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Abstract

Due to its rarity and non-specific clinical presentation, accurate diagnosis, and optimal therapeutic strategy of medullary
thyroid carcinoma (MTC) remain challenging. Molecular imaging provides valuable tools for early disease detection,
monitoring treatment response, and guiding personalized therapies. By enabling the visualization of molecular and cellular
processes, these techniques contribute to a deeper understanding of disease mechanisms and the development of more
effective clinical interventions. Different nuclear imaging techniques have been studied for assessing MTC, and among
them, PET/CT utilizing multiple radiotracers has emerged as the most effective imaging method in clinical practice. This
review aims to provide a comprehensive summary of the current use of advanced molecular imaging modalities, with a
particular focus on PET/CT, for the management of patients with MTC. It aims to guide physicians towards a rationale
for the use of molecular imaging also including theranostic approaches and novel therapeutical opportunities. Overall,
we emphasize the evolving role of nuclear medicine in MTC. The integration of diagnostics and therapeutics by in vivo
molecular imaging represents a major opportunity to personalize treatment for individual patients, with targeted radionu-
clide therapy being one representative example.
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1 Introduction
1.1 Clinical overview

Medullary thyroid carcinoma (MTC) is a rare neuroendo-
crine tumor arising from the parafollicular C-cells of the
thyroid gland [1] and accounts for 3—10% of all thyroid car-
cinomas [2]. MTC often develops from the upper-third of
the posterior thyroid lobes, where C-cells are most concen-
trated, and frequently spreads to nearby lymph nodes [3].
C-cells secrete mainly thyrocalcitonin (TCT), carcinoem-
bryonic antigen (CEA), and chromogranin A, with TCT and
CEA being the two serum markers currently used for MTC
screening and patient monitoring.

When screening for thyroid disorders, MTC may be sus-
pected if hyper calcitoninemia is present. Nonetheless, it
is important to note that increased TCT values can also be
observed in other conditions such as chronic renal failure,
C-cell hyperplasia (CCH) caused by thyroiditis, or as a side
effect of certain medications. Procalcitonin measurement
has been shown to improve diagnostic accuracy in such
cases [4]. TCT levels are closely related to tumor mass and
differentiation. MTC is usually suspected when serum TCT
level is below the upper reference limit [5]. The levels of
TCT tend to increase with the size and differentiation of the
tumor. In dedifferentiated MTC, CEA can serve as a follow-
up marker.

Patients with MTC may manifest thyroid mass, neck pain
or fullness, difficulty swallowing or breathing, and hoarse-
ness, or other more unusual symptoms such as bone pain,
flushing, weight loss, or diarrhea, which result from distant
metastases secreting high levels of TCT. The diagnosis of
MTC can be confirmed by performing a fine-needle aspira-
tion biopsy.

MTC has a worse prognosis than differentiated thyroid
cancers, with approximately 10% of patients initially pre-
senting with a palpable MTC nodule having distant metas-
tases, and cervical lymphatic spread in 70% of cases. A
significant association has been observed between the
tumor size and the preoperative basal serum TCT levels.
TCT below 20 pg/mL can rule out the risk of lymph node
involvement, while TCT levels exceeding 20, 50, or 200
pg/mL are commonly linked with central and unilateral
involvement, contralateral central diffusion, and contralat-
eral lateral spread, respectively [6].

MTC can occur sporadically or as a result of germline
activating RET proto-oncogene mutation, which is present
in approximately 20-30% of cases and is associated with
multiple endocrine neoplasia type 2 (MEN2) syndromes
[7]. MEN2 is an inherited syndrome with an estimated
prevalence of 1:20,000 [8]. There are two phenotypic forms
of MEN2, both of which have MTC, which is primarily
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responsible for patient’s prognosis [9]. MEN 2 A or Sipple
syndrome is the most common form and is associated with
the presence of pheochromocytoma (PCC) in 20-50% of
cases and primary hyperparathyroidism (HPT1) in 5-20%
of cases.

1.2 Current therapeutic strategy

The effective management of MTC depends significantly on
the patient’s age, the tumor stage at the time of diagnosis,
and the expertise of the medical team involved. The primary
treatment and the only curative option for MTC is surgery,
especially in those patients without or with limited metasta-
ses. Surgery typically consists of a total thyroidectomy with
central neck dissection to remove any affected lymph node,
even if preoperative cervical ultrasound shows no evidence
of disease, and irrespective of TCT levels [10]. The extent
of lateral cervical lymphatic excision is a matter of debate
and left to the discretion of the surgeons, who bases their
decision on their experience, ultrasound results, and basal
TCT levels [11].

