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Simple Summary: According to the American Cancer Society, approximately 53,000 new cases of
thyroid cancer were diagnosed and more than 2200 people died from the disease in 2020. New
developments in molecular imaging are significantly improving thyroid cancer diagnostics and
therapy. Continuous research in molecular imaging techniques additionally contributes to an under-
standing of a variety of diseases and enables more efficient care of thyroid cancer patients. Molecular
imaging-based personalized therapy has been a fascinating concept for individualized therapeutic
strategy, which is able to attain the highest efficacy and reduce adverse effects in certain patients.
Theragnostics, which integrates diagnostic testing to detect molecular targets for particular therapeu-
tic modalities, is one of the key technologies that contributes to the success of personalized medicine.
This review details the inception of molecular imaging and theragnostic applications for thyroid
cancer management.

Abstract: Molecular imaging plays an important role in the evaluation and management of different
thyroid cancer histotypes. The existing risk stratification models can be refined, by incorporation
of tumor-specific molecular markers that have theranostic power, to optimize patient-specific (in-
dividualized) treatment decisions. Molecular imaging with varying radioisotopes of iodine (i.e.,
131I, 123I, 124I) is an indispensable component of dynamic and theragnostic risk stratification of
differentiated carcinoma (DTC) while [18F]F-fluorodeoxyglucose ([18F]FDG) positron emission to-
mography/computed tomography (PET/CT) helps in addressing disease aggressiveness, detects
distant metastases, and risk-stratifies patients with radioiodine-refractory DTC, poorly differentiated
and anaplastic thyroid cancers. For medullary thyroid cancer (MTC), a neuroendocrine tumor de-
rived from thyroid C-cells, [18F]F-dihydroxyphenylalanine (6-[18F]FDOPA) PET/CT and/or [18F]FDG
PET/CT can be used dependent on serum markers levels and kinetics. In addition to radioiodine
therapy for DTC, some theragnostic approaches are promising for metastatic MTC as well. More-
over, new redifferentiation strategies are now available to restore uptake in radioiodine-refractory
DTC while new theragnostic approaches showed promising preliminary results for advanced and
aggressive forms of follicular-cell derived thyroid cancers (i.e., peptide receptor radiotherapy). In
order to help clinicians put the role of molecular imaging into perspective, the appropriate role and
emerging opportunities for molecular imaging and theragnostics in thyroid cancer are discussed in
our present review.

Keywords: thyroid cancer; molecular imaging; theragnostics; radioiodine; positron emission
tomography
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1. Introduction

Thyroid cancers account for about 1% of all cancer cases, being the most frequent
endocrine malignancy. Among cancers derived from the follicular thyroid cell, the most
frequent (80–85% of cases) differentiated thyroid cancer (DTC) usually has a favorable
prognosis while the anaplastic form (ATC) evolves rapidly to the fatal outcome in approx-
imately all cases [1]. The 5-year disease-specific mortality rate of poorly differentiated
thyroid carcinoma (PDTC) and medullary thyroid carcinoma (MTC), a neuroendocrine
tumor derived by the parafollicular C-cells, is ~50% [2]. Surgery, when technically feasible,
represents the mainstay of treatment of most thyroid cancer [3]. Postoperative radioiodine
therapy (RAI) may be administered in DTC patients to ablate thyroid remnants, reduce
the risk of recurrence and disease-related death or treat known structural disease [4].
Postoperative monitoring of most DTC and MTC patients relies on serum tumor mark-
ers and neck ultrasound, with additional imaging added in cases of suspicious spread
of the disease [5,6]. Treatment of relapsing and advanced DTC may benefit from RAI
while Thyrosin-Kinase Inhibitors (TKI) can be employed in patients affected by advanced
radioiodine-refractory DTC and MTC, respectively [1,7,8]. This review focuses on how
molecular imaging influences the diagnosis, staging, prognostic stratification, and manage-
ment of thyroid cancers. Additionally, the role of molecular imaging-based theragnostics
applications is also discussed.

2. Diagnosis of Thyroid Cancers

Thyroid nodules are very common in the adult population, while the cancer rate
among people with a thyroid nodule is rare. Accordingly, screening for thyroid cancer is
not recommended [9]. Ultrasound (US) is a first-line tool for the initial malignancy risk
assessment [10,11], and suspicious nodules are addressed with Fine Needle Aspiration
(FNA). The main limitations of thyroid FNA, however, are “indeterminate” nodules. The
rate of malignancy ranges from 10 to 30% in such cases, with histological examination a
necessity to achieve the final diagnosis [12]. Molecular imaging methods can fruitfully
contribute to refining the preoperative diagnosis of indeterminate thyroid nodules [13,14].

2.1. Molecular Imaging of Thyroid Nodules

Thyroid scintigraphy (TS), performed using either [99mTc]Pertechnetate (Na[99mTc]TcO4) or
[123I]Sodium-Iodide (Na[123I]I) is the only method able to detect autonomously functioning
thyroid nodules (AFTNs) and exclude malignancy with a 96–99% negative predictive value
(NPV) even in the presence of low-normal TSH levels [15]. Moreover, molecular imaging
with [99mTc]Tc-hexakis-(2-methoxy-2-isobutyl isonitrile ([99mTc]Tc-MIBI) and [18F]FDG may
help to differentiate benign from malignant indeterminate nodules [14,15].

2.1.1. [99mTc]Tc-MIBI Thyroid Scintigraphy

The [99mTc]Tc-MIBI is a lipophilic cation able to cross the cell membrane. It penetrates
into the cytoplasm in a reversible way and then irreversibly moves through the membrane
of the mitochondria using a different electrical gradient regulated by a high negative inner
membrane electric potential. Tumor cells are characterized by a higher negative inner
membrane electric potential compared to normal cells. Consequently, it can be helpful to
characterize the biological behavior of cytologically indeterminate nodules [16]. A very
high to absolute NPV was found in thyroid nodules with a [99mTc]Tc-MIBI hypoactive
pattern, while an increased [99mTc]Tc-MIBI uptake conferred a significantly higher risk of
cancer. However, while a NPV of >96 is achieved, the positive predictive value (PPV) is
unsatisfactory as [99mTc]Tc-MIBI uptake may also be recorded in benign nodules (especially
follicular and oxyphilic adenomas) [17,18]. Moreover, a semiquantitative approach to
evaluate the tracer washout from the nodule (Washout Index (WOind)) was introduced,
providing better results in comparison with qualitative analysis [19].
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2.1.2. [18F]FDG Positron Emission Tomography/Computed Tomography

[18F]FDG uptake is related to an overexpression of the transmembrane glucose trans-
porter proteins (GLUTs), which transport the tracer into the cell, and to the overactivation
of hexokinases that phosphorylate [18F]FDG to [18F]FDG-6-phosphate and trap the tracer
in the cell. Interestingly, a visually [18F]FDG-negative indeterminate thyroid nodule has
a negligible risk of malignancy, making [18F]FDG PET/CT a suitable ruling-out test (as
robustly demonstrated by meta-analyses [20–22]). Moreover, [18F]FDG PET/CT radiomics
analysis preliminarily proved to increase specificity and PPV [23].

Table 1 gives an overview of the different tracers and imaging methods to further
evaluate thyroid nodules in a clinical setup.

Table 1. Molecular imaging to differentiate benign and malignant thyroid nodules.

Method Tracer Indication Pattern Action

Scintigraphy Na[99mTc]TcO4 nodules-low TSH AFTNs Avoid FNA

Scintigraphy Na[123I]I nodules-low TSH AFTNs Avoid FNA

Scintigraphy [99mTc]Tc-MIBI nodules-CI [99mTc]Tc-MIBI- Avoid surgery

PET/CT [18F]FDG nodules-CI [18F]FDG- Avoid surgery

Legend: PET/CT, positron emission tomography/computed tomography; [99mTc]Tc-MIBI, methoxy-isobutyl-
isonitrile; [18F]FDG, fluorodeoxyglucose; TSH, thyrotropin; CI, cytologically indeterminate; AFTNs, autonomously
functioning thyroid nodules; FNA, fine-needle aspiration.

3. Differentiated Thyroid Cancers

The current strategy for DTC management is a risk-stratified approach based on
information from surgical histopathology and molecular markers, post-operative serum
thyroglobulin (Tg) levels, and functional/anatomical imaging studies.

3.1. Surgical Treatment for DTC and Preoperative Staging

Traditionally, (near-) total thyroidectomy was performed in most DTC patients, even
though the current American Thyroid Association (ATA) guidelines recommend lobectomy
for patients with unifocal intrathyroidal low-risk DTC [5]. Cervical lymph nodal metastases
occur in 20–60% of patients with DTC, and central and/or lateral neck compartment
dissection reduces the risk of local-regional recurrence. Prophylactic central neck dissection
may improve regional control for invasive tumors (T3–T4), but it is discouraged for low-risk
DTC because of potential associated morbidities are not justified by a significant clinical
benefit [5]. Preoperative neck US generally suffices to plan surgery, however additional
cross-sectional imaging (i.e., contrast-enhanced computed tomography (ceCT), magnetic
resonance imaging (MRI)) are reserved for patients with locally advanced disease or for
those that are at a high risk of developing distant metastases [24]. PET/CT with [18F]FDG
could be performed preoperatively in aggressive DTC and anaplastic thyroid cancer (see the
specific section). Kim et al. retrospectively analyzed 60 patients with low- or intermediate-
risk DTC who underwent [18F]FDG PET/CT before thyroidectomy. They reported very
low sensitivity and NPV in detecting lymph-node metastases (10% and 50%, respectively)
but very high specificity (90%) [25]. Some other studies compared the accuracy of PET
with that of neck ultrasound and ceCT. The specificities of PET, ultrasonography, and
ceCT in evaluating both the central and lateral neck regions were very high. However, the
sensitivities were low (≤50%) for all three modalities. The overall diagnostic accuracy of
[18F]FDG PET/CT tended to be higher for lateral than for central lymph nodes [26,27].

3.2. Postoperative 131I Therapy

Initial (near-)total thyroidectomy followed by 131I administration has remained the
mainstay in achieving a cure in many DTC patients. 131I treatment of DTC is based on
the principle of sodium iodide symporter (NIS) expressing thyroid cells with DTC cells
having the ability of trapping circulating 131I. After surgery, the risk of structural disease
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recurrence and/or persistence is assessed using the three-tier (low, intermediate, high)
stratification recommended by ATA [5]. The goal of therapeutic 131I administration after
total thyroidectomy is outlined based on standardized definitions as follows [5,24].

• Remnant ablation to eliminate normal thyroid tissue remnants in low risk patients,
thereby ensuring undetectable or minimal serum Tg levels (in the absence of neoplastic
tissue), which facilitates follow-up.

• Adjuvant treatment to irradiate suspected but unproven sites of neoplastic cells in
low-intermediate and intermediate risk patients, as determined by histopathologic
features, thereby reducing the risk of disease recurrence.

• Treatment of known disease to treat persistent or recurrent disease in patients with
demonstrated metastatic disease.

Basically, two approaches to 131I therapy planning and delivery are adopted in clinical
practice: (i) the approach based on clinical-pathologic factors and institutional protocols
(i.e., risk-adapted approach), and (ii) the approach integrating postoperative radioiodine
functional imaging (i.e., functional imaging-guided). No evidence data are available to
allow recommending one strategy over the other and the local choice is based on local
factors (i.e., surgery quality, laboratory and imaging availability, and multidisciplinary
thyroid team), including physician–patient preferences.

