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ABSTRACT

Introduction: Molecular imaging of thyroid and parathyroid diseases has changed in recent years due
to the introduction of new radiopharmaceuticals and new imaging techniques. Accordingly, we
provided an clinicians-oriented overview of such techniques and their indications.

Areas covered: A review of the literature was performed in the PubMed, Web of Science, and Scopus
without time or language restrictions through the use of one or more fitting search criteria and terms as
well as through screening of references in relevant selected papers. Literature up to and including
December 2023 was included. Screening of titles/abstracts and removal of duplicates was performed
and the full texts of the remaining potentially relevant articles were retrieved and reviewed.

Expert opinion: Thyroid and parathyroid scintigraphy remains integral in patients with thyrotoxicosis,
thyroid nodules, differentiated thyroid cancer and, respectively, hyperparathyroidism. In the last years
positron-emission tomography with different tracers emerged as a more accurate alternative in evalu-
ating indeterminate thyroid nodules ['®F-fluorodeoxyglucose (FDG)], differentiated thyroid cancer
['**l-iodide, '8F-tetrafluoroborate, '8F-FDG] and hyperparathyroidism [18F-fluorocholine]. Other PET
tracers are useful in evaluating relapsing/advanced forms of medullary thyroid cancer ('®F-FDOPA)
and selecting patients with advanced follicular and medullary thyroid cancers for theranostic treat-
ments (*3Ga/'”’Ga-somatostatin analogues).
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for this purpose and is rapidly substituting conventional scin-
tigraphy. Finally, new radiopharmaceuticals are currently
under evaluation and radiomic analysis of functional imaging
data is emerging as a potential game-changer, especially in
patients with thyroid cancers. The aim of our paper is to
summarize molecular imaging methods available for thyroid
and parathyroid evaluation, provide practical suggestions for
their optimized use in clinical practice, and discuss perspec-
tives in the field.

1. Introduction

Radioiodine uptake test and thyroid scintigraphy are widely
used methods to evaluate morpho-functional aspects of the
thyroid gland. Immunometric assays, multiparametric thyroid
ultrasound (US), and fine needle aspiration cytology (FNAC)
contribute to thyroid evaluation in clinical practice. However,
thyroid scintigraphy remains the only technique able to:
a. differentiate “productive” from “destructive” thyrotoxicosis
and b. detect autonomously functioning nodules (AFTNs).
Finally, the thyroid scan can be also quantified, both via

measuring the uptake and the spatial distribution of the radio-
pharmaceutical within the thyroid gland. Additionally, differ-
ent radiotracers able to evaluate the metabolism and
proliferation rate of "cold” thyroid nodules can be interrogated
on the malignancy rate of cytologically indeterminate “cold”
nodules and reduce unnecessary diagnostic lobectomies/thyr-
oidectomies. Whole-body imaging with radioiodine is integral
in theranostic management of patients with DTC. Moreover,
PET is relevant in managing patients with either DTC (['®F]-
FDG, lodine-124) or MTC (['8FIFDOPA, ['®F]-FDG). Scintigraphy
with [**™Tc]Tc-MIBI is the standard of care in localizing hyper-
functioning parathyroids glands before surgery but ['®F]FCH
recently demonstrated to be the best one-stop-shop method

2. Thyroid and parathyroid radiopharmaceuticals
2.1. Gamma-emitting radiopharmaceuticals

2.1.1. Tracing follicular thyroid cells’ function

Radioiodine or Na[">'I]l ("3"l) is actively transported into the
thyroid via the Na*/I” symporter (NIS), a key plasma mem-
brane glycoprotein, which is located on the basolateral mem-
brane of thyroid cells [1]. The radionuclide’l is in fact the first
theragnostic radiopharmaceutical. It decays with B-electron
and gamma photon emission. Its gamma photon emission
enables diagnostic imaging to quantify the distribution and
kinetics of iodine in the thyroid gland, while B-particle emis-
sion is used for therapeutic purposes [2]. 'l and its analogues
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Article highlights

e Molecular imaging is key for the diagnosis and management of
thyroid and parathyroid diseases.

o Thyroid scintigraphy is pivotal in detecting autonomously functioning
thyroid nodules (AFTN) and may support the differential diagnosis of
cytologically indeterminate nodules. Radioiodine scintigraphy
remains central to stage, restage, and monitor patients with differ-
entiated thyroid cancers treated with radioiodine. Planar and whole-
body scintigraphy should be complemented with SPECT/CT whenever
possible to increase diagnostic accuracy.

e PET/CT with different tracers is used for disease staging and to assess
disease recurrence of both follicular thyroid cell-derived tumors
(["®F1-FDG) and MTC (['®FIFDOPA and (['®FI-FDG).

o PET/CT with®®Ga-SSA is increasingly employed to select patients with
advanced DTC and MTC patients for subsequent'’’Lu-SSA therapy
(theranostic approach).

e Parathyroid scintigraphy and SPECT/CT with [**™Tc]Tc-MIBI and PET/
CT with ["®FIFCH can be used as imaging modality in patients with
hyperparathyroidism. The latter shows superior accuracy and is now
proposed as a one-stop-shop first-line procedure, whenever possible.

isotopes are actively transported into the thyroid via the NIS,
as well as Na[**™Tc]TcO, due to similar stoichiometric charac-
teristics [3]. The Na[**™Tc]TcO, is similar to the iodide ion in
mass, size, and charge density, but unlike iodide once inter-
nalized it does not undergo organification and therefore does
not participate in thyroid hormone synthesis [4]. The process
of extracting these ions from plasma and concentrating them
within thyroid cells represents active and saturable activity.
Therefore, Na[**™Tc]TcO, and iodide compete for NIS by being
simultaneously transported from the extracellular space [5]. In
benign thyroid disease, the use of Na[**™Tc]TcO, is preferred
because it is widely available, has more favorable dosimetry
and is relatively inexpensive.