Up to 40% (19.7-37.9%) of patients will experience
metastatic relapse during follow-up, contrasting with de
novo metastatic patients representing only 10% of all MTC
patients [12, 13]. Local treatment should be used in patients
with oligometastatic and progressive disease to postpone
systemic treatments [14]. Systemic therapy includes drugs
mainly targeting vascular endothelial growth factor recep-
tor-2 (VEGFR2) and activating RET mutations. Cabozan-
tinib and vandetanib are the two first-line systemic drugs
approved by the EMA and the FDA based on an improve-
ment in progression-free survival compared with placebo in
large phase-3 trials [15, 16]. Vandetanib is a once-daily oral
agent that selectively targets RET, VEGFR2, and EGFR sig-
naling. The ZETA trial compared vandetanib (300 mg daily)
with placebo (2:1) in 331 patients with locally advanced
or metastatic medullary thyroid cancer [16]. The predicted
modified progression-free survival (mPFS) in the vande-
tanib arm was significantly extended than that observed in
the placebo group (30.5 vs. 19.3 months; HR, 0.46; 95%
CI, 0.31 to 0.69; p<0.001). Statistically significant advan-
tages for vandetanib were observed for objective response
rate (45% vs. 13%, p<0.001), disease control rate at 24
weeks (87% vs. 71%, p=0.001), and biochemical response
(p<0.001). The effect on overall survival was confounded
by the crossover of patients on the placebo arm to receive
vandetanib at investigator-assessed progression before con-
firmation by central review. Cabozantinib is a once-daily
oral agent that targets kinase of ¢c-MET, VEGFR2, and
inhibits AXL and RET. The EXAM trial compared cabo-
zantinib (140 mg daily) with placebo (2:1) in 330 patients
with documented radiographic progression of metastatic
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MTC [15]. Prior therapies including MKIs was permitted
but patients receiving placebo were not allowed to cross-
over to cabozantinib in cases of progression. The predicted
mPFS in the cabozantinib arm was significantly extended
than that observed in the placebo group (11.2 vs. 4.0 months
for placebo; HR 0.28; 95% CI, 0.19 to 0.40; p<0.001) with
a higher rate of responses (28% versus 0%, median duration
of response 14.6 months). In the final analysis a 5.5-month
increase in median overall survival (OS) with cabozan-
tinib vs. placebo was reported (26.6 versus 21.1 months)
without reaching statistical significance (HR 0.85, 95%
CI 0.64-1.12; p=0.24) [17]. Activating RET mutations
is reported in almost all familial forms and 60% of cases
of sporadic MTC [18]. In 2020, two selective RET inhibi-
tors were incorporated into the therapeutic armamentarium
based on the results of multicenter, open-label, multicohort
clinical trials in patients with RET-altered tumors of various
types [19, 20]. Selpercatinib is the first selective RET kinase
inhibitor approved by the FDA for advanced or metastatic
RET-mutant MTCs requiring systemic therapy and by the
EMA only after prior treatment with cabozantinib or vande-
tanib. Accelerated approvals were based on the significant
and durable responses observed in a phase 1-2 trial mul-
ticohort clinical trial (LIBRETTO-001): 69% in pretreated
patients (cabozantinib and/or vandetanib, 55 patients) with
more than 70% responses lasting>12 months, and 73%
in naive patients (88 patients) [20]. Pralsetinib is the sec-
ond selective RET kinase inhibitor approved by the FDA
showing similar efficacy in another multicohort clinical trial
(subgroup previously treated: ORR 60%, treatment-naive
subgroup: ORR 71%) [19]. Finally, cytotoxic chemotherapy
can be a treatment option after molecular targeted therapy,
but the tumor response is low (about 15% with combination
of 5-fluorouracil with dacarbazine) with short duration [21].

1.3 Role of imaging

Imaging plays a critical role in the management of MTC by
enabling the accurate diagnosis and staging of the disease,
as well as the monitoring of treatment response and disease
progression. Imaging modalities such as ultrasound (US),
computed tomography (CT), magnetic resonance imaging
(MRI), and positron emission tomography (PET) are uti-
lized at various stages of the disease, as well as blood tests
to monitor calcitonin and CEA levels. The comprehensive
use of imaging aids in optimizing patient care by provid-
ing valuable information for decision-making and ensur-
ing appropriate management strategies for individuals with
MTC. A multidisciplinary approach utilizing radiological
and nuclear medicine examinations is used in the manage-
ment of patients with MTC. Modern hybrid imaging tech-
niques like PET/CT play a crucial role in clinical practice by

combining anatomical and functional imaging. They offer
improved accuracy, unique information, and optimized
therapeutic strategies, ultimately enhancing patient care and
outcomes. Molecular imaging has also led to the develop-
ment of theranostic approaches, which use a single agent
for both imaging and therapy. This allows for personalized
medicine by selecting patients who are most likely to ben-
efit from targeted therapies and monitoring their response
to treatment. Therefore, imaging is an integral part of the
management of MTC and is critical to achieving optimal
outcomes for patients with this rare form of thyroid cancer.

1.4 Morphological imaging

US is the first-line imaging to be proposed to patients with
suspected MTC with reported overall diagnostic accuracy
of 80.4% [22]. Moreover, it has been demonstrated that
US is superior to cross-sectional (CT, MRI) and functional
imaging in detecting primary tumor, neck lymph node
metastases, and recurrent nodal metastases in the neck dur-
ing post-surgical follow-up [22-24]. US semeiology of
MTC include a hypoechoic aspect, an irregular shape with
ill-defined margins, the presence of micro calcifications,
a height/width ratio< 1 (lesion larger than taller), and an
increased vascularity [22-24]. Studies comparing the US
features of MTC with other malignant thyroid tumors have
found that heterogeneity of echo-structure and increased
tumor vascularity favor the identification of MTC compared
with other more frequent thyroid tumors such as papillary
tumors. Moreover, MTCs are usually larger than papillary
tumors [23, 24]. In case of US features evoking a suspicious
or malignant nodule, the examination should be extended to
the neck to rule out the presence of nearby metastatic lymph
nodes. US criteria in favor of a metastatic node include the
absence of the typical hyperechoic adipose tissue within
the hilum, the hypoechoic aspect, and a round (rather than
oval) morphology. According to the US features, suspected
or malignant thyroid nodules including MTC, should be
referred for percutaneous sampling. In this perspective, the
sonographic patterns (composition, echogenicity, margins,
calcifications, presence of extrathyroidal nodules) proposed
by the American Thyroid Association (ATA) to classify thy-
roid nodules perform well also for MTC [25]. However,
US sensitivity remains suboptimal in MTC and only just
over half of cases are considered as high risk according to
Thyroid Imaging and Reporting Data Systems (TIRADS)
[26]. From a recent systematic review including twenty-five
papers, 65% of MTCs were categorized as having a high
suspicion level, while 25% was considered as intermediate
suspicion according to the ATA system. When considering
all Risk Stratification Systems (RSS), approximately 54.8%
of MTCs were considered high-risk/suspicion classification.
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When pooling data from studies lacking RSS information,
the prevalence of US suspicious MTCs was around 60%
[26]. On the other hand, as showed by a recent meta-analy-
sis, the studies assessing the precision of RSS mainly focus
on histologically confirmed cancers, with the majority being
papillary thyroid carcinoma (PTC), questioning the diag-
nostic adequacy of TIRADS application for patients with
MTC [27]. The association of US and TCT levels seems the
best diagnostic approach to suspect or rule out MTC [4].

