate cancer, its diagnostic value
in primary hyperparathyroidism (PHP) has recently been
reported.

'*F-FDOPA

6-Fluoro-('®F)-L-3,4-dihydroxy-phenylalanine (‘*F-FDOPA)
is an amino-acid labeled with '8F [3]. "®F-FDOPA is trans-
ported into cells by the ubiquitous amino-acid transporter
LAT-1, before decarboxylation into '®F-dopamine in certain
types of cancer, such as paragangliomas (PGLs), pheochro-
mocytomas (PHEOs), and NETs of the midgut. This specific
step of intracellular decarboxylation and accumulation in
storage vesicles explains the specificity of this tracer for
NETs.

%8Ga-labeled somatostatin analogs

The ®Ga-labeled somatostatin analog (%%Ga-SSA) subgroup
contains several tracers sharing a similar structure (®*Ga-
DOTA-TOC, %Ga-DOTA-NOC, %Ga-DOTA-TATE),
formed by a chelator compound (DOTA) used for labeling
with Gallium-68 ('®Ga, a positron-emitting radio-isotope),
attached to a somatostatin analog oligopeptide (SSA) with
specific affinity for somatostatin receptors (sst) [4]. Simi-
larly to scintigraphy with ''In-radiolabeled somatostatin

@ Springer



16

Endocrine (2019) 64:14-30

analogs (SRS), ®*Ga-SSA PET/CT explores NETs with sst
overexpression (particularly sst2 subtype), with, however,
several advantages, such as a higher affinity for the
sst2 subtype, a broader affinity profile for different sst
subtypes (high affinity for sst2, 3, and 5 for %Ga-DOTA-
NOC), as well as improved spatial resolution thanks to PET/
CT technology. Although '®F-labeled tracers are produced
by a cyclotron, and are delivered to nuclear medicine
departments, radioactive labeling with ®*Ga is performed on
site, and requires investment in specific infrastructure
(automatic synthesis equipment, ®Ga generator), which is
relatively costly, and requires operation by qualified per-
sonnel. Furthermore, its availability is sparse, as use
approval by health authorities is relatively recent.

Gastro-entero-pancreatic (GEP) NETs

GEP NETs are rare tumors, with an annual incidence of
approximately 2.5-5 cases per 100,000, which has shown
recent increase, probably due to the improvement of ima-
ging techniques [5].

These tumors derive from neuroendocrine cells present
all along the digestive tract. They can be divided according
to embryological provenance [6]. Tumors originating from
the foregut include NETs of the esophagus, duodenum,
pancreas, and proximal jejunum. Tumors originating from
the midgut include NETs of the distal jejunum, ileum,
appendix, and right colon. Tumors of the hindgut include
NETs of the transverse and left colon, and of the rectum.
GEP NETs can also be divided according to their grade
regarding histopathological proliferative index (Ki67) [7]:
grade 1 (Ki67 <2%), grade 2 (Ki67 between 3 and 20%),
and grade 3 (Ki67 >20%), as well as cell differentiation
characteristics. Histopathological differentiation and pro-
liferation characteristics have a crucial impact for prognosis
assessment and treatment strategy planning. Prognosis
greatly varies according to tumor type and proliferative
grade, with higher risk of metastatic extension for grade 3
NETs, and the term carcinoma used to describe poorly
differentiated tumors according to the latest WHO classifi-
cation of 2017 [8].

Curative treatment relies on surgery if the tumor is
accessible, without metastatic disease, or if metastatic
extension is limited and surgically manageable. Other
therapeutic approaches include somatostatin analogs (with
anti-secretory and/or anti-proliferative intent), targeted
therapy (everolimus, sunitinib), chemotherapy (mainly for
poorly differentiated and rapidly progressive tumors), and
local treatments (such as hepatic arterial embolization).
Finally, peptide receptor radionuclide therapy (PRRT) using
somatostatin analogs labeled with therapeutic radio-isotopes
("""Lu-labeled Dotatate, LUTATHERAZ®) is emerging as an
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additional therapeutic option after promising results in the
NETTER 1 trial [9].

Optimal detection of primary tumor site and metastatic
disease is of major importance for prognosis evaluation and
treatment planning. Although conventional imaging and
endoscopic ultrasound remain highly accurate, their per-
formances may be sub-optimal for detecting small-sized
tumors or tumors located in areas difficult to analyze.
Functional imaging is therefore often needed to localize
primary and metastatic sites, but also for characterization of
tumor type, prognosis assessment, and treatment strategy
planning of GEP NETs.

Well-differentiated, low-grade GEP NETs

Staging of these well-differentiated indolent tumors, is
typically less accurately assessed by '*F-FDG PET/CT.
Scintigraphy with '"'In-radiolabeled somatostatin analogs
(SRS), a widely available modality, was considered up until
recently as the imaging standard for well-differentiated GEP
NET staging. However, its diagnostic performance is lim-
ited for detecting small-sized lesions or lesions located in
areas of high physiological tracer uptake such as the liver
and the digestive tract. In recent years, the high diagnostic
value of ®*Ga-SSA PET/CT has been reported in numerous
patient series, with an impact on patient treatment planning
[10].

A recent meta-analysis [11] reviewing 10 studies invol-
ving 465 patients with GEP or lung NETs found high
sensitivity and specificity for tumor staging, 90.9 and
90.6%, respectively. 'SF-FDOPA also has good specificity
for NETs, however, its diagnostic accuracy varies according
to embryological origin of the tumor [12, 13].