2.1.2. Tracing follicular thyroid and/or parathyroid cells’
proliferation

[®*™Tc]Tc-Methoxy-IsoButyl-Isonitrol ([ Tc]Tc-MIBI) s
a lipophilic radiopharmaceutical with a central technetium
atom positively charged bound to six ligands. After intrave-
nous administration, [*°™TcITc-MIBI penetrates reversibly into
the cytoplasm through thermodynamic driving forces and
then irreversibly crosses the mitochondrial membrane using
a different membrane potential gradient through the cell and
mitochondrial membrane layers [6]. [**™Tc]Tc-MIBI is then
rapidly eliminated from the blood, concentrating in salivary
glands and thyroid glands, as well as in muscles, liver, and
kidneys [7]. Cancer cells, due to their high metabolic turnover,
are characterized by high electrical gradients of the mitochon-
drial membrane and demonstrate greater accumulation com-
pared to healthy cells. The final concentration of the lesion is
generally proportional to the blood flow to the tissue and the
duration of blood retention. Initially developed as
a myocardial perfusion agent, [*™Tc]Tc-MIBI has later been
shown to nonspecifically localize in a variety of malignant and
nonmalignant tumors [8]. In 1989 and subsequent years, loca-
lization of [**™Tc]Tc-MIBI in parathyroid and thyroid adenomas
[9,10]. The peak activity of [**™Tc]Tc-MIBI occurs several min-
utes after injection in both thyroid and parathyroid tissue.

However, while the activity in the thyroid decreases over
time, it remains in parathyroid tissue. [*°™Tc]Tc-MIBI demon-
strates a favorable thyroid/parathyroid ratio, but its uptake in
adenomas and parathyroid hyperplasia varies. Sensitivity for
adenomas is slightly higher than for hyperplasia, though sta-
tistically significant [11]. The size of the parathyroid gland
generally correlates with PTH secretion. However, scintigra-
phy’s positivity in localizing adenomas is strongly associated
with the degree of oxyphilic cellularity than with size. This
correlation is likely due to the abundance of mitochondria in
oxyphilic cells and their high metabolic activity. Consequently,
some large adenomas lacking oxyphilic cells may not exhibit
tracer uptake as well as cystic adenomas [12].

2.2. Positron-emitting radiopharmaceuticals

2.2.1. ["®F]-fluorodeoxyglucose

['8F]FDG is a synthetic, positron-emitting glucose analog, speci-
fically formulated for use in PET. ['®F]FDG emulates the behavior
of glucose by using glucose transporters (GLUTs) to actively
penetrate cell membranes. This process involves a competitive
interaction with endogenous glucose, as both substances com-
pete for uptake into cells. Administered intravenously, ['®FIFDG
rapidly permeates body fluids, accessing different tissues
through GLUTs and subsequently being sequestered within cel-
lular structures, since it is not then further metabolized in the
glucose pathway [13,14]. The distribution of ['®FIFDG in tumor
tissues is directly related to blood flow. Facilitated diffusion,
predominantly facilitated by specific glucose transporters such
as GLUT-1, is the main mechanism by which the radiotracer
enters cells. In particular, high levels of GLUT-1 are intimately
linked to increased uptake of ['®FIFDG in human tumors.
Furthermore, increased GLUT-1 expression serves as a relevant
marker for hypoxia, indicating insufficient vascular support to
meet local metabolic demands in the tumor microenvironment
[15,16]. The distinctive attribute of ['®FIFDG is its ability to mirror
glucose metabolism, offering valuable insights into tissue meta-
bolic activity. This inherent feature makes ['®FIFDG an indispen-
sable tool in oncologic imaging, facilitating the identification of
regions of altered metabolic needs. By providing a dynamic view
of glucose utilization, ['®FIFDG contributes significantly to our
understanding of the metabolic nuances of various tissues,
enhancing our ability to characterize and diagnose pathological
conditions, especially in the field of oncology [17].

2.2.2. ["**I]-natrium iodide

This isotope shares identical biochemical behavior with other
iodine isotopes, combining tracer specificity with the high reso-
lution of PET/CT. The enhanced sensitivity and spatial resolution
of PET/CT, compared to standard gamma scintigraphy, facilitate
the detection of recurrent or metastatic disease and enable more
precise measurements of metabolic tumor volumes [18].

In recent years, there has been a growing interest in ['®F]
tetrafluoroborate (['®F]TFB) as a promising radiopharmaceuti-
cal for PET imaging, serving as another iodide analog. Unlike
radioiodide, ['®FITFB does not undergo organification in thyr-
oid cells, offering the advantage of relatively lower uptake in
healthy thyroid tissue. Initial clinical trials involving ['®F]TFB
have been conducted on both healthy human subjects and



patients with thyroid cancer. The outstanding imaging char-
acteristics of ['®F]TFB for assessing tissues expressing NIS point
toward its promising future in NIS PET imaging [19]. Notably,
however, ['8F]TFB is not approved for clinical use and it's use is
currently restricted to clinical trials.