3.3. The Role of Functional Imaging in Managing Radioiodine Therapy

Nuclear imaging of DTC takes advantage of the NIS-mediated uptake allowing char-
acterization of iodine-avid versus noniodine-avid disease, as well as the localization and
quantification of iodine-avid postoperative thyroid remnant.

3.3.1. Post-Therapy Whole-Body Scintigraphy (TxWBS)

When DTC patients receive 131I therapy based on clinical-pathological risk stratifica-
tion a [131I] post-treatment whole-body scintigraphy (TxWBS) is obtained 3–10 days after
treatment. TxWBS is a highly sensitive and specific diagnostic tool useful to determine the
location and extent of iodine-avid thyroid tissue. Consequently, it permits accurate disease
restaging by detecting unknown loco-regional and/or distant metastases thus changing
the initial risk stratification and customizing additional therapies and follow-up strategies.
The diagnostic performance of TxWBS can be significantly improved using additional
single-photon emission computed tomography/computed tomography (SPECT/CT). Com-
pared to planar imaging, SPECT/CT images (i) reveal more foci of pathological radioiodine
uptake located either in the cervical region or at distance (i.e., higher sensitivity), (ii) dis-
tinguish physiological uptakes from the foci of the disease (i.e., higher specificity), and
(iii) detect metastatic lesions in unexpected sites [28,29].

Figure 1 illustrates a patient that received both pre-ablational WBS with a diagnostic
dose and its correlative after therapeutic dose (TxWBS).

3.3.2. Postoperative Diagnostic Whole-Body Scintigraphy (DxWBS)

When the functional-imaging guided approach is preferred by the local team, postop-
erative whole-body scintigraphy with diagnostic activities of different radioactive iodine
isotopes ([131I], [123I], [124I]) is performed. Theoretically, postoperative DxWBS leads to
a significant improvement of risk stratification and staging of DTC patients and informs
subsequent [131I] therapy [30]. As an example, visualization of metastatic lesions prompts
risk re-stratification and, potentially, adjustment of [131I] administered activity. Indeed,
the suspicion of noniodine-avid disease (i.e., negative radioiodine WBS with elevated
thyroglobulin (Tg) or Tg levels out of proportion to the WBS findings) may require ad-
ditional studies (i.e., neck/chest computed tomography, CT; [18F]FDG PET/CT). Finally,
negative WBS results with undetectable Tg levels may rule out 131I therapy in low-risk
DTC patients. Some authors, however, argue that TxWBS is more sensitive in identifying
metastatic lesions (not initially seen on DxWBS), avoiding the so-called “stunning effect”
of iodine-avid tissue [31]. Notably, recent improvements in technology (i.e., SPECT/CT),
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image acquisition, and reconstruction protocols enabled the use of lower [131I] activities [32].
Accordingly, a systematic review of 14 original research articles describing the incremental
value of [131I] SPECT/CT demonstrated significant clinical benefit in terms of staging, risk
stratification, and follow-up of DTC [33]. Figures 2 and 3 show examples of [131I] TxWBS
in patients with lymphogenous and/or distant spread.

In addition, [123I] and/or [124I] can be used instead of 131I to minimize the risk of stun-
ning. Pre-ablation [123I] WBS provided additional critical information in 25% of 122 patients,
by revealing unsuspected regional or distant metastases and thus guiding the adminis-
tration of higher 131I therapeutic activities, or revealing unexpected large thyroid rem-
nants [34].

Other authors also demonstrated that the information gained by [123I] DxWBS changed
the applied [131I] activity in 49% of cases [35]. Santhanam and colleagues, in a recent
meta-analysis, described a 94% sensitivity of [124I] PET/CT in postoperative detection of
metastatic lesions amenable to RAI [36]. In particular, it allows lesion-based evaluation of
iodine uptake and clearance that is especially advisable to tailor [131I] therapy in patients
with advanced disease [37,38]. Finally, new perspectives in the field are represented by
NIS-imaging via [18F]tetrafluoroborate ([18F]TFB) and [18F]fluorosulfate ([18F]FSO3). The
visualization of the expression of NIS through in vivo molecular imaging has been based
for a number of years on diagnostic or post-therapeutic [131I] WBS. The limitations of
scintigraphic methods, including resolution and the possibility of target quantification,
are well known. The technique of choice in the diagnostic setting could be [124I] PET/CT,
as it shows higher sensitivity compared to the [131I] WBS, but also allows for dosimetric
estimation in therapeutic cases. However, it is not easily available and for its intrinsic
characteristic requires a long time to scan with (presently) suboptimal quality and resolution
of images. Recently, new tracers such as [18F]TFB or [18F]FSO3 have shown promise as
potential candidates for NIS visualization in preclinical studies and first preliminary human
applications [39]. From a technical point of view, the development of fluorinate tracers has
the advantages of easier labeling, higher image quality, and high tumor to background
contrast in animal and human studies. From a biological point of view [18F]TFB and
[18F]FSO3 are iodine analogues, but with a main difference, the formers do not go into
the iodine organification process in thyroid cells. These radiopharmaceuticals have been
tested in healthy volunteers with promising biodistribution, in particular, low background
uptake in the liver, muscle, and brain and high uptake in organs that normally express
NIS (thyroid, salivary gland, and stomach) [40]. Furthermore, a rapid blood clearance
(20 min after injection) and stability up to 4 h after injection have been observed. In breast
cancer mice models [18F]TFB compared to [123I] whole-body scan showed superior imaging
characteristics related to a faster blood clearance, higher tumor/blood ratio, and higher
sensitivity related to PET imaging [41]. O’Doherty et al. evaluated [18F]TFB uptake in
5 patients with intrathyroidal thyroid cancer while Samnik et al. compared [18F]TFB to [124I]
PET in 9 patients after total thyroidectomy [42,43]. In the first study, intra-thyroid tumor
nodules showed lower uptake compared to normal thyroid tissue, while in the second the
two tracers showed almost comparable performance. In only 2 patients, [18F]TFB showed
two more lesions compared to [124I] PET and in all cases lower retention in thyroid tissue,
probably due to the absence of the organification phase. Their applications in thyroid cancer
patients still require further exploration and at this moment are under investigation in pilot
studies (NCT03196518). Of note, any therapeutic [131I] administration should be followed
by a TxWBS to assess therapeutic [131I] localization, which is routinely used together
with a preablation Tg measurement, to complete post-operative staging and predict the
patient’s outcome.
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Figure 3. Post-treatment high-activity 131I whole-body scintigraphy. Multiple cervical and mediasti-
nal iodine-avid metastatic lymph nodes and diffuse lung “miliariform” metastases.

3.3.3. [18F]FDG Positron Emission Tomography/Computed Tomography (PET/CT)

Very promising results of [18F]FDG PET/CT performed at the time of first postoper-
ative staging were reported in patients with high-risk DTC and Hürthle cell and poorly
differentiated histotypes. In particular, [18F]FDG PET/CT might be very useful in correctly
addressing disease aggressiveness and in detecting distant metastases (especially bone) in
such cases [44].

3.4. The Role of Functional Imaging in Response Assessment and Disease Monitoring

Thyroglobulin measurement and ultrasound are essential tools to monitor DTC after
primary treatment [5,24,45,46].

3.4.1. Radiodine Whole Body Scintigraphy

There is no consensus regarding the routine use of DxWBS during the follow-up
of patients with DTC [47]. Indeed, DxWBS remains a useful tool in selected patients
with (i) higher risk of persistent/recurrent disease, (ii) extra-thyroid radioiodine uptake
at TxWBS (i.e., loco-regional and/or distant metastases), (iii) poorly informative TxWBS
(i.e., large remnants), or (iv) positive thyroglobulin antibody values. Gonzalez Carvalho
and colleagues [48] evaluated a very large cohort of DTC patients (n = 1420) in all TNM
categories in whom a life-long follow-up (up to 25 years) was regularly performed also
using DxWBS. They concluded that in DTC patient follow-up, the use of DxWBS can
still be justified at least until stimulated thyroglobulin is below functional sensitivity
(in the absence of thyroglobulin antibodies) and DxWBS is negative (i.e., no evidence
of radioiodine loco-regional and/or distant uptake). Importantly, the results of a large
SEER database (28,220 patients diagnosed with DTC between 1998 and 2011) showed that
follow-up DxWBS performed after primary treatment of DTC are the only imaging studies
associated with improved disease-specific survival [49].



Cancers 2022, 14, 1272 8 of 22

3.4.2. Positron Emission Tomography

The main indication for [18F]FDG PET/CT in DTC is during DTC follow-up in the
case of high or increasing thyroglobulin levels, but negative or doubtful ultrasound, and
negative diagnostic and post-therapeutic RAI imaging. In such a context, evidence sup-
ports the use of [18F]FDG PET/CT, with reported pooled sensitivity and specificity of
80% and 90%, respectively [50–52]. Figure 4 demonstrates a patient with this flip flop
phenomenon (i.e., WBS negative and FDG positive). The current ATA guidelines suggest
that [18F]FDG PET/CT should be performed when stimulated thyroglobulin levels are
>10 ng/mL. Further, although the positivity rate of [18F]FDG PET/CT increases with
higher serum thyroglobulin level, true-positive results have also been reported in 10–20%
of DTC patients with serum thyroglobulin levels <10 ng/mL [53,54]. Giovanella et al. sug-
gested that shortened thyroglobulin doubling time (i.e., <1 year) independently predicted a
positive [18F]FDG PET/CT scan in patients with biochemical recurrence [55]. Considering
the relatively low sensitivity of diagnostic 131I WBS, one of the most important issues is the
comparison of post-therapeutic 131I WBS with [18F]FDG PET/CT. Leboulleux et al. eval-
uated the sensitivity of post-therapeutic [131I] WBS versus [18F]FDG PET/CT in patients
with elevated serum thyroglobulin levels. The sensitivity in detecting DTC relapse was 88%
for [18F]FDG PET/CT and 16% for TxWBS (p < 0.01), respectively. [18F]FDG-PET/CT was
abnormal in 22 patients, five of whom also had an abnormal TxWBS. The authors concluded
that in patients with suspicion of recurrence based on thyroglobulin levels after a normal
TxWBS, [18F]FDG PET/CT is better able to localize disease than TxWBS [56]. Similarly, Kim
et al. reported that second empiric 131I therapy and TxWBS were neither diagnostically nor
therapeutically useful in 39 patients with elevated stimulated thyroglobulin and negative
[18F]FDG PET/CT after initial treatment. These data suggest that the correct integration of
radioiodine imaging and [18F]FDG PET/CT may optimize additional administrations of
high [131I] activities and inform alternative strategies (i.e., surgical procedures or external
beam radiotherapy) [57].
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4. Advanced and Radioactive Iodine Refractory Cancer