The use of CT or MRI is limited to cases needing a sys-
temic assessment to detect metastatic disease. High serum
TCT level is the main criteria used to propose CT or MRI
investigations [28]. Nevertheless, systemic metastases
should be detected with cross sectional imaging in case of
extensive neck disease, or signs and/or symptoms of dis-
tant metastases regardless of the TCT levels. CT is the most
sensitive imaging modality to detect lung and mediastinal
metastases. Moreover, contrast-enhanced CT or MRI are
used to rule out liver metastases. MRI is the most sensitive
exams to detect bone metastases [11, 29]. Finally, patients
with newly diagnosed MTC should be evaluated for HPT
and PCC prior to thyroid surgery.

In the recent years, 4D CT has been used to evaluate thy-
roid cancer recurrences. 4D CT combines three-dimensional
CT imaging with the element of time, allowing for the
assessment of dynamic changes in tissue over time. None-
theless, there is currently a lack of data that specifically
examines the application of 4D CT in cohorts of patients
diagnosed with MTC. 4D CT can help differentiate with
high accuracy between recurrent thyroid carcinoma and
residual nonmalignant thyroid tissue [30]. The precontrast
images and the arterial phase were more useful for accurate
discrimination. Additionally, the utilization of 4D CT has
been suggested for the characterization of thyroid nodules.
in this case, precontrast nodule attenuation was significantly
lower in malignant nodules when compared with benign
nodules [31]. More recently, the utilization of early-phase
enhanced CT and the incorporation of quantitative param-
eters obtained from multiphasic CT enhance the identifica-
tion of cervical lymph node metastases originating from
papillary thyroid cancer. This heightened detection capabil-
ity holds significance in terms of accurate staging and for-
mulating effective treatment strategies [32]. It’s important to
note that while the potential application of 4D CT in MTC
seems logical, its clinical utility and widespread adoption
would depend on factors such as technological feasibility,
cost-effectiveness, and demonstrated benefits over existing
imaging techniques.

In the follow-up of MTC, conventional imaging modali-
ties are commonly used to assess the thyroid bed, evaluate
regional lymph nodes, and detect distant metastases. The
choice of imaging modality and the frequency of follow-up
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imaging studies depend on various factors, including the
individual patient’s clinical status, stage of disease, and
treatment history. The decision is typically made by a multi-
disciplinary team of healthcare professionals specializing in
thyroid cancer, who will tailor the follow-up schedule to the
specific needs of the patient. The imaging findings are often
correlated with clinical assessment and tumor marker mea-
surements (such as TCT and ACE levels) to guide treatment
decisions and monitor disease progression or recurrence.

1.5 Molecularimaging

The current modalities available for clinical investigation
of patients with MTC comprise several nuclear imaging
techniques. The use of radiopharmaceuticals for gamma
camera-based investigations, including Technetium-99 m
pentavalent dimercaptosuccinic acid (**™Tc-(V)DMSA),
Indium-111 or Technetium-99 m labeled somatosta-
tin analogues, radioiodinated metaiodobenzylguanidine
(‘®1-MIBG) or radiolabeled anti-CEA antibodies, has been
proposed in the past to detect MTC relapse, but they lack
sensitivity compared to modern PET/CT imaging. Diphos-
phonate-labeled Technetium-99 m bone scintigraphy is still
useful for MTC staging and restaging, while cholecystoki-
nin-B/gastrin receptor scintigraphy has shown promising
results [33, 34].

PET/CT is a superior nuclear imaging technique com-
pared to conventional scintigraphic methods for investigat-
ing MTC in clinical settings. Latest generation of PET/CT
devices with the use of several radiopharmaceuticals, such
as '® F-dihydroxyphenylalanine ('* F-DOPA), !® F-fluorode-
oxyglucose ('* F-FDG), and ®Ga-labeled somatostatin ana-
logues (**Ga-DOTA-peptides), offer higher sensitivity also
due to better spatial resolution and it is commonly used for
restaging MTC when serum tumor markers levels increase
after treatment [35, 36]. Accordingly, a personalized PET/
CT exploration could be tailored for each patient taking into
consideration both tumor characteristics and patient clinical
presentation (Fig. 1).

However, there are also limitations to using nuclear
medicine investigations for molecular diagnostic testing.
First, these tests typically involve exposure to ionizing
radiation. Second, the radiopharmaceuticals used may have
limited availability and may be expensive. Finally, nuclear
medicine investigations require specialized equipment and
expertise, which may not be available at all medical centers.