2.2.3. [''C] and ["®F]-labeled choline analogues

Choline is an indispensable component in numerous biological
pathways and plays a central role in several cellular processes. It
is involved in the biosynthesis of integral cell membrane phos-
pholipids, methyl metabolism, cholinergic neurotransmission,
transmembrane signaling, lipid, and cholesterol transport, and
metabolism. In the context of PET imaging, choline-based tracers
serve as substrates for phospholipid synthesis, offering a unique
perspective on cellular activity [20]. In the field of cancer biology,
the importance of choline becomes particularly apparent. Cancer
cells, characterized by rapid duplication of the cell membrane
due to hyperactivity of choline kinase enzymes, show an
increased demand for choline. This increased choline utilization
is manifested by elevated levels of choline and phosphatidylcho-
line in tumor cells, reflecting increased choline uptake and phos-
phorylation. In less proliferative tumors, changes in choline
transport, incorporation, and utilization result in elevated levels
of phospholipid metabolites [21]. The biochemical resemblance
of [''Clcholine to endogenous choline positions it as a widely
employed PET/CT imaging agent, particularly in cases where the
GLUT system is not overexpressed. Physiological uptake of [''C]
choline is observable in various glands (pituitary, salivary glands,
pancreas) and organs (liver, kidney, bowel, stomach). However,
the limited physical half-life of''C (20 min) restricts its application
to PET centers equipped with on-site cyclotron [22,23]. In
response to this limitation, the development of'®F-labeled cho-
line analogs has emerged. These analogues faithfully replicate
the metabolic processing of native choline and are commercially
available as PET imaging agents. This technological advance-
ment extends the scope of imaging capabilities to facilities lack-
ing on-site cyclotron access, broadening the horizons for
diagnostic applications in diverse clinical settings. The advent
of '®F-labeled choline analogues represents a significant stride in
making advanced PET imaging more accessible and adaptable to
a wider range of medical environments [24,25].

2.2.4. Receptors-targeting tracers

The first somatostatin analog to obtain approval by the Food and
Drug Administration (FDA) in 1994 for planar and Single Photon
Emission Computed Tomography (SPECT) imaging of neuroen-
dorine  neoplasms (NENs) was ['"'In]in-pentetreotide.
Somatostatin analogues allow in vivo visualization of the expres-
sion of somatostatin receptors (SSTRs) [26]. However, ['"'In]In-
pentetreotide has unfavorable dosimetry and lower diagnostic
performance compared to [®3Gal-DOTA peptides ([*®GalGa-
DOTA-TOC, [**GalGa-DOTA-NOC, [**Ga]Ga-DOTA-TATE). These
limitations have been attributed primarily to suboptimal physical
characteristics of the radiopharmaceutical, high physiological
uptake in the liver (a frequent site of NET metastasis), lower
spatial resolution of gamma cameras, and increased patient
discomfort due to prolonged acquisition times for imaging
[27,28]. Radiopharmaceuticals currently used for somatostatin
receptor (SSTR) PET/CT imaging share a common structure,
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including a positron-emitting isotope (68-Gallium, ®Ga),
a chelator (DOTA), and the SSTR ligand (NOC, TOC, TATE).
These tracers, [**Ga]Ga-DOTA-TOC, [*®Ga]Ga-DOTA-NOC, and
[®®Ga]Ga-DOTA-TATE, show a variable affinity for SSTR subtypes
[29]. Although®8Ga has a short half-life (68 min) and is unsuitable
for dosimetry or therapeutic purposes, radiopeptides function as
SSTR receptor agonists through receptor activation and interna-
lization upon binding. Despite differences in affinity for the
various SSTR subtypes, the clinical performance of these radio-
pharmaceuticals is considered clinically comparable, as they all
bind with high affinity to SSTR-2, the subtype predominantly
expressed in most NENs [28]. Since its initial introduction into
clinical practice, SSTR PET/CT has shown numerous advantages
over SPECT/CT imaging, including higher spatial resolution and
more favorable liver/gut biodistribution. It currently represents
the gold standard functional imaging modality for NENs, receiv-
ing approval from various guidelines [28]. [®®Ga]Ga-DOTA-TOC,
the pioneer SSTR PET ligand developed in 2001, first gained
approval in Europe in 2016 [30]. Features SSTR affinity profile
similar to octreotide, with a notable affinity for SSTR- 2 and — 5,
although lower than [®®Ga]Ga-DOTA-NOC [31]. [32][®*Ga]Ga-
DOTA-NOC has a high affinity for SSTR-2,3,5 while [**Ga]Ga-
DOTA-TATE shows the highest affinity for SSTR-2, boasting
a tumor-to-background ratio higher than [*®Ga]Ga-DOTA-NOC.
When labeled with'”’Lu (or®®Y), SSTR analogs can be used for
NEN peptide receptor radionuclide therapy (PRRT), approved by
the EMA in 2017 and the FDA in 2018 [32,33].