Radioactive iodine is the main treatment modality in the case of metastatic disease
that accounts for around 10% of patients with thyroid cancer. About 50% of metastatic
patients obtain complete remission or stabilization on a long-term period after RAI therapy.
Unfortunately, in the remaining patients, disease does not achieve complete or partial
response or progress despite RAI treatment [58]. According to ATA guidelines, RAI-
refractory (RAI-R) thyroid cancer is defined in the following situations: (1) the structurally
known disease does not ever concentrate RAI (no uptake outside the thyroid bed at the first
TxWBS); (2) the tumor tissue loses the ability to concentrate RAI after previous evidence of
RAI-avid disease; (3) RAI is concentrated in some lesions but not in others; (4) metastatic
disease progresses despite significant uptake of RAI [5]. Such definitions, however, cannot
be merely applied to all cases—each patient should be individually managed with a good
understanding of the limitations of the various classifications [59]. Further classifications
related to scarce response to RAI include: [18F]FDG avid lesions at PET/CT, disease
progression from 12 to 16 months after RAI, and incomplete response after >22.2 GBq of
cumulative activity of RAI [60–62]. There is increasing evidence that treatment response in
advanced disease is strictly related to the absorbed doses delivered to tumors and healthy
organs, leading to the need for personalized therapy. Dosimetric evaluation could be
provided by both maximum tolerated activity (MTA) calculation or lesional dosimetry.
The first approach has the main goal to administer higher activities of radioactive iodine
limiting toxicity, while respecting the absorbed dose limit to the blood marrow of 2 Gy and
whole-body retention of 80 mCi at 48 h [63]. Nevertheless, higher activities could not be
effective if a significant absorbed dose is not delivered to the tumors. To overcome this
issue, lesional dosimetry has the main goal to predict, when performed before therapy, or to
assess, when performed after treatment, the absorbed dose in each single lesion to modulate
administered activities [64]. Lesional dosimetry is normally performed by diagnostic/post-
therapeutic [131I] SPECT/CT or [124I] PET/CT imaging and demonstrates a high inter-lesion
and inter-patient heterogeneity, allowing easy identification of lesions that are less likely to
respond to RAI. Furthermore, it is not feasible in all lesions and presents some limits in
the case of disseminated metastases. Accordingly, further studies are needed to estimate
the impact of dosimetry on patients’ progression-free survival or overall survival [65–68].
Beyond RAI uptake as it is, several factors (i.e., biological/molecular basis of thyroid cancer,
specific patterns of patients, and disease presentation) should be taken into account and
considered more deeply on a case by case basis [69]. In a clinical setting, [18F]FDG PET/CT
is a useful tool as a prognostic and predictive factor of RAI treatment response in metastatic
patients. Deandreis et al., in a retrospective study including eighty patients with metastatic
thyroid cancer showed that [18F]FDG PET/CT uptake was the only significant prognostic
factor for survival (p = 0.02), and the prognosis was significantly related both to SUVmax
and to the number of [18F]FDG avid lesions (p = 0.03 and 0.009, respectively). Furthermore,
patients with both [18F]FDG and RAI avid lesions have a prognosis similar to [18F]FDG
only avid lesions [70]. More recently Manohar et al. demonstrated in 62 RAI refractory DTC
metastatic patients that [18F]FDG PET/CT should be considered as an imaging biomarker
predictive for overall (OS) and progression free survival (PFS), and that tumor burden
represented by higher than median values of metabolic tumor volume and total lesion
glycolysis were associated with worse OS (p = 0.06) and PFS (I = 0.007) [71].

Medical Treatments and Re-Differentiation Strategies

The therapeutic management of RAI-R thyroid cancer depends on several consid-
erations, in particular the patient status, the extension and site of the disease, and the
assessment of disease progression. Beyond RAI, TKI represent the main systemic treat-
ments, in progressive and high tumor burden disease, to improve patients’ outcomes.
Timing to define disease as “progressive” is around 12–16 months according to the in-
clusion criteria in clinical trials and usually based on RECIST 1.1 criteria. Sorafenib and
Lanvatinib, a multitarget TKI, have demonstrated a major improvement in progression-free
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survival in phase III clinical trials [72,73]. Several other drugs are under investigation in
clinical trials, with some of the most promising results coming from apatinib, an inhibitor
of VEGFR [74], and from TKI treatments in thyroid cancer with rarer fusion mutations such
as larotectinib in TRK mutate tumors in basket trials [75]. Nevertheless, with these latest
drug types, there is increasing evidence of the possibility to re-differentiate RAI-R cancers
through molecular blockage induced by targeted drug direct effect [76]. The first-in-human
trial, from Ho et al. on the basis of pre-clinical study in BRAF mutated mouse models,
showed the potential of selumetinib to reinduce a significant [131I] uptake through the
inhibition of MAPK cascade [77]. Radioactive iodine uptake was restored in 12/20 included
patients. The 8/12 that reached a presumed absorbed dose of 2000 cGy were treated and
achieved objective response in all cases (5 partial responses (PR) and 3 stable diseases
(SD)). Nevertheless, RAI uptake reinduction was observed in only 4/9 patients harboring
BRAF mutation and only 1 patient among them was treated with [131I] and achieved an
objective response. Consequently, specific BRAF inhibitors (i.e., dabrafenib, vemurafenib,
or trametinib) that most likely induce a sustained MAPK pathway inhibition are tested
as single agents or in combination, in re-differentiation clinical trials in BRAF mutated
tumors [78]. Finally, one of the treatment options which has been recently proposed for
RAI-R thyroid cancer has been peptide receptor radionuclide therapy (PRRT), based on
the theranostic concept. PRRT is a unique way of targeting somatostatin receptors overex-
pression on tumor cells in many cancers including the thyroid [79]. In an early study in
which [68Ga]Ga-DOTA-TOC PET/CT was used to select such patients for PRRT as well as
to assess treatment response and toxicity, PR and SD were seen in approximately 60% of
the treated patients, with duration of the response being 3.5–11.5 months [80].

Recently, Maghsoomi et al., reviewed available studies investigating the safety and
efficacy of PRRT in patients with advanced radioiodine refractory DTC and metastatic
medullary thyroid carcinoma (see the specific section). Out of 2284 related papers, 41 were
included in the analysis according to the inclusion criteria. A total of 157 RAI-R DTC
patients were treated with PPRT. Biochemical and objective responses (partial and com-
plete) were observed in 25.3 and 10.5% of patients, respectively [81]. The main adverse
events were nausea, asthenia, and transient hematologic toxicity. Currently, however,
such results cannot be treated as sufficient evidence for recommending this form of treat-
ment in RAI-R DTC. However, PRRT should be selectively considered in patients with
advanced radioiodine refractory DTC with progression under established treatment (i.e.,
TKI, see below).

5. Poorly Differentiated Thyroid Cancer

Poorly differentiated thyroid cancer (PDTC) is rare, with a reported incidence from
2% to 15% of all thyroid cancers [82,83]. PDTC is generally considered a thyroid cancer
entity with a prognosis between DTC and anaplastic thyroid cancer (ATC) due to its higher
risk of persistence/recurrence both locally and distantly, and higher mortality [84]. As
compared to DTC, PDTC generally occurs in older ages and has a higher prevalence in men.
Most patients have an extrathyroidal extension at presentation and 50–85% of patients
are detected with lymph nodal spread in the regional lymph nodes, whereas the vast
majority (85%) develop distant spread in the course of the disease [85]. Like DTC, total
thyroidectomy and central and/or lateral neck dissection in the presence of suspicious
lymph nodes is the cornerstone of multimodal treatment. The five-year overall survival
for PDTC is in the range of 62–85% and the disease-specific survival is 66%. Poor outcome
predictors are age (>45 years), locally advanced disease (including extrathyroidal extension),
mitosis, and necrosis [86].

Molecular Imaging and Theragnostics

Correct staging with both [18F]FDG PET/CT and RAI imaging is mandatory to assess
PDTC. Basically, postoperative RAI treatment should be performed because in many cases
at least part of the disease shows a significant RAI uptake, which will reduce the tumor
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burden. On the other hand, high metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) in [18F]FDG PET/CT are significantly associated with poor prognosis [87]. Figure 5
demonstrates an example of PDTC measured with [18F]FDG. In such cases, PDTC is often,
or will become, iodine-refractory. The current regimen of treatment in such cases is shifting
toward targeting multiple pathways simultaneously to avoid (early) resistance to TKIs
and/or produce a synergistic treatment effect.
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6. Anaplastic Thyroid Carcinoma

Anaplastic thyroid carcinoma (ATC) is the most aggressive, yet most rare, thyroid
cancer type. It accounts for 1% of all thyroid cancers, with an estimated incidence of
1–2 cases per year per million population. This undifferentiated form of thyroid cancer is
unable to take up RAI and is in most cases lethal [88,89]. So far, no established treatment
is available that prolongs survival despite published guidelines for the management of
ATC [90]. ATC presents a very low median overall survival (5–6 months), and the median
one-year survival is not more than 20%. It is associated with a rapid and lethal progression,
especially at a local level with the noncontrollable locoregional disease, with an invasion of
vital structures in the neck being the major cause of death [91]. [18F]FDG PET/CT could be
useful in identifying the true spread of the disease, which could further guide treatment
(Figure 6). It is still unclear whether patients will benefit from debulking surgery, due to
the high rate of complications [92]. With regards to radiation, a large analysis of nearly
1300 non-resected ATC patients demonstrated a significantly improved survival in patients
that had undergone radiotherapy. However, if this could be translated to other patients
after surgery as well, is still unclear. In small cohorts, the addition of chemotherapy to
radiotherapy has led to an improvement in overall survival. Whether chemotherapy or
combination radiochemotherapy improves patients’ outcome is still unclear [93]. Recently,
dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) have been approved for
inoperable locally invasive or metastatic ATC.

Molecular Imaging and Theragnostics

High SUVmax, MTV, and TLG in [18F]FDG PET/CT are significantly associated with
poor prognosis [94]. Accordingly, correct staging and risk stratification with [18F]FDG
PET/CT have a major clinical impact on the management as they will identify patients
that will profit from a more aggressive multimodal treatment, ideally as part of a clinical
trial [95–97]. Furthermore, new molecular targets such as prostate-specific membrane anti-
gen (PSMA) have shown increased uptake in anaplastic thyroid cancers. Thus, radioligand
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therapies with beta or alpha emitters could prove beneficial in selected cases that experience
a high expression of molecular targets [98].
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7. Medullary Thyroid Cancer

Medullary thyroid carcinoma (MTC) is a neuroendocrine tumor that accounts for
less than 5% of malignant thyroid tumors. It is derived from parafollicular C cells of
the thyroid. Approximately 75% of cases are considered sporadic, while the rest are
hereditary [99]. Sporadic MTCs are mostly unifocal tumors, while hereditary tumors are
multifocal, usually affecting both thyroid lobes [100] and occur as familial MTC (FMTC) or
a part of multiple endocrine neoplasia syndromes type 2 (MEN2A and MEN2B). MEN2A
accounts for 95% of MEN2 syndromes with four identified variants: classical MEN2A
(MTC sometimes associated with pheochromocytoma, or hyperparathyroidism, or both),
MEN2A with cutaneous lichen amyloidosis, MEN2A with Hirschsprung’s disease, and
familial MTC (MTC without pheochromocytoma or hyperparathyroidism) [6]. Hereditary
cases are induced by different germline mutations in the rearranged during transfection
(RET) protooncogene (chromosomal band 10q11.2), while sporadic cases are caused by
somatic RET mutations in up to 65% of cases [101–103].

7.1. Diagnosis

MTC is still recognized in the advanced stage without a significant shift toward early
disease detection. MTC stage III and IV are present in almost 50% of patients at initial
diagnosis. Ten-year survival rates of patients with stage I, II, III, or IV (AJCC/UICC TNM
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classification) are 100%, 93%, 71%, and 21%, respectively [6]. MTC is a morphologically
very heterogeneous tumor. Neck ultrasound is useful in the evaluation of malignancy-
risk of thyroid nodules. Hypoechoic texture with coarse calcifications is suspicious for
MTC, however, it is not specific enough [2]. FNA cytology is obligatory in all cases with
suspicious thyroid nodules. Calcitonin measurement in FNA washout of thyroid nodules
and neck nodes has higher sensitivity compared to cytology in diagnosing MTC, and thus,
it may eliminate false-negative results by cytology. Calcitonin measurement in needle
washout is recommended for all patients with high serum calcitonin undergoing thyroid
nodule biopsy [104].