Recently, new perspectives have emerged with the
development of ®Ga-labeled SST receptor antagonists,
which have the advantage of binding to more sst receptor
sites than agonists [14]. In a prospective phase II study
performed on 12 patients with metastatic low- or
intermediate-grade (Grade 1 or 2) GEP NETs, Nicolas et al.
reported higher sensitivity for %Ga-OP202 (an sst receptor
antagonist with high affinity for sst2 subtype) compared
with ®Ga-DOTATOC, especially for the detection of liver
metastases. Image contrast was improved for malignant
liver lesions and the lesion-based sensitivity significantly
higher with 3Ga-OP202 than with ®*Ga-DOTATOC (88%
versus 59%, p <0.001) [15].

Foregut NETs

Pancreatic NETs mainly originate from the ductal epithe-
lium cells of the exocrine pancreas. The majority of these
tumors are non-functional and diagnosed at an advanced
stage, often with initial metastatic disease [16].
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E_.FDOPA PET/CT seems of limited value for these
tumors. Indeed, Ahlstrom et al. [17] studied diagnostic
performances of ''C-DOPA PET/CT in a series of pan-
creatic NETs and only 11 out of 22 tumors were detected
using this modality. Later on, several studies confirmed
these results with the use of '*F-FDOPA [12, 17, 18]. Poor
sensitivity of '*F-FDOPA PET/CT for well-differentiated
pancreatic NETs is partly due to high physiological tracer
uptake in the mature exocrine pancreas. Some studies have
reported that the use of carbidopa, a peripheral aromatic L-
amino-acid decarboxylase inhibitor reduces physiological
pancreatic uptake, thereby increasing '*F-FDOPA PET/CT
accuracy for pancreatic NETs [19]. However, there is no
consensus regarding the use of carbidopa, and its use is
limited by the fact that it is a dispenser’s preparation. Fur-
thermore, some studies have reported complete absence of
focal pancreatic uptake while using carbidopa, with false-
negative results [20]. Other research teams have investi-
gated the potential use of early phase acquisitions. Indeed,
additional images acquired 5 min after '"|F-FDOPA injec-
tion seem to allow better detection of insulinomas, with or
without use of carbidopa [21, 22]. Although this modality is
poorly sensitive, it remains highly specific, with only one
case of false-positive result having been reported in studies,
concerning a patient with a pseudopapillary tumor of the
pancreas [23].

%Ga-SSA (®Ga-DOTATOC, “Ga-DOTANOC, %Ga-
DOTATATE) PET/CT seems superior for detecting well-
differentiated pancreatic NETs, compared with conven-
tional imaging and SRS®. Kumar et al. [24] have reported in
a prospective study including 20 patients with clinically
suspected and/or histopathologically proven pancreatic
NETs that *GA-DOTATOC PET/CT was superior for
detecting the primary tumor site compared with CT, with a
detection rate of 100 versus 75% respectively, as well as for
the detection of metastases (detection rate of 100 versus
54% for CT). This result is consistent with another study
evaluating *®Ga-DOTATATE PET/CT versus magnetic
resonance imaging (MRI), which reported a detection rate
of 100 versus 65%, respectively [25]. Despite these good
results, the detection of insulinomas remains a pitfall with
variable sensitivity of ®*Ga-SSA PET/CT ranging from 26
to 85% [26-28], consistent with poor sensitivity of SRS in
this setting, probably due to low sst expression in some
cases of benign insulinomas [29].

However, the detection of benign insulinomas has
recently benefited from the development of glucagon-like
peptide-1 receptor (GLP-1R)-targeted imaging. GLP-1R is
expressed on benign insulinoma cell surfaces [30] and GLP-
IR imaging has been developed using exendin-4 ([Lys40
(Ahx-DOTA-111In) NH2]exendin-4, [Lys40(Ahx-DTPA-
111In)NH2]exendin-4, or [Lys40(AhxHYNIC-99mTc/
EDDA)NH2]exendin-4), which is a stable agonist of GLP-

1R. First results have been reported using SPECT/CT ((111)
In-DTPA-exendin-4) in a small series of 19 insulinomas
with a high sensitivity (95%) [31]. The same team con-
firmed these results prospectively with PET/CT imaging
using ®Ga-DOTA-exendin-4 PET/CT with an even higher
sensitivity than SPECT/CT imaging and a high impact on
clinical management [32]. However, despite these excellent
results, experience of GLP-1R imaging is actually limited to
few centers.

According to these recent data, %8Ga-SSA PET/CT seems
to be the best option for detecting pancreatic NETs overall
(Fig. 1). This being said, only a few studies have directly
compared "*F-FDOPA and %¥Ga-SSA radiotracers and only in
small patient series. Haug et al. [33] reported better diagnostic
performances of ®*Ga-DOTATATE PET/CT compared with
BE.FDOPA PET/CT for detecting the primary tumor in
pancreatic NETs. On the other hand, Putzer et al. found
similar sensitivity values for ®*Ga-DOTATOC and 'SF-
FDOPA PET/CT in a study including four patients [34].
There is, however, no available data comparing '*F-FDOPA
PET/CT with use of carbidopa versus **Ga-SSA PET/CT.