3. Molecular imaging techniques

Planar imaging in nuclear medicine represents a projection of
the radioactivity distribution of gamma-emitting radiopharma-
ceuticals at a fixed angle (anterior, posterior, lateral, oblique) [34].
Single Photon Emission Computed Tomography with Computed
Tomography (SPECT/CT) is a powerful hybrid imaging technique
that combines the functional information of SPECT with the
anatomical details provided by CT [35]. Acquiring both SPECT
and CT images simultaneously allows correction for nuclear
image attenuation and anatomical localization of radiotracer
uptake. To mitigate radiation exposure, the recommendation is
to use low-dose CT, which results in relatively lower radiation
doses (e.g. 1 mSv) and is considered sufficient when the aim of
hybrid imaging is attenuation correction and anatomical refer-
encing of SPECT lesions [36]. The addition of SPECT/CT to planar
imaging, for example in [**™Tc]Tc-MIBI imaging, has become
a valuable tool for parathyroid localization in primary hyperpar-
athyroidism. It improves anatomical localization and allows cor-
relation to anatomical findings in the CT image [37]. Commonly
used SPECT radionuclides are listed in Table 1.

PET/CT is a valuable tool for visualizing molecular processes
within the human body by utilizing specific positron-emitting
radionuclides that interact with molecular pathways (Table 2).

Table 1. Gamma camera radionuclides.

Radionuclide Half Life Production Energy

99mTe 6.02 hours Generator 140 keV (89%)
123) 13.22 hours Cyclotron 159 keV (83%)
131 8.02 days Nuclear reactor 364 keV (81%)
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Table 2. positron emission tomography radionuclides.

Radionuclide Half Life Production Positron energy (Max/mean) Positron range (Mean/Max)
8¢ 109.8 min Cyclotron 0.65/0.28 MeV 2.5/0.7 mm
%Ga 67.7 min Generator 1.90/0.84 MeV 9.0/2.9 mm
¢ 20.04 min Cyclotron 0.96/0.39 MeV 42/1.2 mm
124) 4.2 days Cyclotron 2.14/1.53 MeV 3.0/1.0 mm

The principle of coincidence detection in PET scanners involves
capturing annihilation photons on opposite sides of a detector
system. Low-dose CT improves anatomical localization, enhan-
cing precision in identifying pathophysiological processes. The
correlation between radionuclide accumulation intensity from
PET and morphological changes revealed by CT aids in evaluat-
ing pathological conditions. Additionally, low-dose CT is essen-
tial for correcting photon attenuation by tissue, making it an
indispensable tool in PET imaging [38]. Over the years, the
development of PET scanners, with the introduction of digital
PET, has led to improved image resolution and reduced radia-
tion exposure due to reduced injected activity. The continuous
table motion mode has emerged as an alternative acquisition
mode, offering greater uniformity and sensitivity [39].

Positron Emission Tomography/Magnetic Resonance Imaging
(PET/MRI) combines the strengths of PET and MRI in a single
examination. Specifically, MRI provides detailed anatomical
images with excellent soft tissue contrast and allows a reduction
of radiation dose compared to PET/CT. However, its use is limited
by high costs, reduced availability, and no substantial advantages
over PET/CT in most oncological indications.

4. Thyroid: clinical applications
4.1. Hyperthyroidism

Thyrotoxicosis is a general term and refers to the clinical
syndrome of excess circulating thyroid hormones and it's
mostly caused by an increased thyroid hormone biosynth-
esis and secretion from the thyroid gland. Other causes of
thyrotoxicosis are mainly represented by destructive thyroi-
ditis where thyroid hormones are passively released by
damaged follicular thyroid cells [40]. Depending by causes,
intensity, and duration of thyrotoxicosis the clinical

presentation ranges from asymptomatic to life-threatening
thyroid storm. Serum TSH measurement is pivotal to con-
firm (TSH <0.1 mUI/L) or rule-out (TSH >0.4 mUI/L) thyro-
toxicosis, with values ranging between 0.1 and 0.4 mUI/L
demanding a simple surveillance. Serum concentrations of
free T4 and free T3 are useful to differentiate subclinical
from overt thyrotoxicosis and assess the severity of the
latter. The most frequent cause of thyrotoxicosis is due to
diffuse (i.e. Graves disease,GD) or regional (i.e. uni- or multi-
focal AFTNs) thyroid hyperfunction (i.e. hyperthyroidism
‘strictu sensu’) [41]. Particularly, 80-90% of hyperthyroid
patients carry GD while<10% to 20% of patients carry
AFTNs, the latter being more frequent in countries with
current or previous iodine deficiency [2]. The remaining
causes of thyrotoxicosis include destructive thyroiditis and
iodine-induced and drug-induced dysfunction [40,42]. TSH
receptor antibody (TRAb) measurement, TS or RAIU, and the
US with color flow Doppler evaluation can be adopted to
differentiate causes of thyrotoxicosis depending on their
availability and preferences of attending physicians [43].
A study involving 124 patients with thyrotoxicosis com-
pared TS, US, and two TRAb assays, respectively [44].
However, depending on locally available facilities, TRAb
assays can be adopted as a first-line diagnostic option limit-
ing the use of TS to TRAb-negative patients [40]. Finally,
exogenous iodine overload must be always investigated in
thyrotoxic patients as it may lead to a thyrotoxicosis with
decreased uptake (i.e. expanded iodine pool) mimicking the
early phase of destructive thyroiditis on TS [Figure 1] [43].