The main serum tumor biomarker used in the diagnosis and follow-up of MTC is
calcitonin, the secretory product of C-cells. It is an important diagnostic, as well as a
prognostic, biomarker. Its serum levels are related to the content of C-cells. Furthermore,
the measurement of serum calcitonin is also valuable in metastatic MTC to evaluate the
response to systemic therapy [105]. MTC also secretes carcinoembryonic antigen (CEA)
in half of all cases. However, it is not sensitive enough for diagnostic purposes or early
assessment following initial surgery [106]. Procalcitonin, the precursor of calcitonin, shows
even superior results compared to calcitonin in the management of MTC [107–109].

All MTC patients should undergo a neck ultrasound to evaluate local invasion and
lymph node metastases, while additional morphological and functional imaging methods
are recommended in patients with locally advanced and metastatic disease, as well as in all
patients with a calcitonin level above 500 pg/mL [6,110,111]. Some studies reported high
sensitivity of [18F]FDOPA PET/contrast-enhanced CT (PET/ceCT) in the initial staging
of MTC patients before surgery. In addition, the sensitivity of [18F]FDOPA PET/ceCT
demonstrated higher sensitivity in the detection of cervical lesions compared to neck
US [112]. Increased biodistribution of the tracer in the liver decreases its sensitivity for liver
lesions. In such cases, liver MRI may be advantageous [113]. Tracers targeting somatostatin
receptors (e.g., [68Ga]Ga-DOTA-TATE) have shown promising results in the detection of
MTC. Their accuracy is higher in MTC patients with increasing tumor markers. Important
advantages are availability and the ability to provide a theragnostic approach in patients
with lesions showing high expression of somatostatin receptors [114,115].

7.2. Surgical Treatment and Postoperative Management

Total thyroidectomy and risk-adapted cervical lymph node dissection is the main
potentially curative option for patients with MTC, either sporadic or hereditary form [116].
Postoperative risk stratification of MTC patients is based on histopathological features, i.e.,
tumor stage, the loco-regional, and distant metastases [6,110,117]. Calcitonin is a useful
prognostic tumor marker in postoperative follow-up. CEA is also useful as a biomarker of
MTC recurrence and disease progression. The biochemical remission is possible in more
than 50% of patients with an initial calcitonin concentration of ≤1000 pg/mL, but not in
patients with calcitonin levels above 10,000 pg/mL [118]. Not only absolute calcitonin
and CEA concentration but also their doubling time is an even stronger prognostic factor.
Shorter doubling time negatively influences recurrence-free and overall survival [119].
Furthermore, serum Progastrin-releasing peptide (ProGRP) accurately discriminates MTC
patients with loco-regional and distant metastasis. In addition, ProGRP outperforms
calcitonin and CEA in monitoring the response of MTC to vandetanib therapy [120].

7.3. Molecular Imaging and Theragnostics

In post-operative management, imaging procedures are guided by tumor markers.
Morphological imaging modalities are often falsely negative or inconclusive in patients
with suspected persistent or recurrent MTC. Therefore, various functional imaging meth-
ods, targeting different metabolic pathways or receptors may be useful, including PET
with [18F]FDG, [18F]FDOPA, and somatostatin analogs labeled with [68Ga]. Increased
[18F]FDG uptake in MTC cells positively correlates with high expression of GLUTs and
higher activity of hexokinase. Additionally, [18F]FDG uptake positively correlates with high
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proliferation and poor differentiation of tumor cells. Therefore, this imaging method may
be more useful in patients with the aggressive disease [121]. The diagnostic performance
[18F]FDOPA PET or PET/CT in patients with suspected recurrent MTC was evaluated in a
meta-analysis of 8 studies including 146 patients. The diagnostic rates (DRs) of [18F]FDOPA
PET/(CT) in per patient-based and lesion-based analyses were 66% and 71%, respectively.
With the exclusion of PET-alone studies per patient-based DR increased to 72%. Detection
rates also increased with high serum calcitonin concentrations of ≥1000 ng/L (86%) and
short calcitonin doubling times of <24 months (86%) [122]. A recent study evaluated the
diagnostic performance of different imaging modalities in 36 MTC patients with increased
serum calcitonin levels and without known distant metastases [123]. Patient-based DRs
of [18F]FDOPA PET/CT, [18F]FDG PET/CT, whole-body MRI, and whole-body CT were
64%, 40%, 40%, and 48%, respectively, demonstrating superior sensitivity of [18F]FDOPA
PET/CT in localization of the recurrent and persistent disease. Asa et al. in a recent com-
parative study that enrolled 46 MTC patients with elevated calcitonin and/or CEA serum
levels, evaluated the performance of [18F]FDOPA PET/CT and [68Ga]Ga-DOTA-TATE in
the detection of recurrent or metastatic MTC [124]. [18F]FDOPA PET/CT demonstrated
sensitivity, specificity, positive predictive value (PPV), NPV, and accuracy of 86.8%, 100%,
100%, 61.5%, and 89.1%, respectively, while [68Ga]Ga-DOTA-TATE PET/CT had a similar
performance characteristics of 84.2%, 87.5%, 96.9%, 53.8%, and 84.6%, respectively.

[68Ga]Ga-DOTA-TATE was superior in the detection of skeletal disease, while [18F]FDOPA
PET/CT had better performance in the detection of liver and regional lymph node metas-
tases. Thus, those two imaging modalities appear to be complementary. Figures 7 and 8
show examples of different PET imaging of MTC.
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Surgery, imaging-guided local treatments (i.e., external beam radiotherapy, thermal
ablations, and cementoplasty), and systemic therapy (e.g., TKI, immune checkpoint in-
hibitors (ICPI), PRRT) can be used and combined to treat progressive advanced MTC [111].
Two multikinase inhibitors (cabozantinib and vandetanib) are approved for the therapy
of progressive MTC as they result in stable disease or partial response, improving the
progression-free survival of MTC patients. Cabozantinib showed higher clinical efficacy
for patients with RET M918T or RAS mutation [125]. However, neither cabozantinib nor
vandetanib prolonged the OS of patients with advanced MTC [126,127]. Additionally, both
drugs may cause significant grade III or IV adverse events [128]. Immune checkpoint
inhibitors targeting PD-L1/PD-1 may be useful in advanced disease, according to several
studies that showed PD-L1 expression positively correlates with advanced MTC [129,130].
Radionuclide therapy with radiolabelled somatostatin analogs (SSAs) is another effective
theragnostic option in selected cases. The expression of somatostatin receptors has been
demonstrated in vitro [131] and in vivo studies [132]. This represents the basis for PRRT,
mainly performed with [177Lu] and [90Y] radiolabelled SSAs. Grossrubatscher et al. showed
in their review article that PPRT with SSTAs may accomplish disease control rate in 62.4% of
cases; comprising of complete response in 2.6%, partial response in 5.1%, and stable disease
in 54.7%. Notably, the majority of selected patients were in progression before starting
with PPRT. Discontinuation of treatment due to toxicity is reported in only 1.3% of cases,
hemotoxicity grade III–IV in 6.5% of cases, and nephrotoxicity grade III–IV in 0.8% [128].
Maghsoomi et al. in a systematic review among 220 patients with metastatic MTC demon-
strated biochemical and objective responses (partial and complete) in 37.2 and 10.6% of
patients, respectively [81]. Satapathy et al. showed that the disease control rate could
be even higher (86%) if combining PRRT with a radiosensitizer, e.g., capecitabine [133].
Current studies also demonstrated progression-free or overall survival benefits [134,135].
Notably, the overall survival was not improved with other systemic therapies. Currently,
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PRRT with SSAs provides an alternative therapeutic option for MTC patients with SSTR
positive metastatic disease that does not respond to other conventional therapies. MTC
also shows the expression of cholecystokinin 2 receptors, which is a promising new tar-
get for PPRT therapy. These receptors are highly expressed in more than 90% of MTC
cases [136]. Although very promising in theory, the clinical translation of cholecystokinin 2
receptor-targeted PRRT is hindered by a short in vivo half-life of the used radiopeptides.
Simultaneous application of endopeptidase inhibitors is suggested to reduce their degra-
dation in vivo, as endopeptidases are the main enzymes involved in the catabolism of
cholecystokinin-based peptides [137].

8. Conclusions

Ultrasound, nuclear medicine, and molecular imaging play a relevant role in the
management of thyroid cancer. In patients with thyroid nodules, an ultrasound assessment
should be performed and used to select nodules for FNA. The integration of thyroid scintig-
raphy in the management plan is useful to exclude AFTN, which should not undergo FNA
irrespective of the ultrasound indication. The contribution of thyroid scintigraphy with
[99mTc]Tc-MIBI and PET/CT with [18F]FDG is also relevant in patients with cytologically
indeterminate nodules.

Risk stratification is pivotal in surgical, nuclear, and molecular treatment planning
for DTC. The existing risk stratification models can be refined, by incorporation of tumor-
specific molecular markers that have theranostic power, to optimize patient-specific (indi-
vidualized) treatment decisions. RAI imaging is an indispensable component of dynamic
and theranostic risk stratification, while [18F]FDG PET/CT helps in addressing disease
aggressiveness, detects distant metastases, and risk-stratifies patients with RAI-R DTC,
PDTC, and anaplastic cancers. Furthermore, [124I] PET/CT may guide a lesion-based
dosimetric approach in patients submitted to RAI, with promising results. For MTC,
[18F]FDOPA PET/CT and/or [18F]FDG PET/CT can be used depending on serum marker
levels and kinetics. Finally, in addition to RAI, some theragnostic approaches are promising
for metastatic MTC (SSAs- and cholecystokinin 2 receptor-targeted PRRT). New redif-
ferentiation strategies are now available to restore uptake in RAI-R cancers, while new
theragnostics approaches showed promising preliminary results for advanced and aggres-
sive forms of follicular-cell derived thyroid cancers (SSAs-targeted PRRT, PSMA-internal
radiotherapy).

Author Contributions: L.G. and P.P.O. writing—original draft preparation, D.D., A.C. and A.V. writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Special thanks to Paul Doolan for language editing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cabanillas, M.E.; McFadden, D.G.; Durante, C. Thyroid cancer. Lancet 2016, 388, 2783–2795. [CrossRef]
2. Trimboli, P.; Giovanella, L.; Crescenzi, A.; Romanelli, F.; Valabrega, S.; Spriano, G.; Cremonini, N.; Guglielmi, R.; Papini, E.

Medullary thyroid cancer diagnosis: An appraisal. Head Neck 2014, 36, 1216–1223. [CrossRef]
3. Wang, T.S.; Sosa, J.A. Thyroid surgery for differentiated thyroid cancer—Recent advances and future directions. Nat. Rev.