%8Ga-DOTANOC PET/CT also seems superior to con-
ventional imaging (CT) for the detection of gastrinomas
[35]. These NETs that are usually located within the pan-
creas or duodenum wall often present with severe secretory
syndromes (Zollinger-Ellison syndrome) that may cause
complications (digestive hemorrhaging or perforation). The
primary tumor is often of small size, with initial lymph node
extension or distant metastases at the time of diagnosis. In a
small series of patients with a clinical and/or biochemical
diagnosis of gastrinoma, %Ga-DOTANOC PET/CT was
more sensitive, specific and more accurate for assessment of
lymph node extension than CT [35].

Midgut NETs

Midgut NETs, formerly referred to as “carcinoid tumors”,
derive from serotonin producing enterochromaffin cells.
They typically (but not invariably) present with a clinical
and biological carcinoid syndrome [36] and are the most
common type of NET.

E.FDOPA PET/CT has excellent diagnostic perfor-
mances for midgut NETSs, probably because of serotonin
production by tumor cells. Indeed, Montravers et al. [12]
reported '®F-FDOPA PET/CT having a sensitivity and
specificity of 93 and 89%, respectively, for detecting mid-
gut NETs versus 25 and 36%, respectively, for NETs of
other embryological origin. It is also superior to other
modalities such as CT and MRI or SRS with sensitivity
values of 97 versus 65% for CT/MRI and 49% for SRS
[37]. This is also true for detecting metastases, BE_.FDOPA
PET/CT having excellent sensitivity compared with CT or
SRS in this setting [38].
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Fig. 1 %Ga-DOTATOC PET/
CT imaging detecting a 12-mm
well-differentiated NET located
in the body of the pancreas
(SUVmax = 100)

%8Ga-SSA PET/CT also seems promising. Ilhan et al.
[39] reported sensitivity and specificity of 68 and 100%,
respectively, for ®*Ga-DOTATE PET/CT in 26 patients
with NETs of the ileum needing complementary surgery
subsequently to incomplete removal after initial surgery. Of
the seven false-negative results, five were due to tumors
with a size smaller than 1 cm. These authors also reported
sensitivity of 88% for the detection of invaded lymph
nodes, as well as high accuracy for detecting metastases of
the liver, lung and/or bone. To date, there is only little data
comparing "*F-FDOPA and ®*GA-SSA PET/CT in midgut
NETs [33, 40] with a tendency for 'F-FDOPA PET/CT
being superior. '*F-FDOPA PET/CT is therefore considered
as the first-line imaging modality for the staging of well-
differentiated NETs of the ileum with serotonin secretion.
However, '®F-FDOPA PET/CT does not have any proven
prognostic value and does not allow for the “theranostic”
approach that is possible with %8Ga-SSA imaging.
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Hindgut NETs

Hindgut NETs are usually more aggressive than those of the
midgut [7] and are often diagnosed subsequently to colo-
noscopies, upon histopathological examination of resected
polyps. To the best of our knowledge, apart from a few
cases reported in large series of patients with GEP NETs of
all provenance [33], there has been no study investigating
the use of '*F-FDOPA PET/CT in hindgut NETSs. Accord-
ing to tumor grade, '*F-FDG PET/CT [41] and/or ®*Ga-SSA
PET/CT [42] appear to be useful for tumor staging.

Aggressive, poorly differentiated GEP NETs

E_EDG PET/CT should be the first-line imaging modality
for grade 3 GEP NETs [37, 43, 44]. This modality is the
most sensitive for the staging of these tumors, which have
lost neuroendocrine differentiation characteristics such as
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sst overexpression by tumor cells. Indeed, high '*F-FDG
uptake seems to indicate poor cell differentiation and high
tumor aggressiveness.

BE_FDG PET/CT also seems superior for “high grade 2”
GEP NETs, with sensitivity of 77 versus 43% for SRS [45].

In some cases, '*F-FDG uptake may also vary according
to tumor location, with more frequent uptake in pancreatic
tumors, particularly in the absence of secretory syndromes,
which is often associated with less differentiated tumors and
worse prognosis [46, 47].

However, it should be noted that this modality may also
be of interest for well-differentiated tumors. Indeed, 'SF-
FDG uptake by tumor cells, even for well-differentiated or
low-grade tumors, in particular in pancreatic tumors, seems
to be related to worse prognosis [48]. 'SF-FDG PET/CT
may also be used to detect cellular heterogeneity of tumor
burden within the same patient, or the transformation of a
low grade tumor into an aggressive tumor [49].

Lung NETs

Lung NETs are the second most frequent type of NET (20%
of cases) after GEP NETs, and account for 1-3% of lung
cancers [50]. They derive from the neuroendocrine cells of
the respiratory tract epithelium [51] and are endobronchial
in 90% of cases [52]. They are divided into four subgroups:
typical carcinoid and atypical carcinoid tumors (which are
well differentiated), large cell neuroendocrine carcinomas,
and small cell lung carcinomas, which are poorly differ-
entiated and rapidly progressive tumors, with frequent
metastatic spread and poor prognosis [51].

They may occur sporadically or as part of hereditary
syndromes such as type 1 multiple endocrine neoplasia
(MEN-1) syndrome [50].

Curative therapy mainly relies on surgical treatment
when feasible [50, 51]. In other cases, therapeutic options
include chemotherapy, with or without radiation therapy, or
targeted therapies such as (mammalian Target Of Rapa-
mycin) mTOR inhibitors. Somatostatin analogs may also be
used, as well as PRRT [50] because these tumors over-
express sst receptors in over 80% of cases, with sst
expression increasing with the level of differentiation of the
tumor [51, 52].