1.6 '®F-dihydroxyphenylalanine ('F-DOPA) PET/CT

Neuroendocrine tumors take-up, accumulate, and decar-
boxylate amine precursors and amino acids. Radiolabeled
amino acids such as DOPA have been successfully used



Reviews in Endocrine and Metabolic Disorders (2024) 25:187-202

191

%®Ga/""’Lu-
gastrin analogue

Under evaluation
theranostic

6663/177Lu_
$4Cu/*’Cu-

radiopharmaceuticals (PP-F11N) anti-CEA Ab
é Potential
CCK2R mCEA . theranostic
.,.-"::. ,‘ ! h . radiopharmaceuticals
P [ b
£ = ) Y
£ S
Ga/Lu- h‘ \ Ja
SST antagonist 34 . Tumoral
9 1=} % S neovascular
. endothelium
PSMA l{] #7 %Ga/"’Lu-PSMA
¥ - radioligands
4 /
2 % %0 &
Available VMAT » /R (o ]
theranostic JUFPOA 25 "F-FDG-6P
radiopharmaceuticals “aanc HK MTC cell
WA 0‘ i ﬁ Ga/""Lu-FAP
k% Fad
o ' &
"""-.-.. ‘H .,ﬂ'/ ’
(=)
LATT “A GLUT el FAP
Available diagnostic A4 o 00 ek
radiopharmaceuticals
*F-DOPA SF-FDG

Fig. 1 Schematic representation of principal targets and related
PET radiopharmaceuticals for radionuclide diagnostic imaging and
therapeutics for medullary thyroid carcinoma (MTC). '® F-FDG:
18 F-fluorodeoxyglucose, GLUT: glucose transporter, HK: hexoki-
nase, '8 F-DOPA: '® F-dihydroxyphenylalanine, LAT: L-amino acid
transporter, AADC: aromatic L-amino acid decarboxylase, '® F-FDA:

as imaging agents after being labeled with fluorine-18
(*® F-FDOPA) for PET/CT investigations (Fig. 1). The
L-amino acid transporters, particularly LAT-1 and LAT-2,
are responsible for the uptake of '®* F-DOPA in neuroendo-
crine cells. Afterward, the aromatic L-amino acid decarbox-
ylase (AADC) enzyme mediates its decarboxylation into
18 F-dopamine, which accumulates in intracellular vesicles
through vesicular transporters (VMAT). In contrast to other
types of neuroendocrine tumors, the AADC-mediated intra-
cellular decarboxylation and storage mechanisms in MTC
are less efficient, leading to a moderate uptake intensity
and shorter tumoral retention. Therefore, early images are
required at about 15-20 min after radiotracer injection, and
the acquisition time duration needs to be extended [37, 38].

1.6.1 Preoperative screening

At present, there are no guidelines suggesting the use of
18 F-DOPA PET/CT before initial surgery (Fig. 2), mainly
due to limited available literature [11, 34, 39, 40]. Indeed,
the added value of '® F-DOPA PET/CT prior to initial thy-
roidectomy has been only scarcely assessed and must be fur-
ther evaluated. The initial results are promising in terms of
detection rate for primary tumor and lymph node invasion,
allowing the selection of patients who may benefit from
operation with curative intent, as well as guiding further
surgical procedures [39, 41]. According to Wells et al. [11],
'8 F-DOPA PET/CT is more effective than '8 F-FDG PET/
CT in preoperative and follow-up assessment of disease, but

18 F-fluorodopamine, VAMT: vesicular monoamine transporter, SST:
somatostatin, SSTR2: type-2 somatostatin receptor, CCK2R: chole-
cystokinin 2 receptor, CEA-Ab: anti carcinoembryonic antigen anti-
body, mCEA: membrane-bound carcinoembryonic antigen, PSMA:
prostate-specific membrane antigen, FAPi: fibroblast activation pro-
tein (FAP) inhibitor. Created with BioRender.com.

it does not provide additional value compared to cervical
US in detecting nodal metastases. In a recent surgical study,
the influence of neck US and contrast-enhanced '® F-DOPA
PET/CT prior to initial surgery in 50 MTC patients was
assessed [42]. The surgical procedure involved total thy-
roidectomy with bilateral central neck dissection and bilat-
eral lateral lymphadenectomy, including level V. For neck
US, sensitivities based on nodal, central, and lateral com-
partments were 43%, 6%, and 56%, respectively. On the
other hand, for '® F-DOPA PET/CT, the sensitivities for the
same compartments were 57%, 28%, and 75%, respectively.
Patients with lateral lymph node involvement that were
missed by PET/CT had small metastases with a mean size
of 5.6 +£5.1 mm, stressing that PET sensitivity can be nega-
tively affected by lesion size and consequent partial volume
effect for tiny lesions.

1.6.2 Post operative management and surveillance

Post-surgical persistent/recurrent disease is common in
thyroidectomy patients, especially those with lymph node
involvement. Serum calcitonin level measurement is crucial
in detecting persistent or recurrent disease and determin-
ing the need for surgery. '* F-DOPA PET is the preferred
functional imaging modality for evaluating patients with
persistent/recurrent MTC (Figs. 3 and 4; Table 1), but its
sensitivity varies, and its spatial resolution is limited. The
usefulness of ' F-DOPA PET in identifying persistent MTC
was initially demonstrated by Hoegerle et al. in 2001 [43],
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Fig. 2 Preoperative '8 F-DOPA
PET/CT results in a 56-years- A
old woman with sporadic MTC.
Patient showed increased plasma
calcitonin (537 ng/L, N< 10)
and CEA (33 ng/mL, N<5)
values. Intense radiotracer
uptake (SUVmax-bW: 18.5) was
revealed exclusively in one nod-
ule (arrows) of 18 X 17X 12 mm
of inferior pole of right thyroid
lobe, corresponding to MTC (A:
anterior whole-body PET maxi-
mum intensity projection (MIP);
B, C: coronal and axial PET/
CT; D: axial contrast-enhanced
CT (delayed phase)). Patient
underwent total thyroidectomy,
and central and right lymph node
compartment dissection. Patho-
logical examination confirmed
the presence of MTC (pT1bNO
UICC 8th ) without nodal
involvement