Endocrinol. 2018, 14, 670–683. [CrossRef]
4. Verburg, F.A.; Flux, G.; Giovanella, L.; Van Nostrand, D.; Muylle, K.; Luster, M. Differentiated thyroid cancer patients potentially

benefitting from postoperative I-131 therapy: A review of the literature of the past decade. Eur. J. Nucl. Med. Mol. Imaging 2020,
47, 78–83. [CrossRef]

5. Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.; Randolph, G.W.; Sawka,
A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid
Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and
Differentiated Thyroid Cancer. Thyroid 2016, 26, 1–133. [CrossRef]

http://doi.org/10.1016/S0140-6736(16)30172-6
http://doi.org/10.1002/hed.23449
http://doi.org/10.1038/s41574-018-0080-7
http://doi.org/10.1007/s00259-019-04479-1
http://doi.org/10.1089/thy.2015.0020


Cancers 2022, 14, 1272 17 of 22

6. Wells, S.A.; Asa, S.; Dralle, H.; Elisei, R.; Evans, D.B.; Gagel, R.F.; Lee, N.Y.; Machens, A.; Moley, J.F.; Pacini, F.; et al. Revised
American Thyroid Association Guidelines for the Management of Medullary Thyroid Carcinoma. Thyroid 2015, 25, 567–610.
[CrossRef]

7. Suzuki, C.; Kiyota, N.; Imamura, Y.; Goto, H.; Suto, H.; Chayahara, N.; Toyoda, M.; Ito, Y.; Miya, A.; Miyauchi, A.; et al. Exploratory
Analysis to Predict Optimal Tumor Burden for Starting Lenvatinib in Patients With Radioiodine-Refractory Differentiated Thyroid
Cancer. Front. Oncol. 2021, 11, 638123. [CrossRef]

8. Oh, J.M.; Ahn, B.-C. Molecular mechanisms of radioactive iodine refractoriness in differentiated thyroid cancer: Impaired sodium
iodide symporter (NIS) expression owing to altered signaling pathway activity and intracellular localization of NIS. Theranostics
2021, 11, 6251–6277. [CrossRef]

9. Park, S.; Oh, C.-M.; Cho, H.; Lee, J.Y.; Jung, K.-W.; Jun, J.K.; Won, Y.-J.; Kong, H.-J.; Choi, K.S.; Lee, Y.J.; et al. Association between
screening and the thyroid cancer “epidemic” in South Korea: Evidence from a nationwide study. BMJ 2016, 355, i5745. [CrossRef]
[PubMed]

10. Hegedüs, L. Clinical practice: The thyroid nodule. N. Engl. J. Med. 2004, 351, 1764–1771. [CrossRef] [PubMed]
11. Ha, E.J.; Na, D.G.; Moon, W.-J.; Lee, Y.H.; Choi, N. Diagnostic Performance of Ultrasound-Based Risk-Stratification Systems for

Thyroid Nodules: Comparison of the 2015 American Thyroid Association Guidelines with the 2016 Korean Thyroid Associa-
tion/Korean Society of Thyroid Radiology and 2017 American College of Radiology Guidelines. Thyroid 2018, 28, 1532–1537.
[CrossRef] [PubMed]

12. Ha, E.J.; Na, D.G.; Baek, J.H.; Sung, J.Y.; Kim, J.-H.; Kang, S.Y. US fine-needle aspiration biopsy for thyroid malignancy: Diagnostic
performance of seven society guidelines applied to 2000 thyroid nodules. Radiology 2018, 287, 893–900. [CrossRef] [PubMed]

13. Giovanella, L.; Avram, A.; Clerc, J. Molecular imaging for thyrotoxicosis and thyroid nodules. J. Nucl. Med. 2021, 62 (Suppl. S2),
20S–25S. [CrossRef] [PubMed]

14. De Koster, E.J.; De Geus-Oei, L.-F.; Dekkers, O.M.; van Engen-van Grunsven, I.V.; Hamming, J.; Corssmit, E.P.M.; Morreau, H.;
Schepers, A.; Smit, J.; Oyen, W.J.G.; et al. Diagnostic utility of molecular and imaging biomarkers in cytological indeterminate
thyroid nodules. Endocr. Rev. 2018, 39, 154–191. [CrossRef]

15. Giovanella, L.; Avram, A.M.; Iakovou, I.; Kwak, J.; Lawson, S.A.; Lulaj, E.; Luster, M.; Piccardo, A.; Schmidt, M.; Tulchinsky, M.;
et al. EANM practice guideline/SNMMI procedure standard for RAIU and thyroid scintigraphy. Eur. J. Nucl. Med. Mol. Imaging
2019, 46, 2514–2525. [CrossRef]

16. Giovanella, L.; Ceriani, L.; Treglia, G. Role of isotope scan, including positron emission tomography/computed tomography, in
nodular goitre. Best Pract. Res. Clin. Endocrinol. Metab. 2014, 28, 507–518. [CrossRef]

17. Giovanella, L.; Campenni, A.; Treglia, G.; Verburg, F.A.; Trimboli, P.; Ceriani, L.; Bongiovanni, M. Molecular imaging with
99mTc-MIBI and molecular testing for mutations in differentiating benign from malignant follicular neoplasm: A prospective
comparison. Eur. J. Nucl. Med. Mol. Imaging 2016, 43, 1018–1026. [CrossRef]

18. Campenni, A.; Giovanella, L.; Siracusa, M.; Alibrandi, A.; Pignata, S.A.; Giovinazzo, S.; Trimarchi, F.; Ruggeri, R.M.; Baldari, S.
99mTc-Methoxy-Isobutyl-Isonitrile Scintigraphy Is a Useful Tool for Assessing the Risk of Malignancy in Thyroid Nodules with
Indeterminate Fine-Needle Cytology. Thyroid 2016, 26, 1101–1109. [CrossRef]

19. Campennì, A.; Siracusa, M.; Ruggeri, R.M.; Laudicella, R.; Pignata, S.A.; Baldari, S.; Giovanella, L. Differentiating malignant from
benign thyroid nodules with indeterminate cytology by 99mTc-MIBI scan: A new quantitative method for improving diagnostic
accuracy. Sci. Rep. 2017, 7, 6147. [CrossRef]

20. Vriens, D.; De Wilt, J.H.W.; Van Der Wilt, G.J.; Netea-Maier, R.T.; Oyen, W.J.G.; de Geus-Oei, L.F. The role of [18F]-2-fluoro-2-
deoxy-d-glucose-positron emission tomography in thyroid nodules with indeterminate fine-needle aspiration biopsy: Systematic
review and meta-analysis of the literature. Cancer 2011, 117, 4582–4594. [CrossRef]

21. Wang, N.; Zhai, H.; Lu, Y. Is fluorine-18 fluorodeoxyglucose positron emission tomography useful for the thyroid nodules
with indeterminate fine needle aspiration biopsy? a meta-analysis of the literature. J. Otolaryngol.-Head Neck Surg. 2013, 42, 38.
[CrossRef] [PubMed]

22. Castellana, M.; Trimboli, P.; Piccardo, A.; Giovanella, L.; Treglia, G. Performance of 18F-FDG PET/CT in selecting thyroid nodules
with indeterminate fine-needle aspiration cytology for surgery: A systematic review and a meta-analysis. J. Clin. Med. 2019,
8, 1333. [CrossRef]

23. Giovanella, L.; Milan, L.; Piccardo, A.; Bottoni, G.; Cuzzocrea, M.; Paone, G.; Ceriani, L. Radiomics analysis improves 18FDG
PET/CT-based risk stratification of cytologically indeterminate thyroid nodules. Endocrine 2022, 75, 202–210. [CrossRef] [PubMed]

24. Avram, A.M.; Zukotynski, K.; Nadel, H.R.; Giovanella, L.M. Management of differentiated thyroid cancer: The standard of care. J.
Nucl. Med. 2022, 63, 189–195. [CrossRef]

25. Kim, B.S.; Kim, S.-J.; Kim, I.J.; Pak, K.; Kim, K. Factors associated with positive F-18 flurodeoxyglucose positron emission
tomography before thyroidectomy in patients with papillary thyroid carcinoma. Thyroid 2012, 22, 725–729. [CrossRef]

26. Choi, W.H.; Chung, Y.-A.; Han, E.J.; Sohn, H.S.; Lee, S.H. Clinical value of integrated [18F]Fluoro-2-Deoxy-d-glucose positron
emission tomography/computed tomography in the preoperative assessment of papillary thyroid carcinoma: Comparison with
sonography. J. Ultrasound Med. 2011, 30, 1267–1273. [CrossRef] [PubMed]

27. Jeong, H.-S.; Baek, C.-H.; Son, Y.-I.; Choi, J.-Y.; Kim, H.-J.; Ko, Y.-H.; Chung, J.-H.; Baek, H.-J. Integrated18F-FDG PET/CT for
the initial evaluation of cervical node level of patients with papillary thyroid carcinoma: Comparison with ultrasound and
contrast-enhanced CT. Clin. Endocrinol. 2006, 65, 402–407. [CrossRef]

http://doi.org/10.1089/thy.2014.0335
http://doi.org/10.3389/fonc.2021.638123
http://doi.org/10.7150/thno.57689
http://doi.org/10.1136/bmj.i5745
http://www.ncbi.nlm.nih.gov/pubmed/27903497
http://doi.org/10.1056/NEJMcp031436
http://www.ncbi.nlm.nih.gov/pubmed/15496625
http://doi.org/10.1089/thy.2018.0094
http://www.ncbi.nlm.nih.gov/pubmed/30311862
http://doi.org/10.1148/radiol.2018171074
http://www.ncbi.nlm.nih.gov/pubmed/29465333
http://doi.org/10.2967/jnumed.120.246017
http://www.ncbi.nlm.nih.gov/pubmed/34230069
http://doi.org/10.1210/er.2017-00133
http://doi.org/10.1007/s00259-019-04472-8
http://doi.org/10.1016/j.beem.2014.01.008
http://doi.org/10.1007/s00259-015-3285-1
http://doi.org/10.1089/thy.2016.0135
http://doi.org/10.1038/s41598-017-06603-3
http://doi.org/10.1002/cncr.26085
http://doi.org/10.1186/1916-0216-42-38
http://www.ncbi.nlm.nih.gov/pubmed/24228840
http://doi.org/10.3390/jcm8091333
http://doi.org/10.1007/s12020-021-02856-1
http://www.ncbi.nlm.nih.gov/pubmed/34468949
http://doi.org/10.2967/jnumed.121.262402
http://doi.org/10.1089/thy.2011.0031
http://doi.org/10.7863/jum.2011.30.9.1267
http://www.ncbi.nlm.nih.gov/pubmed/21876098
http://doi.org/10.1111/j.1365-2265.2006.02612.x


Cancers 2022, 14, 1272 18 of 22

28. Aide, N.; Heutte, N.; Rame, J.-P.; Rousseau, E.; Loiseau, C.; Henry-Amar, M.; Bardet, S. Clinical relevance of single-photon
emission computed tomography/computed tomography of the neck and thorax in postablation 131I scintigraphy for thyroid
cancer. J. Clin. Endocrinol. Metab. 2009, 94, 2075–2084. [CrossRef]

29. Avram, A.M. Radioiodine Scintigraphy with SPECT/CT: An important diagnostic tool for thyroid cancer staging and risk
stratification. J. Nucl. Med. 2012, 53, 754–764. [CrossRef]

30. Avram, A.M.; Fig, L.M.; Frey, K.A.; Gross, M.D.; Wong, K.K. Preablation 131-I scans with SPECT/CT in postoperative thyroid
cancer patients: What is the impact on staging? J. Clin. Endocrinol. Metab. 2013, 98, 1163–1171. [CrossRef]

31. Verkooijen, R.B.T.; Stokkel, M.P.M.; van Isselt, J.W.; Verburg, F.A. The success of 131I ablation in thyroid cancer patients is
significantly reduced after a diagnostic activity of 40 MBq 131I. Nuklearmedizin-NuclearMedicine 2009, 48, 138–142. [CrossRef]
[PubMed]

32. Avram, A.M.; Esfandiari, N.H.; Wong, K.K. Preablation 131-I scans with SPECT/CT contribute to thyroid cancer risk stratification
and 131-I therapy planning. J. Clin. Endocrinol. Metab. 2015, 100, 1895–1902. [CrossRef] [PubMed]