Tumor localization and detection of metastatic disease is
therefore essential for treatment planning. Conventional
imaging such as CT or MRI is widely used but is not
specific for the diagnosis of lung NETs. For well-
differentiated tumors, functional imaging using radi-
olabeled SSA (i.e., SRS or ®*GA-SSA PET/CT) is very
helpful. For high-grade poorly differentiated tumors, '8F-
FDG PET/CT remains the standard for functional imaging.
As for "|F-FDOPA PET/CT, this technique has not been

thoroughly investigated, with a few studies mainly focusing
on well-differentiated lung NETs showing disappointing
results [37], and is therefore not recommended for the sta-
ging of these tumors [53].

Well-differentiated lung NETs

This group includes typical carcinoid and atypical carcinoid
tumors. These tumors show highly increased sst receptor
expression. SRS, which was initially used, has good sen-
sitivity ranging up to 93% for the detection of primary
tumor site, surpassing conventional imaging [54].

8GA-SSA PET/CT has shown promising results in this
setting. Ambrosini et al. [55] evaluated SGA-DOTANOC
PET/CT in a series of 11 patients, and were able to detect
lesions in 9 patients. Also, this technique was more infor-
mative than CT in 9 out of 11 patients (higher lesion
detection rate, or conversely exclusion of lesions appearing
ambiguous for metastasis on CT), and modified treatment
strategy for 3 patients. Overall, ®*GA-SSA PET/CT appears
to be the best modality for this type of tumor. Indeed, thanks
to better special resolution, its sensitivity is higher than SRS
for small size lesions [56, 57]. It has also better diagnostic
performances than '*F-FDG PET/CT for well-differentiated
typical carcinoid tumors [58—60].

Poorly differentiated lung NETs

As previously stated, this group is comprised of large cell
neuroendocrine carcinomas and small cell lung carcino-
mas. These high-grade tumors have lower sst expression.
BE_FDG PET/CT has therefore a better sensitivity for
this tumor type than ®Ga-SSA PET/CT [58], with sen-
sitivity ranging up to 100% for small cell lung carcino-
mas [61].

E_FDG PET/CT also has prognostic value in small cell
lung carcinomas. Substantially lower survival rates have
been reported in '®F-FDG PET/CT-positive patients as
compared with 'F-FDG PET/CT-negative patients [61],
with measured SUVmax values inversely correlated with
patient survival rates [61].

Unknown primary tumor

Most NETs presenting with initial metastatic spread con-
cern pancreatic and midgut NETs [62]. Identification of the
primary tumor site is essential for treatment planning,
notably for primary tumor resection, which may improve
patient survival and quality of life [13, 63], as well as for
determining the appropriate systemic treatment, pancreatic
NETs having usually better response to chemotherapy than
midgut NETs [64]. However, detecting the primary tumor
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site may be challenging, particularly because of the fre-
quently small tumor size.

Some authors have suggested that 'SF-FDOPA PET/CT
may be an effective imaging tool for the detection of the
primary tumor, particularly when conventional imaging and
SRS remain inconclusive [13]. Also, '*F-FDOPA PET/CT
positivity seems to be correlated with elevated plasmatic
chromogranin and serotonin levels, which may imply the
presence of a serotonin producing midgut NET as the pri-
mary tumor.

Other studies have evaluated ®*GA-SSA PET/CT in this
setting. In three studies, GA-SSA PET/CT was able to
identify the primary tumor site in around 60% of patients
with initially metastatic histopathologically proven NETs
with no primary tumor identified using conventional ima-
ging (with similar findings concerning sensitivity for midgut
or pancreatic primary tumors) [65-67].

Medullary thyroid carcinoma

Medullary thyroid carcinoma (MTC) is a well-differentiated
thyroid cancer of non-follicular origin, and represents a
fairly rare form of thyroid cancer (1-5%) [68]. It derives
from C cells in the thyroid gland, responsible for calcitonin
production. Therefore, the plasmatic calcitonin level con-
stitutes a reliable marker for the follow-up of tumor evo-
lution, as well as the plasmatic carcino-embrionic antigen
(plasmatic CEA). MTC frequently presents with lymph
node invasion or metastatic disease [69], which may be
challenging to detect as it may present in the form of fine
miliary type hepatic or bone invasion. Hereditary forms
occur in 25% of all cases, as part of multiple endocrine
neoplasm syndromes type 2A and 2B (MEN-2A and MEN-
2B), or as part of familial medullary thyroid cancer syn-
drome (FMTC syndrome). It is frequently associated with a
mutation of the RET gene, either as a germ-line mutation in
hereditary syndromes, or as a somatic mutation in 50% of
sporadic forms [68].

The therapeutic impact of PET/CT as a first-line imaging
tool for initial tumor staging has yet to be established [3],
and nowadays neck ultrasound is used as the standard
imaging modality. However, in cases of residual disease
after surgery or disease recurrence, generally established by
elevation or absence of decrease of plasma calcitonin levels,
PET/CT plays an important role in evaluating residual
tumor burden and establishing whether this burden is sur-
gically manageable. In these patients, PET/CT is also useful
for follow-up and for evaluating therapeutic response in the
case of systemic treatments.
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'F-FDOPA PET/CT for MTC

More than a decade ago, a prospective study showed the
superiority of several conventional imaging procedures for
the detection of MTC recurrence as compared with bone
scintigraphy and '®F-FDG PET/CT. The most sensitive
imaging procedures were neck ultrasonography (US) for
neck exploration, CT for assessment of lung and mediast-
inal lymph node metastases and contrast enhanced MRI for
assessing liver extension [70]. Bone scintigraphy had the
highest sensitivity for bone metastasis detection (65%) but
there was no direct comparison with 'SF-FDOPA PET/CT.