4.2. Non-toxic thyroid nodules

Thyroid nodules are frequently detected in daily-life clinical
practice, and the attending physician is required to decide,

Figure 1. ®™Tc-pertechnetate scan presentation of Graves' disease (a), autonomously functioning thyroid nodules (b) and destructive thyroiditis (c).



which ones carry a significant risk of malignancy and address
them to further workup with FNAC. Thyroid US accurately
assesses morphologic and structural features, which have been
recently adopted to derive a standardized risk assessment for
thyroid malignancy under the different Thyroid Imaging And
Data Reporting Systems (TI-RADS) in order to reduce the signifi-
cant inter-operator variability [45-48]. Different TI-RADS systems
combine, with some differences US features (i.e. shape, margins,
echogenicity, composition, microcalcifications) in hierarchically
tiered risk categories and, overall, demonstrated a satisfactory
performance, especially in ruling-out nodules from FNAC.
However, TI-RADS classifications inappropriately prompt FNAC
in 27% to 90% of AFTNs depending on different adopted TI-
RADS. While AFTNs have a 96%-99% negative predictive value
(NPV) for malignancy, indeterminate cytologic features are fre-
quently reported in such nodules, and FNAC procedures are
discouraged in such cases [49,50]. As up to 50% and more
AFTNs present with normal TSH in countries with inadequate
iodine supply. The integration of regional iodine intake, local TSH
reference range, size, and echostructure of the nodule may
better inform the decision to perform TS in such cases [51].
Conversely, non-autonomous nodules can be managed using Tl-
RADS to select high-risk ones for FNAC and cytopathology
assessment and avoid it in other cases. Thyroid cytopathology
is generally reported using the standardized Bethesda system,
which is accurate in detecting or excluding malignancy in most
cases [52]. However, up to 25% of nodules fall in indeterminate
categories (follicular lesion of undetermined significance or aty-
pia of undetermined significance, Bethesda llI; follicular neo-
plasm, Bethesda IV) with an attached risk of malignancy of
10%-50%. Therefore, diagnostic lobectomies or even thyroidec-
tomies are still common in such cases with most nodules demon-
strated to be benign on definitive histopathology. Currently,
molecular biomarkers testing on FNAC material and molecular
bioimaging with [*™Tc]Tc-MIBI and ['®FIFDG should be per-
formed before diagnostic surgery [49]. A detailed analysis of
molecular FNAC biomarkers is out of the scope of our present
review and the reader is addressed to a recent extensive review
[53]. [®®™Tc]Tc-MIBI thyroid scintigraphy has been used by sev-
eral authors for more than 30 years in patients affected by hypo-
functioning thyroid nodules with indeterminate cytology in
order to better stratify the risk of having malignancy. Notably,

a
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this method should not be used in patients with AFTNs as the
increased metabolic activity of such nodule(s) is reflected by
increased [**™Tc]Tc-MIBI uptake [54].

Hurtado-Lopez and colleagues first proposed a visual com-
parison of intranodular [**™Tc]Tc-MIBI and Na[**™Tc]TcO, uptake
showing quite absolute negative predictive values (i.e. rule out
test) [Figure 2] [55]. More recently, Campenni and colleagues
proposed a semi-qualitative analysis comparing [**™Tc]Tc-MIBI
uptake within the nodule and extra-nodular tissue, respectively,
increasing the NPV up to 99% [56,57]. Notably, the accuracy is
reduced in oxyphilic nodules (i.e. Hurthle cells adenoma) being
these lesions rich in mitochondria: accordingly the use of *°™T¢]
Tc-MIBI scintigraphy is discouraged in such setting [57,58].

["8FIFDG PET/CT is an established tool in many oncological
diseases also including thyroid cancers [59] In addition, its use
has been proposed to support the differential diagnosis of
benign vs malignant cytologically indeterminate thyroid nodules
[Figure 3] [60]. Indeed, a ['®FIFDG-negative cytologically indeter-
minate nodule carries a negligible risk to be a malignant lesion
(prevalence of malignancy < 5%) thus making ['®FIFDG PET/CT
an accurate ruling-out test able to change the clinical manage-
ment of such patients reducing inappropriate surgical proce-
dures by 40% [60-63]. Conversely, ['®FIFDG PET/CT specificity is
suboptimal as 50% of patients with a visually ['®F]FDG-positive
pattern turn out of having a benign lesion at final histological
report [49,60-62]. Radiomics analysis has been recently pro-
posed in order to increase specificity and PPV of ['®FIFDG PET/
CT (i.e. ruling-in test) in distinguishing benign from malignant
cytologically indeterminate nodules [64] However, up to date,
available literature data showed contrasting results and radio-
mics cannot be proposed in daily clinical routine [49,65]. Finally,
as [*™Tc]Tc-MIBI scintigraphy, ['®FIFDG PET/CT should not be
performed in patients with Hurthle cell nodules since a high
uptake is expected even in benign lesion [49,63]

4.3. Follicular cells-derived thyroid cancers

Molecular imaging assumes an important role in the manage-
ment of different thyroid cancers. In particular, imaging with
iodine radioisotopes (i.e. 3", '?3I, >4 is pivotal in patients
with DTC while ["®FIFDG PET/CT is useful to evaluate aggres-
sive and RAI-R DTC [66].

b

Figure 2. gngc—pertechnetate (a) and **™Tc-MIBI (b) scans: cold and MIBI active nodules in both lobes (arrows). Histopathology: multifocal invasive follicular variant

of papillary thyroid carcinoma.
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Figure 3. "®FDG PET/CT (axial image): FDG-avid thyroid nodule (ie. risk of
malignancy about 30%).