33. Xue, Y.-L.; Qiu, Z.-L.; Song, H.-J.; Luo, Q.-Y. Value of 131I SPECT/CT for the evaluation of differentiated thyroid cancer: A
systematic review of the literature. Eur. J. Nucl. Med. Mol. Imaging 2012, 40, 768–778. [CrossRef] [PubMed]

34. Chen, M.-K.; Yasrebi, M.; Samii, J.; Staib, L.H.; Doddamane, I.; Cheng, D.W. The Utility of I-123 Pretherapy Scan in I-131
Radioiodine Therapy for Thyroid Cancer. Thyroid 2012, 22, 304–309. [CrossRef]

35. Song, H.; Mosci, C.; Akatsu, H.; Basina, M.; Dosiou, C.; Iagaru, A. Diagnostic 123I whole body scan prior to ablation of thyroid
remnant in patients with papillary thyroid cancer: Implications for clinical management. Clin. Nucl. Med. 2018, 43, 705–709.
[CrossRef]

36. Santhanam, P.; Taieb, D.; Solnes, L.; Marashdeh, W.; Ladenson, P.W. Utility of I-124 PET/CT in identifying radioiodine avid
lesions in differentiated thyroid cancer: A systematic review and meta-analysis. Clin. Endocrinol. 2017, 86, 645–651. [CrossRef]

37. Avram, A.M.; Dewaraja, Y.K. Thyroid cancer radiotheragnostics: The case for activity adjusted 131I therapy. Clin. Transl. Imaging
2018, 6, 335–346. [CrossRef]

38. Stahl, A.R.; Freudenberg, L.; Bockisch, A.; Jentzen, W. A novel view on dosimetry-related radionuclide therapy: Presentation of a
calculatory model and its implementation for radioiodine therapy of metastasized differentiated thyroid carcinoma. Eur. J. Nucl.
Med. Mol. Imaging 2009, 36, 1147–1155. [CrossRef]

39. Jiang, H.; DeGrado, T.R. [18F]Tetrafluoroborate ([18F]TFB) and its analogs for PET imaging of the sodium/iodide symporter.
Theranostics 2018, 8, 3918–3931. [CrossRef]

40. Jiang, H.; Schmit, N.R.; Koenen, A.R.; Bansal, A.; Pandey, M.K.; Glynn, R.B.; Kemp, B.J.; Delaney, K.L.; Dispenzieri, A.; Bakkum-
Gamez, J.N.; et al. Safety, pharmacokinetics, metabolism and radiation dosimetry of 18F-tetrafluoroborate (18F-TFB) in healthy
human subjects. EJNMMI Res. 2017, 7, 90. [CrossRef]

41. Diocou, S.; Volpe, A.; Jauregui-Osoro, M.; Boudjemeline, M.; Chuamsaamarkkee, K.; Man, F.; Blower, P.J.; Ng, T.; Mullen, G.E.D.;
Fruhwirth, G.O. [18F]tetrafluoroborate-PET/CT enables sensitive tumor and metastasis in vivo imaging in a sodium iodide
symporter-expressing tumor model. Sci. Rep. 2017, 7, 946. [CrossRef]

42. O’Doherty, J.O.; Jauregui-Osoro, M.; Brothwood, T.; Szyszko, T.; Marsden, P.K.; O’Doherty, M.J.; Cook, G.; Blower, P.; Lewington,
V. 18F-tetrafluoroborate, a PET probe for imaging sodium/iodide symporter expression: Whole-body biodistribution, safety, and
radiation dosimetry in thyroid cancer patients. J. Nucl. Med. 2017, 58, 1666–1671. [CrossRef] [PubMed]

43. Samnick, S.; Al-Momani, E.; Schmid, J.-S.; Mottok, A.; Buck, A.K.; Lapa, C. Initial clinical investigation of [18F]tetrafluoroborate
PET/CT in comparison to [124I]iodine PET/CT for imaging thyroid cancer. Clin. Nucl. Med. 2018, 43, 162–167. [CrossRef]
[PubMed]

44. Rosenbaum-Krumme, S.J.; Görges, R.; Bockisch, A.; Binse, I. 18F-FDG PET/CT changes therapy management in high-risk DTC
after first radioiodine therapy. Eur. J. Nucl. Med. Mol. Imaging 2012, 39, 1373–1380. [CrossRef] [PubMed]

45. Knappe, L.; Giovanella, L. Life after thyroid cancer: The role of thyroglobulin and thyroglobulin antibodies for postoperative
follow-up. Expert Rev. Endocrinol. Metab. 2021, 16, 273–279. [CrossRef]

46. Giovanella, L. Circulating biomarkers for the detection of tumor recurrence in the postsurgical follow-up of differentiated thyroid
carcinoma. Curr. Opin. Oncol. 2020, 32, 7–12. [CrossRef]

47. Pirich, C.; Schweighofer-Zwink, G. Less is more: Reconsidering the need for regular use of diagnostic whole body radioiodine
scintigraphy in the follow-up of differentiated thyroid cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 741–743. [CrossRef]

48. Gonzalez Carvalho, J.M.; Görlich, D.; Schober, O.; Wenning, C.; Riemann, B.; Verburg, F.A.; Vrachimis, A. Evaluation of 131I
scintigraphy and stimulated thyroglobulin levels in the follow up of patients with DTC: A retrospective analysis of 1420 patients.
Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 744–756. [CrossRef]

49. Banerjee, M.; Wiebel, J.L.; Guo, C.; Gay, B.; Haymart, M.R. Use of imaging tests after primary treatment of thyroid cancer in the
United States: Population based retrospective cohort study evaluating death and recurrence. BMJ 2016, 354, i3839. [CrossRef]

50. Miller, M.E.; Chen, Q.; Elashoff, D.; Abemayor, E.; John, M.S. Positron emission tomography and positron emission tomography-
CT evaluation for recurrent papillary thyroid carcinoma: Meta-analysis and literature review. Head Neck 2011, 33, 562–565.
[CrossRef]

51. Schütz, F.; Lautenschläger, C.; Lorenz, K.; Haerting, J. Positron Emission Tomography (PET) and PET/CT in Thyroid Cancer: A
Systematic Review and Meta-Analysis. Eur. Thyroid J. 2018, 7, 13–20. [CrossRef] [PubMed]

http://doi.org/10.1210/jc.2008-2313
http://doi.org/10.2967/jnumed.111.104133
http://doi.org/10.1210/jc.2012-3630
http://doi.org/10.3413/nukmed-0225
http://www.ncbi.nlm.nih.gov/pubmed/19384451
http://doi.org/10.1210/jc.2014-4043
http://www.ncbi.nlm.nih.gov/pubmed/25734251
http://doi.org/10.1007/s00259-012-2310-x
http://www.ncbi.nlm.nih.gov/pubmed/23242250
http://doi.org/10.1089/thy.2011.0203
http://doi.org/10.1097/RLU.0000000000002246
http://doi.org/10.1111/cen.13306
http://doi.org/10.1007/s40336-018-0291-x
http://doi.org/10.1007/s00259-009-1077-1
http://doi.org/10.7150/thno.24997
http://doi.org/10.1186/s13550-017-0337-5
http://doi.org/10.1038/s41598-017-01044-4
http://doi.org/10.2967/jnumed.117.192252
http://www.ncbi.nlm.nih.gov/pubmed/28385795
http://doi.org/10.1097/RLU.0000000000001977
http://www.ncbi.nlm.nih.gov/pubmed/29356744
http://doi.org/10.1007/s00259-012-2065-4
http://www.ncbi.nlm.nih.gov/pubmed/22718304
http://doi.org/10.1080/17446651.2021.1993060
http://doi.org/10.1097/CCO.0000000000000588
http://doi.org/10.1007/s00259-017-3632-5
http://doi.org/10.1007/s00259-016-3581-4
http://doi.org/10.1136/bmj.i3839
http://doi.org/10.1002/hed.21492
http://doi.org/10.1159/000481707
http://www.ncbi.nlm.nih.gov/pubmed/29594049


Cancers 2022, 14, 1272 19 of 22

52. Kim, S.-J.; Lee, S.-W.; Pak, K.; Shim, S.R. Diagnostic performance of PET in thyroid cancer with elevated anti-Tg Ab. Endocr.-Relat.
Cancer 2018, 25, 643–652. [CrossRef] [PubMed]

53. Abraham, T.; Schöder, H. Thyroid cancer—Indications and opportunities for positron emission tomography/computed tomogra-
phy imaging. Semin. Nucl. Med. 2011, 41, 121–138. [CrossRef] [PubMed]

54. Giovanella, L.; Ceriani, L.; De Palma, D.; Suriano, S.; Castellani, M.; Verburg, F.A. Relationship between serum thyroglobulin and
18FDG-PET/CT in 131I-negative differentiated thyroid carcinomas. Head Neck 2012, 34, 626–631. [CrossRef]

55. Giovanella, L.; Trimboli, P.; Verburg, F.A.; Treglia, G.; Piccardo, A.; Foppiani, L.; Ceriani, L. Thyroglobulin levels and thyroglobulin
doubling time independently predict a positive 18F-FDG PET/CT scan in patients with biochemical recurrence of differentiated
thyroid carcinoma. Eur. J. Nucl. Med. Mol. Imaging 2013, 40, 874–880. [CrossRef] [PubMed]

56. Leboulleux, S.; El Bez, I.; Borget, I.; Elleuch, M.; Déandreis, D.; Al Ghuzlan, A.; Chougnet, C.; Bidault, F.; Mirghani, H.; Lumbroso,
J.; et al. Postradioiodine treatment whole-body scan in the era of 18-fluorodeoxyglucose Positron emission tomography for
differentiated thyroid carcinoma with elevated serum thyroglobulin levels. Thyroid 2012, 22, 832–838. [CrossRef]

57. Kim, W.G.; Ryu, J.-S.; Kim, E.Y.; Lee, J.H.; Baek, J.H.; Yoon, J.H.; Hong, S.J.; Kim, E.S.; Kim, T.Y.; Kim, W.B.; et al. Empiric
high-dose 131-iodine therapy lacks efficacy for treated papillary thyroid cancer patients with detectable serum thyroglobulin, but
negative cervical sonography and 18F-fluorodeoxyglucose positron emission tomography scan. J. Clin. Endocrinol. Metab. 2010,
95, 1169–1173. [CrossRef]

58. Schlumberger, M.; Brose, M.; Elisei, R.; Leboulleux, S.; Luster, M.; Pitoia, F.; Pacini, F. Definition and management of radioactive
iodine-refractory differentiated thyroid cancer. Lancet Diabetes Endocrinol. 2014, 2, 356–358. [CrossRef]

59. Giovanella, L.; Van Nostrand, D. Advanced differentiated thyroid cancer: When to stop radioiodine? Q. J. Nucl. Med. Mol.
Imaging 2019, 63, 267–270. [CrossRef]

60. Tuttle, M.; Morris, L.F.; Haugen, B.; Shah, J.; Sosa, J.A.; Rohren, E.; Subramaniam, R.; Hunt, J.; Perrier, N. Thyroid-differentiated
and anaplastic carcinoma. In AJCC Cancer Staging Manual; Amin, M.B., Edge, S.B., Greene, F., Byrd, D., Brookland, R.K.,
Washington, M.K., Compton, C.C., Hess, K.R., Sullivan, D.C., Jessup, J.M., et al., Eds.; Springer International Publishing:
New York, NY, USA, 2017. [CrossRef]