Since then, several studies have evaluated 'F-FDOPA
PET/CT (Table 2), which is seemingly the most sensitive
and specific imaging modality for detecting residual disease
in patients with high plasmatic calcitonin levels [71-83]
(Fig. 2), as reported in a recent meta-analysis including 139
patients showing a 66% detection rate on a per patient basis
and 71% on a per lesion basis [84]. '"*F-FDOPA PET/CT
performed at least as well as conventional imaging in dif-
ferent studies with the advantage of a 3D whole body
exploration in a single procedure [75].

BE.FDOPA PET/CT is also superior to '*F-FDG or
%8Ga-SSA PET/CT for re-staging in patients with known
residual or recurrent disease [71, 84, 85]. Importantly, this
imaging modality is most effective for calcitonin levels
above 150 pg/ml. Indeed, in a prospective study including
17 patients comparing '®F-FDG and '®F-FDOPA PET/CT,
Romero-Lluch et al. reported sensitivity for 'F-FDOPA
PET/CT of 91% for patients with calcitonin levels above
150 pg/ml, against sensitivity of 29% for calcitonin levels
below this value [72].

Also, it should be noted that to obtain optimal accuracy
in MTC, '8F-FDOPA PET/CT requires an additional early
phase acquisition (15 min after tracer injection) because of
rapid tracer washout in certain MTC lesions [85, 86].

Revised guidelines from the American Thyroid Asso-
ciation published in 2015 [87] do not recommend per-
forming PET imaging for recurrent and metastatic MTC and
prefer an imaging work-up including several conventional
imaging modalities such as neck US, thoracic CT, as well as
MRI for liver and bone assessment, in contradiction with
the previous version published in 2009 [88]. Nevertheless,
the European Society of Nuclear Medicine (EANM) refused
to endorse these guidelines owing to literature evidence
[68]. Overall, "®F-FDOPA PET/CT appears to be of interest
at least for post-operative staging when disease recurrence
is suspected upon biomarker elevation (calcitonin > 150 pg/
ml) and could guide the choice and interpretation of con-
ventional imaging (Fig. 3).
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Table 2 Main studies reporting

I1SE-FDOPA PET detection rate Study N  Modality  Detection rate or sensitivity

of relapsing MTC related to the Per patient  Per lesion CT<150 CT2150 CT 21000

serum calcitonin value
Romero-Lluch?® [72] 19 PET/CT 67% NP 29% 91% NP
Caobelli [74] 60 PET/CT  73% NP NP NP NP
Archier [75] 8 PET/CT  76% NP NP 61% 79%
Sesti [76] 39 PET 52% NP NP 79% NP
Treglia [71] 18 PET/CT  72% 85% 100% 69% 100%
Verbeek [73] 47 PET 38% 75% NP NP NP
Kauhanen® [77] 19  PET/CT 58% 52% 0% 79% 83%
Luster [78] 25 PET/ICT  74% NP 37% 100% 100%
Marzola [79] 18  PET/CT 83% 76% - - -
Beheshti® [80] 26 PET/ICT  74% 94% 50% 76% 83%
Koopmans® [81] 21  PET 62% T1% 20% 75% 92%
Beuthien [82] 15 PET 47% - 33% 56% 0%
Hoegerle® [83] 11 PET 50% 63% NP 50% 80%

CT calcitonine level (pg/ml), NP not performed

“Prospective studies

»
"-:_. ’ &
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Fig. 2 Post-operative medullary thyroid carcinoma remnant (plasma
calcitonin levels, 1800ng/ml) in a 67-year old man. Multiples
metastases are detected on '*F-FDOPA PET/CT (a) contrasting with a
completely negative 'SFDG PET/CT imaging (b)

'8E_.FDG PET/CT for MTC

Although '"*F-FDOPA PET/CT appears to be more sensitive
than '8F-FDG PET/CT for the detection of residual disease,
several studies have reported the prognostic value of 'SF-
FDG PET/CT in MTC, showing a correlation between
tracer uptake intensity and the shortening of plasmatic cal-
citonin doubling time [89], a known progression/prognostic
indicator in MTC [73, 90]. However, as underlined by
Treglia et al. [56] in their meta-analysis, there is an
important variability of '*F-FDG PET/CT detection rates in
MTC according to calcitonin and CEA levels but also
doubling times. Indeed, the patient-based detection rate for
BE_-FDG PET/CT derived from 24 studies comprising 538

patients with suspected MTC recurrence was of 59%
overall, while it increased to 69% when CEA was superior
to 5 ng/ml, to 75% for patients with serum calcitonin levels
above 1000ng/l, to 76% for patients with a calcitonin
doubling time of <12 months and even up to 91% when the
CEA doubling time was <24 months [56].

BE_.FDG PET/CT may therefore be of complementary
use to '®F-FDOPA PET/CT in the staging and prognostic
assessment of aggressive forms of MTC.