4.3.1. Post-therapy whole-body scintigraphy

A post-therapy whole body scintigraphy (pT-WBS) is always
obtained 3-10days after radioiodine therapy (RIT) in DTC
patients [66-68]. It shows the location and extent of iodine-
avid tissue and allows a more accurate staging by detecting
unknown disease foci, refining the initial risk stratification, and
tailoring additional therapies and follow-up strategies [66].
Whenever possible a pT-WBS should be completed with

a SPECT/CT in order to significantly increase its diagnostic
accuracy [Figure 4] [66,69-71].

Notably, the therapeutic activity should be administered in
a few days if a postoperative scan is performed (see below). In
practice, however, this method is not practical considering the
decision change in planned activities is not usually possible
especially when radioiodine is ordered in capsule form.

4.3.2. '?*"31postoperative diagnostic whole-body
scintigraphy
Postoperative diagnostic whole-body scintigraphy (pDx-
WBS) can be used as an additional diagnostic tool, in asso-
ciation with neck US and basal Tg measurement, for a more
correct postoperative staging and risk stratification of DTC
patients.

In lower-risk DTC patients in whom RIT is not indicated on
a routine basis [72] a positive pDx-WBS may support RIT with
a therapeutic schedule [73-76]. In higher-risk DTC patients (in
whom RIT is already planned), pDx-WBS can serve as a guide
for better choosing iodine-131 activity since it can detect and
locate distant metastases [73,75,77] and modify the prescribed
iodine-131 activity in up to 50% of cases [Figure 5] [78]. Finally,
pDx-WBS can lead to alternative/additional therapies, espe-
cially in high-risk DTC patients with negative radioiodine ima-
ging and positive ['®FIFDG PET/CT imaging [70,76,79].

Figure 4. Post-ablation'®'l SPECT/CT (B) in a young female affected by papillary thyroid carcinoma (pT2 Nx) showing a central neck lymph-node metastasis.



a b

Figure 5. Post-therapy'>'l WBS (a, anterior; b, posterior views) and SPECT/CT (C)
in a 50years old female affected by papillary thyroid carcinoma (pT2 N1b)
showing multiple visceral and skeletal radioiodine-avid metastases.

4.3.3. '?*"311_ diagnostic whole-body scintigraphy
(Dx-WBS)

For many years Dx-WBS played an important role in the fol-
low-up of DTC patients but in the last decades, its use has
been progressively reduced since some authors argued about
its low sensitivity and the induction of the so-called stunning
effect related to the use of iodine-131 [72]. However, the
diagnostic performance of Dx-WBS (is significantly improved
by using hybrid imaging (i.e. SPECT/CT imaging) and perform-
ing the study according to basal Tg level while the so-called
stunning effect can be avoided by using iodine-123 or admin-
istering the iodine-131 few days after diagnostic scanning, as
already reported by robust literature data [74,75,80-82]. The
use of ' %’I-Dx-WBS was recently proved to be able to detect
incomplete structural response (mostly loco-regional) in
patients with incomplete and indeterminate biochemical
response at conventional restaging, especially in those
patients with malignancies located in the isthmus [83,84].

4.3.4. "**|-positron emission tomography

The use of iodine-124, a radioisotope of iodine emitting posi-
tron (i.e. '?*| PET/CT), may be considered as a potential alter-
native to iodine-123/131 being able to overtake by its
favorable characteristics some intrinsic limits of ‘conventional’
iodine radioisotopes (i.e. iodine-123/131) such as the reduced
spatial resolution of SPECT/CT. However, some concerns
related to lower image quality compared to other positron
emitters due to a complex decay scheme (interrupting gamma
rays), no universally accepted imaging protocol or quantita-
tion method, longer physical half-life compared to other PET
agents, high cost (more expensive than other iodine radio-
isotopes) and low/ready availability must ffbe considered
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when its use in DTC patients is planned [73,85]. All in all, its
use can be considered in (i) postoperative assessment of DTC,
(i) DTC patients with rising Tg/TgAb levels and negative nUS,
(iii) informing lesion-based dosimetry in patients with
advanced DTC taking advantage of improved spatial resolu-
tion of'**l PET/CT to quantify target volume, in vivo tumor
concentration, and radionuclide biodistribution [85-91].

4.3.5. ['®FIFDG positron emission tomography

In DTC patients, the main indication for ['®FIFDG PET/CT is
during follow-up when a persistent/recurrent disease is sus-
pected due to high or increasing Tg levels (or TgAb as
a surrogate marker), but nUS is negative or doubtful and Dx-
WBS and/or pT-WBS are negative as well [66,73]. In this setting
of patients, the use of ['®FIFDG PET/CT is supported by robust
literature data in which pooled sensitivity and specificity ran-
ging from 80% to 88% and from 84% to 90%, respectively,
were reported [66,92-94]. However, it is important to take into
account ['®FIFDG PET/CT sensitivity may be influenced by
several factors such as the degree of de-differentiation,
tumor burden, and, with more limited evidence, serum TSH
level [73]. Regarding the optimal strategy to obtain ['®FIFDG
PET/CT (i.e. basal ['®FIFDG PET/CT vs rhTSH-stimulated ['°F]
FDG PET/CT), Leboulleux and colleagues in their prospective
study found that the per-patient sensitivity was not different
between basal and rhTSH-stimulated imaging studies.
Conversely, the per-lesion sensitivity (i.e. the number of
detected lesions) was higher using rhTSH-stimulation but this
result changed the treatment plan in 6% of patients only
[66,95]. According to 2015 ATA guidelines, ['®FIFDG PET/CT
should be performed when stimulated Tg levels are >10 ng/
mL [72]. Giovanella and colleagues suggested performing ['®F]
FDG PET/CT in DTC patients having a basal Tg level =5.5 ng/ml
or in those in whom Tg doubling time is less than 1 year,
regardless of the basal Tg value [96]. Finally, ['®FIFDG PET/CT
assumes an important prognostic role in metastatic DTC
patients representing high ['®FIFDG uptake as an independent
and negative prognostic factor for overall survival and for
disease-specific survival. In addition, a larger number of ['8F]
FDG-avid metastatic lesions and a higher SUVmax are asso-
ciated with a poor prognosis of patients [Figure 6] [97-99].