61. Vaisman, F.; Carvalho, D.; Vaisman, M. A new appraisal of iodine refractory thyroid cancer. Endocr.-Relat. Cancer 2015, 22,
R301–R310. [CrossRef]

62. Van Nostrand, D. Radioiodine refractory differentiated thyroid cancer: Time to update the classifications. Thyroid 2018, 28,
1083–1093. [CrossRef] [PubMed]

63. Benua, R.S.; Leeper, R.D. Thyroid cancer: A method and rationale for treatment of thyroid carcinoma with the largest, safe dose
of 131-I. In Frontiers in Thyroidology; Medeiros-Neto, G., Gaitan, E., Eds.; Springer: New York, NY, USA, 1986. [CrossRef]

64. Maxon, H.R.; Thomas, S.R.; Hertzberg, V.S.; Kereiakes, J.G.; Chen, I.-W.; Sperling, M.I.; Saenger, E.L. Relation between effective
radiation dose and outcome of radioiodine therapy for thyroid cancer. N. Engl. J. Med. 1983, 309, 937–941. [CrossRef] [PubMed]

65. Jentzen, W.; Verschure, F.; van Zon, A.; van de Kolk, R.; Wierts, R.; Schmitz, J.; Bockisch, A.; Binse, I. 124I PET Assessment of
response of bone metastases to initial radioiodine treatment of differentiated thyroid cancer. J. Nucl. Med. 2016, 57, 1499–1504.
[CrossRef]

66. Nagarajah, J.; Janssen, M.; Hetkamp, P.; Jentzen, W. Iodine symporter targeting with 124I/131I theranostics. J. Nucl. Med. 2017, 58
(Suppl. S2), 34S–38S. [CrossRef] [PubMed]

67. Klubo-Gwiezdzinska, J.; Van Nostrand, D.; Atkins, F.; Burman, K.; Jonklaas, J.; Mete, M.; Wartofsky, L. Efficacy of dosimetric
versus empiric prescribed activity of 131I for therapy of differentiated thyroid cancer. J. Clin. Endocrinol. Metab. 2011, 96,
3217–3225. [CrossRef]

68. Deandreis, D.; Rubino, C.; Tala, H.; Leboulleux, S.; Terroir, M.; Baudin, E.; Larson, S.; Fagin, J.A.; Schlumberger, M.; Tuttle,
R.M. Comparison of empiric versus whole-body/-blood clearance dosimetry–based approach to radioactive iodine treatment in
patients with metastases from differentiated thyroid cancer. J. Nucl. Med. 2017, 58, 717–722. [CrossRef] [PubMed]

69. Agrawal, N.; Akbani, R.; Aksoy, B.A.; Ally, A.; Arachchi, H.; Asa, S.L.; Auman, J.T.; Balasundaram, M.; Balu, S.; Baylin, S.B.; et al.
Integrated genomic characterization of papillary thyroid carcinoma. Cell 2014, 159, 676–690. [CrossRef]

70. Deandreis, D.; Al Ghuzlan, A.; Leboulleux, S.; Lacroix, L.; Garsi, J.P.; Talbot, M.; Lumbroso, J.; Baudin, E.; Caillou, B.; Bidart, J.M.;
et al. Do histological, immunohistochemical, and metabolic (radioiodine and fluorodeoxyglucose uptakes) patterns of metastatic
thyroid cancer correlate with patient outcome? Endocr.-Relat. Cancer 2011, 18, 159–169. [CrossRef]

71. Manohar, P.M.; Beesley, L.; Bellile, E.L.; Worden, F.P.; Avram, A.M. Prognostic value of FDG-PET/CT metabolic parameters in
metastatic radioiodine-refractory differentiated thyroid cancer. Clin. Nucl. Med. 2018, 43, 641–647. [CrossRef]

72. Brose, M.S.; Nutting, C.M.; Jarzab, B.; Elisei, R.; Siena, S.; Bastholt, L.; de la Fouchardiere, C.; Pacini, F.; Paschke, R.; Shong, Y.K.;
et al. Sorafenib in radioactive iodine-refractory, locally advanced or metastatic differentiated thyroid cancer: A randomised,
double-blind, phase 3 trial. Lancet 2014, 384, 319–328. [CrossRef]

73. Schlumberger, M.; Tahara, M.; Wirth, L.J.; Robinson, B.; Brose, M.S.; Elisei, R.; Habra, M.A.; Newbold, K.; Shah, M.H.; Hoff, A.O.;
et al. Lenvatinib versus placebo in radioiodine-refractory thyroid cancer. N. Engl. J. Med. 2015, 372, 621–630. [CrossRef]

74. Lin, Y.-S.; Qin, S.-K.; Li, Z.-Y.; Yang, H.; Fu, W.; Li, S.-H.; Chen, W.-X.; Gao, Z.-R.; Miao, W.-B.; Xu, H.-Q.; et al. LBA89 A
randomized multicentered phase III study to evaluate apatinib in subjects with locally advanced or metastatic radioactive
iodine-refractory differentiated thyroid cancer. Ann. Oncol. 2020, 31, S1215. [CrossRef]

http://doi.org/10.1530/ERC-17-0341
http://www.ncbi.nlm.nih.gov/pubmed/29559552
http://doi.org/10.1053/j.semnuclmed.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/21272686
http://doi.org/10.1002/hed.21791
http://doi.org/10.1007/s00259-013-2370-6
http://www.ncbi.nlm.nih.gov/pubmed/23463330
http://doi.org/10.1089/thy.2012.0081
http://doi.org/10.1210/jc.2009-1567
http://doi.org/10.1016/S2213-8587(13)70215-8
http://doi.org/10.23736/S1824-4785.19.03191-1
http://doi.org/10.1007/978-3-319-40618-3
http://doi.org/10.1530/ERC-15-0300
http://doi.org/10.1089/thy.2018.0048
http://www.ncbi.nlm.nih.gov/pubmed/30105931
http://doi.org/10.1007/978-1-4684-5260-0
http://doi.org/10.1056/NEJM198310203091601
http://www.ncbi.nlm.nih.gov/pubmed/6621620
http://doi.org/10.2967/jnumed.115.170571
http://doi.org/10.2967/jnumed.116.186866
http://www.ncbi.nlm.nih.gov/pubmed/28864610
http://doi.org/10.1210/jc.2011-0494
http://doi.org/10.2967/jnumed.116.179606
http://www.ncbi.nlm.nih.gov/pubmed/27738010
http://doi.org/10.1016/j.cell.2014.09.050
http://doi.org/10.1677/ERC-10-0233
http://doi.org/10.1097/RLU.0000000000002193
http://doi.org/10.1016/S0140-6736(14)60421-9
http://doi.org/10.1056/NEJMoa1406470
http://doi.org/10.1016/j.annonc.2020.08.2333


Cancers 2022, 14, 1272 20 of 22

75. Drilon, A.; Laetsch, T.W.; Kummar, S.; Dubois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.; Farago, A.F.;
Pappo, A.S.; et al. Efficacy of larotrectinib in TRK fusion–positive cancers in adults and children. N. Engl. J. Med. 2018, 378,
731–739. [CrossRef]

76. Falchook, G.S.; Millward, M.; Hong, D.; Naing, A.; Piha-Paul, S.; Waguespack, S.G.; Cabanillas, M.E.; Sherman, S.; Martin, C.;
Curtis, M.; et al. BRAF inhibitor dabrafenib in patients with metastatic BRAF-mutant thyroid cancer. Thyroid 2015, 25, 71–77.
[CrossRef]

77. Ho, A.L.; Grewal, R.K.; Leboeuf, R.; Sherman, E.J.; Pfister, D.G.; Deandreis, D.; Pentlow, K.S.; Zanzonico, P.B.; Haque, S.; Gavane,
S.; et al. Selumetinib-enhanced radioiodine uptake in advanced thyroid cancer. N. Engl. J. Med. 2013, 368, 623–632. [CrossRef]

78. Buffet, C.; Wassermann, J.; Hecht, F.; Leenhardt, L.; Dupuy, C.; Groussin, L.; Lussey-Lepoutre, C. Redifferentiation of radioiodine-
refractory thyroid cancers. Endocr.-Relat. Cancer 2020, 27, R113–R132. [CrossRef]

79. Ain, K.B.; Taylor, K.D.; Tofiq, S.; Venkataraman, G. Somatostatin receptor subtype expression in human thyroid and thyroid
carcinoma cell lines. J. Clin. Endocrinol. Metab. 1997, 82, 1857–1862. [CrossRef]

80. Versari, A.; Sollini, M.; Frasoldati, A.; Fraternali, A.; Filice, A.; Froio, A.; Asti, M.; Fioroni, F.; Cremonini, N.; Putzer, D.; et al.
Differentiated thyroid cancer: A new perspective with radiolabeled somatostatin analogues for imaging and treatment of patients.
Thyroid 2014, 24, 715–726. [CrossRef]

81. Maghsoomi, Z.; Emami, Z.; Malboosbaf, R.; Malek, M.; Khamseh, M.E. Efficacy and safety of peptide receptor radionuclide
therapy in advanced radioiodine-refractory differentiated thyroid cancer and metastatic medullary thyroid cancer: A systematic
review. BMC Cancer 2021, 21, 579. [CrossRef]

82. Sanders, E.M.; Livolsi, V.A.; Brierley, J.; Shin, J.; Randolph, G.W. An evidence-based review of poorly differentiated thyroid cancer.
World J. Surg. 2007, 31, 934–945. [CrossRef]

83. Volante, M.; Collini, P.; Nikiforov, Y.E.; Sakamoto, A.; Kakudo, K.; Katoh, R.; Lloyd, R.V.; LiVolsi, V.A.; Papotti, M.;
Sobrinho-Simoes, M.; et al. Poorly differentiated thyroid carcinoma: The turin proposal for the use of uniform diagnostic criteria
and an algorithmic diagnostic approach. Am. J. Surg. Pathol. 2007, 31, 1256–1264. [CrossRef]

84. Ho, A.S.; Luu, M.; Ba, L.B.; Balzer, B.L.; Bose, S.; Fan, X.; Walgama, E.; Clair, J.M.-S.; Alam Bs, U.; Shafqat, I.; et al. Prognostic
Impact of histologic grade for papillary thyroid carcinoma. Ann. Surg. Oncol. 2021, 28, 1731–1739. [CrossRef]

85. Chao, T.-C.; Lin, J.-D.; Chen, M.-F. Insular carcinoma: Infrequent subtype of thyroid cancer with aggressive clinical course. World
J. Surg. 2004, 28, 393–396. [CrossRef]

86. Ibrahimpasic, T.; Ghossein, R.; Carlson, D.L.; Nixon, I.; Palmer, F.L.; Shaha, A.R.; Patel, S.G.; Tuttle, R.M.; Shah, J.; Ganly, I.
Outcomes in patients with poorly differentiated thyroid carcinoma. J. Clin. Endocrinol. Metab. 2014, 99, 1245–1252. [CrossRef]

87. Kersting, D.; Seifert, R.; Kessler, L.; Herrmann, K.; Theurer, S.; Brandenburg, T.; Dralle, H.; Weber, F.; Umutlu, L.; Führer-Sakel, D.;
et al. Predictive factors for RAI-refractory disease and short overall survival in PDTC. Cancers 2021, 13, 1728. [CrossRef]

88. Molinaro, E.; Romei, C.; Biagini, A.; Sabini, E.; Agate, L.; Mazzeo, S.; Materazzi, G.; Sellari-Franceschini, S.; Ribechini, A.;
Torregrossa, L.; et al. Anaplastic thyroid carcinoma: From clinicopathology to genetics and advanced therapies. Nat. Rev.
Endocrinol. 2017, 13, 644–660. [CrossRef]

89. Haddad, R.I.; Lydiatt, W.M.; Ball, D.W.; Busaidy, N.L.; Byrd, D.; Callender, G.; Dickson, P.; Duh, Q.-Y.; Ehya, H.; Haymart, M.;
et al. Anaplastic thyroid carcinoma, version 2.2015. J. Natl. Compr. Cancer Netw. 2015, 13, 1140–1150. [CrossRef]

90. Bible, K.C.; Kebebew, E.; Brierley, J.; Brito, J.P.; Cabanillas, M.E.; Clark, T.J., Jr.; Di Cristofano, A.; Foote, R.; Giordano, T.;
Kasperbauer, J.; et al. 2021 American thyroid association guidelines for management of patients with anaplastic thyroid cancer.
Thyroid 2021, 31, 337–386. [CrossRef]

91. Tiedje, V.; Stuschke, M.; Weber, F.; Dralle, H.; Moss, L.; Führer, D. Anaplastic thyroid carcinoma: Review of treatment protocols.
Endocr.-Relat. Cancer 2018, 25, R153–R161. [CrossRef]

92. O’Neill, J.P.; Shaha, A.R. Anaplastic thyroid cancer. Oral Oncol. 2013, 49, 702–706. [CrossRef]
93. Lorusso, L.; Cappagli, V.; Valerio, L.; Giani, C.; Viola, D.; Puleo, L.; Gambale, C.; Minaldi, E.; Campopiano, M.; Matrone, A.; et al.