PHEOs and PGLs

PHEOs and PGLs (PPGLs) constitute a group of NETSs
originating from neuroendocrine cells of the nervous system
deriving from the neural crests. PPGLs deriving from the
sympathetic nervous system (sympathetic PPGLs) originate
either from chromaffine progenitor cells of the adrenal
medulla in 80% of all cases [and are then called PHEOs] or
sympathetic paravertebral ganglia of the thorax, abdomen or
pelvis in 20% of all cases. Sympathetic PPGLs often
account for increased production of catecholamines, which
induce some of the clinical symptoms related to these types
of tumors (hypertension, headache, sweating, pallor...) and
allow biological detection, for instance by measurement of
urinary metanephrine levels. Conversely, parasympathetic
PGLs are predominantly non-secretory (4% of tumors are
secretory), which explains why these tumors are often non-
symptomatic. Their most frequent site of occurrence is the
head and neck region. Although most PPGLs are benign,
10% of PHEOs and 25-40% of PGLs are malignant [91,
92], and there are no established histopathological criteria
for defining malignancy, which remains defined by the
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Fig. 3 Persistent primary hyperparathyroidism after a first upper left
parathyroid adenoma resection in a 57-year old woman. Imaging
work-up showing persistence of an intrathyroid remnant of the
abnormal left P3 parathyroid gland visualized on ultrasonography (US)
(a) and confirmed on *F-F-Choline PET (maximal intensity projection

occurrence of a metastatic lesion according to the 2004
WHO pathological criteria [93]. About 40% of PPGLs are
due to germ-line mutations [94] and 16 genes with predis-
posing mutations have been identified (RET, NF1, VHL,
SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX, TMEM 127,
FH, MDH2, SLC25A11, GOT2, HIF2...) [95].

Genetic forms predispose to multiple and sometimes
malignant forms of PPGLs. Surgery is the only curative
treatment but may be challenging for certain tumor loca-
tions and may present a risk of nerve or vascular damage,
which increases with tumor size. Therefore, these patients
require thorough imaging exploration with several goals:
precise localization of the PPGL lesion, identification of
other tumor sites in the case of multiple lesion predisposi-
tion syndromes, initial staging regarding possible metastatic
lesions, assessment of therapeutic response for malignant
PPGLs undergoing systemic therapy and screening for
patients with a genetic predisposition and no PPGL having
yet been identified (family members).

CT and MRI constitute highly sensitive modalities for
PPGL detection. However, they may not always establish
the diagnosis of PPGL, due to lower specificity as com-
pared with metabolic imaging [95]. Nuclear medicine
techniques have enabled the exploration of these tumors
for many years, with the benefit of the highly specific
metabolic information it provides and of whole body
exploration [96].

@ Springer

(b), axial fusion (c), coronal fusion (d) but not on **™Tc-SestaMIBI
simple phase/dual tracer scintigraphy (planar sodium pertechnetate
thyroid scintigraphy (e), planar *™Tc-MIBI scintigraphy (f), sub-
straction images (g)) nor on 99mTc-MIBI-SPECT/CT showing a high
thyroid uptake (axial fusion (h) and sagittal fusion (i))

PHEOs

E_.FDOPA PET/CT is the most sensitive imaging modality
for these tumors, and even though its superiority to '*I-
MIBG has yet to be clearly demonstrated [3], it is less prone
to pharmacological interactions with patient treatments. '8F-
FDOPA PET/CT has numerous advantages such as a
shorter acquisition time and lower physiological uptake in
the adrenal glands, which may confer an advantage over
8Ga-SSA PET/CT, notably for detecting multiple lesions in
patients with hereditary syndromes involving germ-line
mutations of RET, VHL, or NF1 [95].

PGLs

8E_.FDOPA PET/CT is a highly effective imaging tool for
detecting cervical PGLs, with reported sensitivity and spe-
cificity values >95% [3]. For this reason, this modality is
considered as the standard imaging technique for cervical
lesions, especially for SDHD mutation carriers [97-99].

For abdominal sympathetic PGLs or metastatic PGLs, '°F-
FDOPA PET/CT has lower diagnostic performances, with
several false-negative cases reported for abdominal retro-
peritoneal PGLs, and poor sensitivity for detecting metastatic
lesions. Indeed, in a large prospective study by Timmers et al.
[100], '8F-FDG PET/CT was superior for detecting metastatic
lesions, particularly in SDHB mutation carriers.
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More recently, ®®Ga-SSA PET/CT has shown promising
results and was reported superior to '*F-FDOPA PET/CT in
various situations including cervical lesions [101, 102], or
all extra-adrenal locations combined [103]. ®*Ga-SSA PET/
CT also appears to be highly accurate for metastatic PPGLs,
particularly in SDHB mutation carriers [104]. However,
these studies only included small numbers of patients and
are mostly retrospective. The exact place for **Ga-SSA
PET/CT remains in discussion.

Imaging strategy according to genetic status

Hereditary forms of PPGLs may present as a variety of
tumor locations and secretory profiles, and some authors
have therefore recommended specific metabolic imaging
modalities according to genetic status when already known
[95, 96]. However, this is rarely the case prior to surgery for
patients being treated for a first tumor. Conversely, in the
case of tumors in patients with known predisposing muta-
tions (family members or second tumors), it has been
recently proposed to favor '*F-FDOPA PET/CT for patients
with known mutations of RET, NF1, TMEM127, MAX, VHL,
and HIF2A while favoring ®*Ga-SSA PET/CT (if available)
or E-FDG PET/CT (in the absence of *®Ga-SSA avail-
ability) for SDHx, FH, and SLC25A1] mutation carriers.