»
X
4l

Fig. 3 A 48-years-old man with metastatic MTC and previous history
of thyroidectomy and central and right lymph node compartment dis-
section, presenting with increased serum calcitonin level (193 ng/L,
N<10) and almost normal CEA. Patient underwent ' F-FDOPA
PET/CT (arrows, A: anterior maximum intensity projection (MIP);

and subsequent studies have confirmed its efficacy with
reported sensitivities ranging from 47 to 83% [41, 44-46].
According to evidence-based data the detection rate per
patient of ' F-FDOPA PET/CT is estimated to be around
72% and is strongly influenced by serum TCT levels and
tumor behavior [47]. Despite its utility, '* F-FDOPA PET/
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C, E: sagittal and axial PET/CT) showing higher detection rate than
18 E-FDG PET/CT for bone metastases (B, D, F). The following MRI
investigation confirmed the presence of multiple spine lesions, and
patient started treatment by tyrosine kinase inhibitor

CT is limited by its poor spatial resolution, leading to the
underestimation of small nodes. This drawback can be par-
ticularly significant for nodes that are only a few millimeters
in size. Interestingly, the effectiveness of '8 F-FDOPA PET/
CT in detecting recurrent MTC increases in patients with
high serum TCT levels (> 150 pg/mL) and TCT doubling



Reviews in Endocrine and Metabolic Disorders (2024) 25:187-202

193

Fig. 4 A 57-year-old man with metastatic sporadic MTC and previ-
ous history of thyroidectomy and central and bilateral cervical lymph
node compartment dissection, presenting with increased serum calci-
tonin level and almost normal CEA. Patient underwent whole-body

times of less than 24 months [47]. The threshold of 150 pg/
mL for TCT should not be regarded as an absolute value
that dictates the sensitivity of '® F-DOPA PET/CT, but
rather as a meaningful clinical parameter for deciding on
the optimal timing of reoperative surgery. In relapsed MTC,
'8 F_-FDOPA PET/CT can accurately assess involved cer-
vical lymphatic compartments, guiding surgical strategy
(extended vs. limited neck dissection) [48]. Moreover, it
can also detect PCC in MEN2 patients [49]. Compared to
whole-body MRI and CT, '* F-FDOPA PET/CT performed
better in detecting disease in one study [50].

It’s important to stress that false-positive results by
8 F-FDOPA PET/CT are uncommon in patients with recur-
rent MTC [47]. In contrast, inflammatory lesions, or tumors
other than neuroendocrine tumors, due to possible overex-
pression of somatostatin receptors in activated lymphocytes

'8 E-FDOPA PET/MRI showing several foci of pathologic radiotracer
uptake suggesting lymphatic and subcutaneous relapse (arrows, A:
anterior maximum intensity projection PET image, B: coronal PET/
MRI, C-E: axial PET/MRI).

or tumor cells other than neuroendocrine cells, are respon-
sible for false-positive results of '® F-FDG PET/CT and
68Ga-DOTApeptide PET/CT, reducing their diagnostic
specificity [51, 52].

A recent work suggests the potential use of '® F-DOPA
PET/CT in predicting and prognosticating PFS and disease-
specific survival (DSS) in patients with recurrent MTC,
resulting significantly longer (p<0.00land p=0.012,
respectively) in patients with normal '® F-FDOPA PET/CT
compared with those with positive studies [53]. Anoma-
lies observed through visual analysis on '8 F-DOPA PET/
CT are strongly linked to an increased likelihood of disease
progression and a reduced DSS, irrespective of nodal or
metastatic conditions. It’s worth mentioning that solely an
abnormal PET result has been recognized as a standalone
prognostic indicator according to the multivariate analysis.

@ Springer



194

Reviews in Endocrine and Metabolic Disorders (2024) 25:187-202

@ Springer

Table 1 Main findings of published meta-analyses on PET/CT with different radiopharmaceuticals in recurrent medullary thyroid cancer

Head-to-head meta-analysis among

PET radiopharmaceuticals

Correlation among

PET/CT (95%CI) MTC serum markers

Pooled DRp of

MTC

Studies included

Radiopharmaceuticals

Year

Author

patients

and DRp of PET/CT

Yes

NR

428 69% (64-74%)
538 59% (54-63%)
146 72% (62-81%)

15
24

2012 B F-FDG

2012 " F-FDG
2012 ' F-DOPA

Cheng et al. [49]

NR

Yes

Treglia et al. [48]

NR

Yes

Yes

Treglia et al. [42]

NR

152 63.5% (49-77%)

306 NR

2017 %8Ga-DOTA-peptides

Treglia et al. [61]
Pajak et al. [60]

%8Ga-DOTA-peptides slightly better

than '® F-FDG

Yes

14

2022 %Ga-DOTA-peptides and '* F-FDG

18 E_DOPA better than

Yes

113 NR

5 (network

2020 '8 F-FDG, '® F-DOPA, %Ga-DOTA-peptides

Lee et al. [59]

8Ga-DOTA-peptides and '® F-FDG

meta-analysis)

not reported

detection rate per patient; NR =

95% confidence interval values; MTC =medullary thyroid carcinoma; DRp=

Legend: 95%CI

Neither semi-quantitative PET measurements nor clinical/
laboratory information demonstrated the ability to predict
poorer PFS and DSS among patients with recurring MTC.

Although '8 F-DOPA PET/CT has been recommended
in the 2009 American Thyroid Association (ATA) guide-
lines in patients with persistent/recurrent MTC and serum
TCT> 150 pg/mL [54], this option was not retained in the
revised version of 2015 [11]. However, the European Asso-
ciation of Nuclear Medicine (EANM) did not approve the
revised recommendations due to contradictions between the
versions, no new evidence against the use of '* F-FDOPA
PET/CT, and the body of scientific evidence in the literature
[34].