Thyroid cancers: From surgery to current and future systemic therapies through their molecular identities. Int. J. Mol. Sci. 2021,
22, 3117. [CrossRef]

94. Kebebew, E.; Greenspan, F.S.; Clark, O.H.; Woeber, K.A.; McMillan, A. Anaplastic thyroid carcinoma: Treatment outcome and
prognostic factors. Cancer 2005, 103, 1330–1335. [CrossRef]

95. Kim, H.J.; Chang, H.-S.; Ryu, Y.H. Prognostic role of pre-treatment [18F]FDG PET/CT in patients with anaplastic thyroid cancer.
Cancers 2021, 13, 4228. [CrossRef]

96. Poisson, T.; Deandreis, D.; Leboulleux, S.; Bidault, F.; Bonniaud, G.; Baillot, S.; Aupérin, A.; Al Ghuzlan, A.; Travagli, J.-P.;
Lumbroso, J.; et al. 18F-fluorodeoxyglucose positron emission tomography and computed tomography in anaplastic thyroid
cancer. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 2277–2285. [CrossRef]

97. Bogsrud, T.V.; Karantanis, D.; Nathan, M.A.; Mullan, B.P.; Wiseman, G.A.; Kasperbauer, J.L.; Reading, C.C.; Hay, I.; Lowe, V.J.
18F-FDG PET in the management of patients with anaplastic thyroid carcinoma. Thyroid 2008, 18, 713–719. [CrossRef]

98. Damle, N.A.; Bal, C.; Singh, T.P.; Gupta, R.; Reddy, S.; Kumar, R.; Tripathi, M. Anaplastic thyroid carcinoma on 68 Ga-PSMA
PET/CT: Opening new frontiers. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 667–668. [CrossRef]

99. Bai, Y.; Niu, D.; Yao, Q.; Lin, D.; Kakudo, K. Updates in the advances of sporadic medullary thyroid carcinoma: From the
molecules to the clinic. Gland Surg. 2020, 9, 1847–1856. [CrossRef]

http://doi.org/10.1056/NEJMoa1714448
http://doi.org/10.1089/thy.2014.0123
http://doi.org/10.1056/NEJMoa1209288
http://doi.org/10.1530/ERC-19-0491
http://doi.org/10.1210/jc.82.6.1857
http://doi.org/10.1089/thy.2013.0225
http://doi.org/10.1186/s12885-021-08257-x
http://doi.org/10.1007/s00268-007-9033-3
http://doi.org/10.1097/PAS.0b013e3180309e6a
http://doi.org/10.1245/s10434-020-09023-2
http://doi.org/10.1007/s00268-003-7264-5
http://doi.org/10.1210/jc.2013-3842
http://doi.org/10.3390/cancers13071728
http://doi.org/10.1038/nrendo.2017.76
http://doi.org/10.6004/jnccn.2015.0139
http://doi.org/10.1089/thy.2020.0944
http://doi.org/10.1530/ERC-17-0435
http://doi.org/10.1016/j.oraloncology.2013.03.440
http://doi.org/10.3390/ijms22063117
http://doi.org/10.1002/cncr.20936
http://doi.org/10.3390/cancers13164228
http://doi.org/10.1007/s00259-010-1570-6
http://doi.org/10.1089/thy.2007.0350
http://doi.org/10.1007/s00259-017-3904-0
http://doi.org/10.21037/gs-2019-catp-21


Cancers 2022, 14, 1272 21 of 22

100. Chernock, R.D.; Hagemann, I. Molecular Pathology of Hereditary and Sporadic Medullary Thyroid Carcinomas. Am. J. Clin.
Pathol. 2015, 143, 768–777. [CrossRef]

101. Oczko-Wojciechowska, M.; Czarniecka, A.; Gawlik, T.; Jarzab, B.; Krajewska, J. Current status of the prognostic molecular markers
in medullary thyroid carcinoma. Endocr. Connect. 2020, 9, R251–R263. [CrossRef]

102. Romei, C.; Ciampi, R.; Elisei, R. A comprehensive overview of the role of the RET proto-oncogene in thyroid carcinoma. Nat. Rev.
Endocrinol. 2016, 12, 192–202. [CrossRef]

103. Boichard, A.; Croux, L.; Al Ghuzlan, A.; Broutin, S.; Dupuy, C.; Leboulleux, S.; Schlumberger, M.; Bidart, J.; Lacroix, L. Somatic
RAS mutations occur in a large proportion of sporadic RET-negative medullary thyroid carcinomas and extend to a previously
unidentified exon. J. Clin. Endocrinol. Metab. 2012, 97, E2031–E2035. [CrossRef]

104. Trimboli, P.; Cremonini, N.; Ceriani, L.; Saggiorato, E.; Guidobaldi, L.; Romanelli, F.; Ventura, C.; Laurenti, O.; Messuti, I.; Solaroli,
E.; et al. Calcitonin measurement in aspiration needle washout fluids has higher sensitivity than cytology in detecting medullary
thyroid cancer: A retrospective multicentre study. Clin. Endocrinol. 2014, 80, 135–140. [CrossRef]

105. Costante, G.; Durante, C.; Francis, Z.; SchLumberger, M.; Filetti, S. Determination of calcitonin levels in C-cell disease: Clinical
interest and potential pitfalls. Nat. Clin. Pract. Endocrinol. Metab. 2009, 5, 35–44. [CrossRef]

106. Machens, A.; Ukkat, J.; Hauptmann, S.; Dralle, H. Abnormal carcinoembryonic antigen levels and medullary thyroid cancer
progression: A multivariate analysis. Arch. Surg. 2007, 142, 289–293. [CrossRef]

107. Giovanella, L.; Imperiali, M.; Piccardo, A.; Taborelli, M.; Verburg, F.A.; Daurizio, F.; Trimboli, P. Procalcitonin measurement to
screen medullary thyroid carcinoma: A prospective evaluation in a series of 2705 patients with thyroid nodules. Eur. J. Clin.
Investig. 2018, 48, e12934. [CrossRef]

108. Giovanella, L.; Fontana, M.; Keller, F.; Verburg, F.A.; Ceriani, L. Clinical performance of calcitonin and procalcitonin Elec-
sys®immunoassays in patients with medullary thyroid carcinoma. Clin. Chem. Lab. Med. (CCLM) 2020, 59, 743–747. [CrossRef]

109. Giovanella, L.; Garo, M.L.; Ceriani, L.; Paone, G.; Campenni, A.; D’Aurizio, F. Procalcitonin as an alternative tumor marker of
medullary thyroid carcinoma: A meta-analysis. J. Clin. Endocrinol. Metab. 2021, 106, 3634–3643. [CrossRef]

110. Filetti, S.; Durante, C.; Hartl, D.; Leboulleux, S.; Locati, L.; Newbold, K.; Papotti, M.; Berruti, A. Thyroid cancer: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2019, 30, 1856–1883. [CrossRef]

111. Giovanella, L.; Treglia, G.; Iakovou, I.; Mihailovic, J.; Verburg, F.A.; Luster, M. EANM practice guideline for PET/CT imaging in
medullary thyroid carcinoma. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 61–77. [CrossRef]

112. Rasul, S.; Hartenbach, S.; Rebhan, K.; Göllner, A.; Karanikas, G.; Mayerhoefer, M.; Mazal, P.; Hacker, M.; Hartenbach, M.
[18F]DOPA PET/ceCT in diagnosis and staging of primary medullary thyroid carcinoma prior to surgery. Eur. J. Nucl. Med. Mol.
Imaging 2018, 45, 2159–2169. [CrossRef]

113. Puhr-Westerheide, D.; Cyran, C.C.; Sargsyan-Bergmann, J.; Todica, A.; Gildehaus, F.-J.; Kunz, W.G.; Stahl, R.; Spitzweg, C.; Ricke,
J.; Kazmierczak, P.M. The added diagnostic value of complementary gadoxetic acid-enhanced MRI to 18F-DOPA-PET/CT for
liver staging in medullary thyroid carcinoma. Cancer Imaging 2019, 19, 73. [CrossRef] [PubMed]

114. Tuncel, M.; Kılıçkap, S.; Süslü, N. Clinical impact of 68Ga-DOTATATE PET-CT imaging in patients with medullary thyroid cancer.
Ann. Nucl. Med. 2020, 34, 663–674. [CrossRef]

115. Tran, K.; Khan, S.; Taghizadehasl, M.; Palazzo, F.; Frilling, A.; Todd, J.F.; Al-Nahhas, A. Gallium-68 Dotatate PET/CT is superior
to other imaging modalities in the detection of medullary carcinoma of the thyroid in the presence of high serum calcitonin. Hell.
J. Nucl. Med. 2015, 18, 19–24. [CrossRef] [PubMed]

116. Ceolin, L.; Duval, M.A.D.S.; Benini, A.F.; Ferreira, C.V.; Maia, A.L. Medullary thyroid carcinoma beyond surgery: Advances,
challenges, and perspectives. Endocr.-Relat. Cancer 2019, 26, R499–R518. [CrossRef] [PubMed]

117. Haddad, R.I.; Bischoff, L.; Bernet, V.; Blomain, E.; Busaidy, N.L.; Dickson, P.; Duh, Q.-Y.; Ehya, H.; Goldner, W.S.; Haymart, M.;
et al. NCCN Clinical Practice Guidelines in Oncology: Thyroid Carcinoma; Version 2.2021; NCCN: Plymouth Meeting, PA, USA, 2021.

118. Machens, A.; Dralle, H. Biomarker-based risk stratification for previously untreated medullary thyroid cancer. J. Clin. Endocrinol.
Metab. 2010, 95, 2655–2663. [CrossRef]

119. Gawlik, T.; D’Amico, A.; Szpak-Ulczok, S.; Skoczylas, A.; Gubała, E.; Chorąży, A.; Gorczewski, K.; Włoch, J.; Jarząb, B. The
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