A consensual imaging strategy for screening tumors in
known predisposed asymptomatic SDHx mutation carriers
(family members) identified after genetic screening has yet
to be established. MRI has the significant advantage of
using a magnetic field to generate images, without radiation
exposure, which is an important argument for the use of this
modality in the setting of a life-long follow-up required in
these patients. Some authors have suggested that MRI could
be performed every 3 years as an effective screening strat-
egy [95]. One retrospective study including 30 patients
found good sensitivity for "*F-FDG PET/CT combined with
cervical magnetic resonance angiography (MRA) [105].
BE_FDOPA and %Ga-SSA PET/CT have yet to be inves-
tigated in this setting but would probably be of great
interest.

PHP

PHP is one of the most frequent endocrine conditions, with
a prevalence in the general population of 0.86%, a rapidly
increasing incidence, and a predominance in women (sex
ratio 3—4 F:1 M) [106].

The increased production of parathyroid hormone (PTH)
by the parathyroid glands is secondary to an individual ade-
noma (single-gland disorder or SGD) in 80% of cases, or in
the case of multiglandular disorder (MGD) by multiple

adenomas or multiglandular hyperplasia accounting for 20%
of cases [106]. Parathyroid carcinomas are exceptional
(<1%).

Surgical treatment should only be undergone in patients
with clinical symptoms or in patients who may develop
PHP complications as defined by the 2014 international
recommendations (according to degree of hypercalcemia,
age, bone density loss, history of vertebral bone fracture, or
kidney failure with (glomerular filtration rate) GFR < 60 ml/
min) [107]. Surgery is the only curative treatment for PHP
with high success rates (95%) and low complication rates
(<1 to 3%) [108]. The traditional surgical technique consists
in bilateral neck exploration (BNE), which assesses all four
parathyroid glands during the procedure. However, more
recently, minimally invasive parathyroidectomy (MIP)
techniques have become a new standard, enabling a targeted
surgical approach on one gland in the case of SGD. MIP has
several advantages over BNE, such as the possibility of
outpatient surgery, a shorter procedure duration and lower
post-operative complication rates [109]. MIP should only be
considered if preoperative imagery (neck ultrasound and
9mT¢_SestaMIBI scintigraphy) is conclusive for the pre-
sence of SGD and in agreement for its localization. In other
cases, BNE remained up until recently the standard proce-
dure [107].

The diagnosis of PHP is established upon the measure-
ment of plasma levels of calcium, PTH, 25-OH-vitamin D,
and urinary calcium. Imaging should only be performed
after biological diagnosis of PHP and only in patients
requiring surgical treatment, with the intent of guiding the
surgical procedure and to assess feasibility of MIP in the
case of SGD.

The usual first-line imaging consists in neck ultrasound
and *™Tc-SestaMIBI parathyroid scintigraphy, with sensi-
tivity values ranging from 66 to 90% depending on **™Tc-
SestaMIBI scintigraphy protocols (double-isotope subtrac-
tion, double phase, with or without SPECT and CT) and
presence of SGD versus MGD [110-113]. When both
modalities are in agreement for SGD and its location, MIP
can be performed. In the case of MGD or discrepancy
between the two preoperative imaging techniques, BNE was
up until recently the standard approach.

PET/CT using Choline tracers (!C-Choline and '8F-
Choline) is an important tool used for early detection of
prostate cancer recurrence, and subsequently to its devel-
opment in this field several cases of intense cervical tracer
uptake within parathyroid adenomas have been reported
[114-116]. ''C-Choline and '®F-Choline are both interest-
ing for the detection of abnormal parathyroid glands [117]
but in view of its wider availability (due to slower radio-
active decay of 18F), there have been more studies on '3F-
Choline in recent years (Table 3) [118-133].
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Table 3 '8F-F-Choline PET tracer studies for primary hyperparathyroidism involving at least 10 patients

Study N patients Design Population Modality Acquisition time Lesion-based
- - (min) sensitivity (%)
Previous Neg/disc
surgery imaging
Lezaic [118] 24 Prospective No No PET/CT 5 and 60 -
Michaud [124] 12 Retrospective No Yes PET/CT Immediately 92
Michaud [125] 17 Retrospective No Yes PET/CT Immediately 96
Rep [127] 43 Retrospective No No PET/CT 5, 60, and 120 98
Kluijfhout [128] 44 Retrospective No Yes PET/CT 30 94
Hocevar [119] 151 Retrospective No No PET/CT 5 and 60 98
Kluijthout [129] 10 Prospective ~ No Yes PET/MR Dynamic 40 min 90
Quak [130] 25 Prospective  Yes Yes PET/CT 60 920
Grimaldi [126] 27 Prospective  Yes Yes PET/CT 30 76
Beheshti [131] 100 Prospective ~ No No PET/CT 60 94
Fischli [132] 39 Retrospective Yes Yes PET/CT 45 88
Huber [133] 26 Retrospective No Yes PET/CT or PET/ NP 96
MR
Amadou [134] 29 Retrospective Yes Yes PET/CT 60 96

Neg/disc imaging negative or discordant imaging, N number, NP not provided

'8E-Choline PET/CT versus first-line imaging

In 2014, Lenzaic et al. prospectively compared the diag-
nostic performances of '®F-Choline PET/CT and para-
thyroid scintigraphy in a pilot study including 24 PHP
patients [118]. They reported sensitivity on a per lesion
basis of 94% for adenomas and 91% for parathyroid
hyperplasia for '®F-Choline PET/CT versus 82 and 50%,
respectively, for *™Tc-SestaMIBI scintigraphy.