4.4. Medullary thyroid carcinoma

Medullary thyroid carcinoma is frequently presented as
a metastatic disease unless detected in early stages. Although
patients with limited disease respond well to surgery, more than
50% of patients have lymph node or distant metastases and their
detection is critical for the success of subsequent management.
Following initial surgery, patients are carefully followed-up since
patients with residual lymph node metastases after thyroidectomy
are likely to benefit from re-operation. In clinical routine 2 to 3
months after initial surgery, CT and CEA measurement, and neck
US are performed as a post-operative work-up [66]. Patients
whose post-operative serum CT level is normal are considered
‘biochemically cured’ and have a 10-year survival rate of 97.7%.
According to current clinical guidelines, clinical examination and
neck US are required in patients with serum CT levels <150 pg/mL,
as such cases with recurrent disease usually have cervical lymph
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Figure 6. '®F-FDG PET maximum intensity projection image of a patient with
poorly differentiated thyroid carcinoma showing increasing radiopharmaceutical
uptake within the thyroid, corresponding to the primary tumor site and multiple
lymph node, lung, liver, bone and renal metastases.

node metastases [100]. Neck US, CT, MRI, and bone scintigraphy
were traditionally recommended in patients with post-operative
CT >150 pg/mL and/or increased CEA and/or shortened Ctn/CEA
doubling time. However, additional PET/CT imaging should be
considered when serum CT levels exceed 150 pg/mL, or the CT
doubling time is shortened (i.e. <24 months), and conventional
imaging results are inconclusive. Briefly, ['®FIFDOPA PET/CT is the
radiotracer of choice due to its superior diagnostic performance
compared with other PET tracers, especially when done with
contrast-enhanced CT. ['®FJFDG PET/CT should be performed, in
particular, if CT and CEA levels are rapidly rising (i.e. doubling time
<1 year) or aggressive behavior of the disease is expected (e.g.
CEA levels disproportionately higher than CT levels). [®Ga]Ga SSA
PET/CT could be considered in selected cases with inconclusive
anatomic and ['®FIFDOPA/['®FIFDG PET/CT imaging. Moreover,
[®8Ga]Ga SSA PET/CT could assess the feasibility of peptide recep-
tor radionuclide therapy in highly selected patients considered for
this targeted treatment [101].

5. Primary hyperparathyroidism

Primary hyperparathyroidism is the third most common endocrine
disorder caused by hyperfunctioning parathyroid gland(s) which
are producing increased amounts of parathyroid hormone (PTH)
[102]. It occurs up to 3x more commonly in females, especially in
postmenopausal age [103,104]. Serum PTH concentration is
increased, or within higher refence range but in combination
with hypercalcemia. Conversely, normal serum calcium levels
with an increased PTH occurs rarely, in so-called normocalcemic
hyperparathyroidism [105]. Hyperfunctioning parathyroids are sin-
gle adenomas in majority of patients (85%), while in approxi-
mately 15% of cases there is multiglandular disease (MGD) [106],
in the form of multiple adenomas or hyperplasia, while parathyr-
oid carcinoma is extremely rare. Parathyroid glands are typically
located next to both thyroid lobes in 84% of cases, while ectopic
glands occur in approximately 16% of cases [107]. Most individuals
have four parathyroid glands, supernumerary glands (up to 8 of
them) occur in up to 13% of cases [108,109], while in < 3% of cases,
there are only 3 glands [108]. The most primary hyperparathyroid-
ism (pHPT) cases are sporadic, while 5% are part of hereditary
syndromes, e.g. multiple endocrine neoplasia types 1, 2, and 4
(MEN-1, MEN-2, and MEN-4) [110]. The only curative therapy is the
parathyroidectomy of affected gland(s) [111]. Surgery is important
not only in symptomatic, but also in asymptomatic patients as
long-term hypercalcemia may affect many organs during the
years [112]. Preoperative localization of the hyperfunctioning
gland(s) allows more focused surgical approach e.g. minimally
invasive parathyroidectomy (MIP) which reduces duration of the
surgery, perioperative complications and morbidity, results in
more favorable cosmetic outcome and patient contentment and
has similar cure rates as bilateral neck exploration [111,113-116].
Radionuclide parathyroid imaging detects typically located
glands, as well as ectopic. Sensitivity is generally greater in the
case of adenomas compared to hyperplasia as in the latter case
glands are usually smaller [117]. It is crucial to identify MGD, due to
its impact on surgical procedure and therefore patient outcome.
The second surgery is usually more challenging compared to the
first one.