1.7 "®F-fluorodeoxyglucose ('®F-FDG) PET/CT

8 F-FDG is a radiotracer commonly used for PET/CT
investigations in clinical oncology, as it reflects cellular gly-
colytic activity. Once transported into cells by glucose trans-
porters (GLUT1 and 3), it is phosphorylated by hexokinase
and remains trapped in the cytoplasm (Fig. 1). When used
to assess the metastatic extent of MTC, '* F-FDG PET/CT
has a pooled per-patient sensitivity of only 59% (95%CI,
54-63%) (Table 1). Small or slow-growing tumors could
result in false-negative findings on '® F-FDG PET/CT scans.
On the other hand, '® F-FDG PET/CT revealed more useful
for detecting MTC recurrence in patients with aggressive
disease and higher levels of TCT and CEA (Fig. 5). Indeed,
tumoral '® F-FDG uptake correlates with high proliferative
activity and poor tumoral differentiation [52]. Using a cutoff
value of 1000 pg/ml for serum calcitonin, the overall sensi-
tivity per patient of '® F-FDG PET/CT in patients exceed-
ing this threshold increases to 86.7%, except for patients
with MEN 2 A. In those cases, '® F-FDG PET/CT sensitiv-
ity drops to 23% even if the calcitonin levels are exceed-
ing 1000 pg/mL, suggesting that '8 F-FDG PET/CT is more
beneficial in identifying recurrence in sporadic cases than
in MEN 2 A patients. Notably, false positivity rate is highly
increased in patients with calcitonin levels<150 pg/mL
underlining that '8 F-FDG PET/CT may be misleading and
its use questionable in detection of minimal tumor load [55].
According to the latest U.S. recommendations [11], PET/
CT is not advocated for initial staging of MTC due to its
lower sensitivity, regardless of the radiotracer used. How-
ever, this conclusion is based solely on a single older study
that used '® F-FDG PET/CT results [56], highlighting the
need for more clinical research using newer, more specific
radiotracers that are currently available in clinical practice.
Remarkably, '® F-FDG PET/CT has a significant prog-
nostic and predictive capability in the recurrence of MTC, as
it can differentiate patients with unfavorable outcomes and
distinguish those with progressive disease from those with
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Fig.5 A 76-years-old woman A B
with metastatic MTC present-

ing with increased serum CEA

level (108 ng/mL, N<5) and a

doubling time of about 8 months.

Patient underwent '® F-FDG

(A, D: coronal PET slices; B,

E: coronal PET/CT slices) and

18 E-FDOPA (C, F: coronal PET

slices) PET/CT for primary stag-

ing and prognostication, showing

exclusive '8 F-FDG tumor uptake

(arrows). '® F-FDOPA PET/CT bt
was falsely negative (A, C, E)

stable disease [57]. Patient survival is significantly reduced
in '® F-FDG positive MTC compared to '® F-FDG negative
lesions, regardless of '8 F-DOPA PET/CT results. Thus, the
combination of '* F-FDG PET/CT and calcitonin doubling
time can help identify high-risk MTC patients requiring
close monitoring. Some authors have also proposed per-
forming PET/CT with both '* F-FDG and '® F-FDOPA in
patients with metastasis to better characterize tumor behav-
ior [58].

Several studies have shown that '® F-FDG PET can inde-
pendently predict response to targeted radioimmunotherapy
or tyrosine kinase inhibitors (TKI) for MTC patients. The
analysis of the most metabolically active lesion on '8 F-FDG
PET/CT can predict PFS, but not OS, in patients undergoing
TKI treatment [59-61]. Recent research has demonstrated
that certain parameters, such as intra-tumoral textural fea-
tures and volumetric measurements obtained from pre-
therapeutic '* F-FDG PET, such as total lesion glycolysis
(TLG), can be used to predict OS in patients with metastatic
MTC [61]. This suggests that a radiomic approach to MTC
may have a role in predicting treatment outcomes.

PET/MRI is a powerful imaging modality, potentially
interesting in patients with MTC [62] (Fig. 4). However, its
availability may be limited compared to conventional PET
or MRI scanners, and it is still too early to define its clinical
benefit.

1.8 68Ga-DOTA-peptides PET/CT

Neuroendocrine tumors typically express somatostatin
receptor subtype 2 (SSTR2), which makes them suitable
for somatostatin receptor imaging and targeted radionuclide
therapy. SSTR2 is particularly important in the diagnosis
and management of gastroenteropancreatic neuroendocrine
tumors and various radiolabeled somatostatin analogs, such
as ®*Ga-DOTA-peptides and '"’Lu-DOTATATE, have been
developed for imaging and treatment purposes (Fig. 1).

N

Fig. 6 Head-to-head comparison between '® F-DOPA (upper panel)
and %Ga-DOTATOC (lower panel) PET/CT in a 45-years-old woman
with metastatic sporadic MTC and previous history of thyroidectomy
and lymph node dissection (central and left compartments, N+: 22/43).
Serum calcitonin (400 ng/L, N < 10) was disproportionately increased
than CEA (6 ng/mL, N < 5). ®Ga-DOTATOC PET/CT revealed cervi-
cal nodal relapse (arrows) missed by '8 F-DOPA PET/CT. A, D: PET
anterior maximum intensity projection (MIP); B, E: coronal PET/CT;
C, F: axial PET/CT.