In a retrospective study including 151 patients [119], '®F-
Choline PET/CT had excellent performances for guiding
MIP without intraoperative PTH measurements, with a
surgical success rate of 95%. '®F-Choline PET/CT identi-
fied SGD accessible to MIP in 83% of patients with PPV
above 95% whereas single tracer **™Tc-SestaMIBI scinti-
graphy (using SPECT/CT) and neck ultrasound only iden-
tified SGD in 62 and 61% of patients, respectively.

Furthermore, a recent prospective study including 36
patients reported lower radiation exposure for '*F-Choline
PET/CT (2.8 mSv) compared with scintigraphy protocols,
with the highest radiation exposure for double-isotope
subtraction techniques (which require a second tracer
injection for thyroid mapping in addition to the *™Tc-
SestaMIBI injection) attaining 7.4 mSv (versus 6.8 mSv for
double phase *™Tc-SestaMIBI scintigraphy with SPECT/
CT). The low-dose CT performed in hybrid techniques
only accounted for a small proportion of total radiation
exposure (1.4 mSv for SPECT/CT and 0.8 mSv for PET/
CT) [121]. However, these radiation exposure levels
remain relatively low compared with 4D parathyroid CT
that usually reaches 10 mSv.
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Discrepancy in first-line imaging

One of the challenges in preoperative detection of para-
thyroid adenomas consists in the situation of discrepancy
between PHP imaging techniques, which prevent the pos-
sibility of MIP, and increase the possibility of BNE failure
[122, 123]. Recent data have reported '®F-Choline PET/CT
as an effective imaging tool in this setting.

A French team published two prospective studies invol-
ving the same patient population [124, 125] while focusing
on the value of "®F-Choline PET/CT in patients with dis-
crepancy in first-line imaging techniques (neck ultrasound
and *™Tc-SestaMIBI planar imaging without SPECT/CT)
and reported in their most recent study sensitivity on a per
lesion basis of 94% in 17 patients including 11 PHP patients
and 6 secondary hyperparathyroidism patients [125]. This
study reported substantially higher diagnostic performances
for "*F-Choline PET/CT compared with neck ultrasound on
per lesion and per patient basis. There was a trend for
superiority of ®E_Choline PET/CT over **™Tc-SestaMIBI
scinitigraphy but the difference was not always significant
(sensitivity of 83% for *™Tc-SestaMIBI scintigraphy versus
96% for 'SF-Choline PET/CT, p>0.2).

Recurrent disease (Fig 3)

In a retrospective study including 27 patients, 9 (26%)
underwent '®F-Choline PET/CT for persistent or recurrent
disease, of which only 3 underwent a second surgery [6 did
not undergo surgery for refusal (n=1), comorbidity
(n =2), or stabilization of plasmatic calcium (n = 3)], with
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correct evaluation by '®F-Choline PET/CT in all 3 patients
and sensitivity of 100% [126].

Very recently, a single-center retrospective study focused
exclusively on recurrent or persistent disease [134]. In the
29 patients included in the study, '8F-Choline PET/CT
allowed the identification and removal of an abnormal gland
in 21 patients, 12 of whom had negative or discordant first-
line imaging, resulting in a 73% cure rate.

18E_Choline PET/MRI

8E_Choline PET/MRI is a promising novel modality for
parathyroid imaging, combining simultaneously acquired
parathyroid MRI as the localizing modality (high contrast
resolution and absence of radiation exposure) and 'SF-
Choline PET bringing important functional information.
Only few studies have been conducted but first results are
promising, with high sensitivity and PPV values respec-
tively of 95 and 100% in the setting of first-line imaging
[133] (study combining PET/CT and PET/MRI data) and 90
and 100% in the setting of second line imaging after dis-
crepancy of first-line imaging (neck ultrasound and **™Tc-
SestaMIBI scintigraphy) [129].

Conclusion

For several decades, functional imaging has played an
important role in endocrinology. The more recent devel-
opment of PET/CT technology and emergence of novel
tracers have resulted in considerable improvement in the
sensitivity of these imaging techniques, making them
essential in the evaluation of NETS, for tumor localization,
as well as staging, prognosis assessment and treatment
response evaluation, with an important impact on ther-
apeutic decision making and patient outcome.

However, these novel PET tracers (18F-FDOPA, BGA-
SSA, "8F-Choline) have limited availability and “*GA-SSA
and '®F-Choline even though very promising, still require
evaluation in larger patient studies.

Along with the emergence of ®Ga-labeled tracers, the
so-called “theranostic” approach is developing, using the
same peptide used for functional imaging but labeled with a
therapeutic radio-isotope (a or P-emitting isotope) for
PRRT, which enables systemic targeted treatment of neo-
plastic lesions showing high tracer uptake on functional
imaging.

There are still numerous unmet medical needs, such as
the need for specific and widely available tracers for the
exploration of pituitary adenomas [135]. Better availability
of all these novel tracers is to be expected in upcoming
years, as well as the development of PRRT. The discussion
remains open concerning the exact position of these new

techniques among existing strategies for treatment planning,
follow-up, and treatment response evaluation.
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