The expression of SSTR2 appears to be inconsistent in
MTC, and PET imaging using ®*Ga-DOTA-peptides seems
to have limited usefulness as first line imaging with lower
sensitivities compared to '® F-DOPA and '® F-FDG PET
[63—66]. A recent meta-analysis [67] that assessed the diag-
nostic accuracy of ®*Ga-DOTA-peptides PET/CT in patients
with recurrent MTC reported a sensitivity range of 25 to
100%. “3Ga-DOTA-peptides PET may be considered in
cases of biological relapse when '® F-DOPA and '* F-FDG
PET results are inconclusive (Fig. 6). On a per patient-based
analysis, the sensitivity of **Ga-DOTA-peptides PET or
PET/CT in suspected recurrent MTC is 63.5%, with a 95%
confidence interval ranging from 49 to 77% [67] (Table 1).
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In addition, a small group of patients with bone metastases
showed a higher detection rate with **Ga-DOTA-peptides
PET/CT than with bone scintigraphy or MRI, according to a
study by Werner et al. in 2018 [60].

%8Ga-DOTATOC PET/CT remains mandatory for patient
selection before peptide receptor radionuclide therapy
(PRRT). According to a recent study using in vitro recep-
tor autoradiography, SSTR2 antagonists have been found to
bind to a greater number of receptor sites than agonists. This
finding opens new possibilities for imaging and PRRT with
somatostatin antagonists in MTC [68, 69].

1.9 Other diagnostic PET radiotracers

PET/CT with '8 F-fluoride has been used in the evaluation of
bone metastases in various types of cancer. In patients with
MTC, '8 F-fluoride PET/CT has superior diagnostic per-
formance in detecting bone metastases compared to other
imaging methods, such as bone scintigraphy, also showing
a potential prognostic value [70, 71]. However, its clinical
utility in MTC is still not well established due to the limited
number of studies on this topic. Additionally, PET/CT with
18 F-fluoride is not able to accurately evaluate extra-skeletal
lesions, which limits its overall usefulness in the manage-
ment of MTC.

Amyloid-targeting tracers, such as '8 F-Florbetapir, have
been studied in MTC due to their potential to detect amy-
loid deposition in tumors, but the results have been limited
and inconclusive [72]. Finally, radiolabeled choline and
1" C-methionine have been evaluated in other neuroendo-
crine tumors and may have some utility in MTC [73, 74],
but further studies are needed to determine their usefulness.

1.10 Future direction for PET radiotracer
development

Cholecystokinin 2 receptor (CCK2R), also known as gastrin
receptor, is a G-protein-coupled receptor that is expressed
in high levels in MTC. CCK2R is activated by gastrin, a
peptide hormone that stimulates gastric acid secretion, and
is also expressed in various other tumors, such as neuroen-
docrine tumors. In MTC, the overexpression of CCK2R has
been related to tumor growth and progression. Interestingly,
CCK2R can be used as a molecular target for molecular
imaging and therapy in MTC (Fig. 1). Radiolabeled CCK2R
antagonists have been developed for imaging of CCK2R-
expressing tumors, including MTC, using PET or gamma
camera imaging. This technique allows for the non-invasive
detection of CCK2R-expressing tumors and may aid in the
diagnosis, staging, and monitoring of MTC. However, more
research is needed to further optimize these approaches and
determine their clinical utility. Moreover, the theranostic
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value of subsequent therapy with minigastrin labeled with
"Ly is currently under evaluation in clinical trials [75-77].

CEA is a glycoprotein that is expressed in high levels in
MTC, making it a potential target for imaging and therapy.
Radiolabeled anti-CEA antibodies can be administered to
patients, and their binding to CEA-expressing tumor cells
can be detected using PET/CT imaging (immuno-PET/CT)
(Fig. 1). This allows for the visualization of both primary
and metastatic MTC lesions. PET/CT with radiolabeled anti-
CEA antibodies has high sensitivity and specificity for MTC
lesions, including those that are too small to be detected
using conventional imaging methods except for lung metas-
tases, where CT remains the most effective examination. In
addition, it has been used to monitor response to therapy and
to detect disease recurrence [78—80]. While this imaging
technique holds promise, it is not yet widely available and
is still considered experimental. More research is needed to
determine its clinical utility and to optimize its use in the
management of MTC.

Several other PET radiopharmaceuticals have been
evaluated for their potential use in imaging (and therapy)
of MTC, but with limited findings in the literature (Fig. 1).
Further research is needed to fully evaluate their utility in
MTC. Fibroblast activation protein (FAP)-targeting radio-
pharmaceuticals have shown promising results, but their use
in clinical settings for MTC has not yet been fully explored
[81, 82]. Prostate-specific membrane antigen (PSMA)-tar-
geting radiopharmaceuticals, which have shown utility in
prostate cancer, have been investigated in a small number
of MTC cases [83, 84].

1.11 PET/CT for MTC management: the appropriate
tracer, the good patient, the right time

Based on the currently available imaging techniques, a
complex and personalized approach is usually adopted to
investigate a patient with suspected or known MTC (Fig. 7).
At present, the routine use of PET/CT imaging for the pre
surgical staging of MTC in patients with metastatic disease
lacks sufficient evidence to support its recommendation.
Nonetheless, PET/CT imaging has proven to be valuable
in restaging MTC patients with biological relapse after sur-
gery and serum TCT levels exceeding 150 pg/mL or the
TCT doubling time is less than 24 months. If available,
'8 E-DOPA PET/CT should be the preferred option due to
its superior diagnostic performance in comparison to other
PET tracers. The latest guidelines (2022) from NCCN Thy-
roid Carcinoma Panel acknowledges the potential use of
various imaging methods to assess residual or metastatic
tumors. However, there isn’t enough conclusive evidence
to endorse a specific selection or combination of tests.
Therefore, considering the calcitonin/CEA doubling time,
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Fig.7 Suggested imaging pro-

cedures for patients with MTC
according to evidence-based
data. TCT: serum calcitonin,
CEA: anti carcinoembryonic
antigen antibody, PRRT: peptide
receptor radionuclide therapy,
US: ultrasound, CeCT: contrast-
enhanced computed tomography,
MRI: magnetic resonance imag-
ing, PET/CT: positron emission
tomography/computed tomog-
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particularly in cases of asymptomatic patients with detect-
able markers where initial imaging doesn’t locate disease
sites, options like 18 F_-EDG PET/CT, or contrast-enhanced
MRI of the neck, chest, and abdomen could be considered
appropriate [85]. This is particularly important for patients
with rapidly increasing calcitonin and CEA levels or those
with CEA levels that are significantly higher than calcitonin
levels. ®*Ga-DOTA-peptides PET/CT may also be consid-
ered for highly selected patients with inconclusive imaging
results [85], and to evaluate the possibility of PRRT. Start-
ing from these principles, the diagnostic algorithm should
be adapted in each situation considering both availability
of the various imaging studies and the own experience of
medical team.

1.12 From diagnosis to treatment: is a theranostic
approach for MTC possible?

The integration of diagnostics and therapeutics (theranos-
tics) represents a major opportunity to personalize treatment
for individual patients, with targeted radionuclide therapy

being one representative example. Several radionuclide
therapy options have been developed for MTC including
somatostatin receptor based-PRRT, CCK2R targeted ther-
apy, anti-CEA radioimmunotherapy.

PRRT with radiolabeled somatostatin analogs is a well-
established second/third line theranostic treatment for
SSTR-positive well-differentiated neuroendocrine tumors
with remarkable clinical benefits [86]. This therapeutic
option has also been suggested for metastatic MTC treat-
ment. However, due to the variable expression of SSTRs in
MTC [87], SSTR-based theranostics should be considered
only in MTC cases with high levels of expression of SSTRs
which could be demonstrated by SSTR PET (screening
imaging method before SSTR-targeted therapy). Even if the
prevalence of high uptake of radiolabeled somatostatin ana-
logs is low in the setting of metastatic MTC, PRRT may still
be a viable treatment option in selected patients [88]. The
evidence on safety, effectiveness, and long-term outcome
of PRRT with radiolabeled somatostatin analogs for MTC
is still limited. A systematic review including 220 patients
with metastatic MTC reported biochemical and objective
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responses in 37.2% and 10.6% of MTC patients, respec-
tively. In MTC patients treated with '""Lu-DOTATATE
mild and transient hematologic or renal complications were
reported [89]. A recent study on 28 patients with progres-
sive, SSTR-positive advanced MTC receiving PRRT with
7TLu- or *°Y-labeled somatostatin analogs demonstrated
that this therapy was effective and well-tolerated. No acute
or long-term grade 3/4 toxicity was recorded, except for one
patient who suffered from grade 3 anemia possibly related
to disease progression. The disease control rate after 3 to 4
months of PRRT was 56% and 72% using morphological
and molecular response evaluation, respectively. Median
overall survival (OS) and PFS were 63.7 and 10.1 months,
respectively. Bone metastasis was an independent adverse
prognostic factor for OS [90].

CCK2R has been a target of interest for molecular imag-
ing and targeted radionuclide therapy for two decades.
Recent clinical trials with novel radiolabeled minigastrin
analogs demonstrate the potential for CCK2R targeted
imaging and radionuclide therapy in metastatic MTC. The
first clinical trials suggest that the use of CCK2R-targeted
radiopharmaceuticals for MTC theranostics is reasonable
[91]. Radiolabelled anti-CEA monoclonal antibodies have
been used for theranostic approaches in metastatic MTC
and several probes have been developed in the last decade
with encouraging results [79, 80]. However, beyond clini-
cal trials, the use of these molecules in clinical practice for
MTC theranostics is still limited.

PSMA [83, 84, 92] and FAP [81, 82, 93] also represent
potential theranostic targets for metastatic MTC and pre-
liminary literature data seems promising but currently not
sufficient for implementation of PSMA- or FAP-targeted
therapies of MTC patients in the clinical routine. Currently,
few guidelines recommend targeted radionuclide therapy in
metastatic MTC patients and just in very selected cases [94].

Overall, the role of this therapeutic option in MTC
patients remain to be clarified. Further investigations are
required to evaluate the efficacy of targeted radionuclide
therapy in MTC, including its impact on tumor response,
progression-free survival, and overall survival rates. Clini-
cal trials and retrospective studies involving larger patient
cohorts are necessary to gather robust evidence and deter-
mine the patient selection criteria that would benefit most
from this treatment approach. Additionally, it is important
to explore potential combination therapies involving tar-
geted radionuclide therapy, such as its use in conjunction
with other systemic treatments. This could help determine
whether a multimodal treatment approach, incorporating
targeted radionuclide therapy, can provide superior out-
comes compared to existing standard treatments. Further-
more, ongoing research efforts should focus on refining the
dosimetry and radiopharmaceutical selection for targeted
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radionuclide therapy, ensuring optimized tumor targeting
and minimal toxicity to healthy tissues. This will contrib-
ute to establishing standardized protocols and guidelines for
its implementation, facilitating its widespread adoption in
clinical practice.

1.13 Concluding remarks

In summary, we emphasize the dynamic and expanding role
of nuclear medicine in the management of MTC. The inte-
gration of diagnostic and therapeutic modalities through in
vivo molecular imaging could represent a significant avenue
for tailoring treatment to individual patients. However, fur-
ther investigations are necessary to elucidate the precise role
of radionuclide therapy option, establish its efficacy, deter-
mine optimal treatment strategies, and evaluate its long-
term benefits and potential toxicity. Continued research
endeavors will enhance our understanding and ultimately
lead to a more defined and evidence-based incorporation of
targeted radionuclide therapy in the management of MTC.
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