5.1. [*®™Tc]Tc-MIBI imaging

The most widely used preoperative imaging strategy is the
combination of [*™Tc]Tc-MIBI SPECT/CT and cervical ultraso-
nography (cUS) [Figure 7] with a sensitivity from 80 to up to
95% mainly due to high sensitivity of [*°™Tc]Tc-MIBI scintigra-
phy [118]. In equivocal situations, cUS may be combined with
targeted FNAC and measurement of PTH in the aspirate
(FNAC-PTH) to increase the specificity for detection of hyper-
functioning parathyroid tissue in cUS-accessible regions in the
neck [119]. [**™Tc]Tc-MIBI SPECT/(CT) demonstrates patient-
based and lesion-based detection rate of 88% [120].
However, its sensitivity is much lower in patients with MGD
(27-61%) compared to those with a single gland disease (80-
92%) [121,122], a similar issue as with other imaging modal-
ities. Parathyroid gland scintigraphy may be performed as
dual-phase and dual-tracer method [Figure 8]. Dual-tracer
scintigraphy with subtraction imaging has a higher
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Figure 8. ®™c-MIBI dual phase scintigraphy: tracer uptake and late retention in a parathyroid adenoma (red arrow).

performance compared to dual-phase imaging, with sensitivity
up to 95% [123,124]. SPECT images have higher sensitivity
compared to planar images, while SPECT/CT provides ana-
tomic correlation and localization of gland(s) [Figure 9]. False-
positive imaging results may occasionally occur due to thyr-
oiditis (in a single-tracer protocol), neck lymphadenopathy,
and malignant or benign thyroid nodules [125]. False-
negative results most commonly occur due to multiglandular
disease, parathyroid hyperplasia and generally small-size para-
thyroid glands [125], and due to a small amount of oxyphil
cells [32,33]. Our readers are referred to the The EANM practice
guidelines for parathyroid imaging for details on imaging pro-
tocols and administered activities [118].

5.2. [°°*"Tc]Tc-tetrofosmin

[®°™c]Tc-tetrofosmin is another SPECT tracer that is mainly used
in a dual-tracer method in combination with thyroid gland

tracers Na[**™Tc]TcO, or Na['??l]l, as it doesn’t show any thyroid
wash-out. However, its use is limited, despite similar diagnostic
performance to [*°™Tc]Tc-MIBI [126-128].

5.3. ["®FJfluorocholine and ["'C]choline

The alternative first-line imaging procedure with higher sensitivity
compared to [*°™Tc]Tc-MIBI SPECT/CT is ['®FIfluorocholine (['®F]
FCH) PET/CT, very accurate even in cases with negative or incon-
clusive standard imaging methods, in pHTP cases as well as in
sHPT, owing to a higher spatial resolution of PET technique [129].
A meta-analysis of 14 choline studies (12 '®F- and 2 "'C-labeled
choline) reported pooled sensitivity and [Figure 10] PPV of choline
tracers of 95% and 97%, respectively, in per-patient analysis, while
in a per-lesion analysis, the same values were 92% and 92%,
respectively [130]. Furthermore, a recent meta-analysis that
included 22 studies demonstrated even higher sensitivity of ['F]
FCH PET/CT of 97% [131]. In a sub-analysis where both [**™Tc]Tc-

Figure 9. *™Tc-MIBI SPECT/CT (coronal a-c, axial d-f): ectopic mediastinal parathyroid adenoma (red arrows).
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Figure 10. '8E_fluorocholine PET/CT (axial a, coronal b): parathyroid adenoma (red arrows).

MIBI and ["®FIFCH were included, ['®FIFCH also had a significantly
higher sensitivity (96%) compared to [*™Tc]Tc-MIBI (54%).
Therefore, ['®FIFCH PET/CT is considered as a ‘one-stop-shop’
method for the detection of hyperfunctioning parathyroid glands
[132]. Itis important to emphasize that digital scanners have higher
performance compared to analog scanners [133]. Parathyroid
glands detected exclusively by the digital PET/CT are usually smal-
ler than 10 mm, underlining the importance of these scanners in
localizing small glands, which are usually associated with parathyr-
oid gland hyperplasia. Other advantages of ['®FIFCH PET/CT, com-
pared to conventional scintigraphic methods are lower radiation
burden, improved resolution, and shorter acquisition time [118].
Potential limitations are the uptake by thyroid nodules and inflam-
matory lymph nodes as a potential cause of false-positive results
[134] (also noticed in the case of other tracers), and reimbursement
and licensing issues. Although ['®FIFCH PET/CT is more expensive
compared to conventional scintigraphic methods, complete data
on cost-effectiveness are needed as patients often require
additional second-line imaging in case of negative or inconclusive
first-line scintigraphic imaging methods. ['®FIFCH PET may be
combined with 4D-CT and according to current data seems to be
superior than ["®FIFCH PET or 4D-CT alone [135]. ['®FIFCH is also
used in PET/MRI systems. This method is very promising in a first-
and second-line imaging setting, due to excellent diagnostic per-
formance owing to the higher tissue contrast of MRI and signifi-
cantly lower radiation exposure compared to scintigraphic
methods and ['®FIFCH PET/CT [136-139]. It is particularly useful
in hyperfunctioning glands with low ["®FIFCH uptake [140].

["'Clcholine (['"CJCH) accumulates in the parathyroid glands
with the same mechanism as its analogue ['®FIFCH, and has very
similar diagnostic performance [141,142]. The advantage of [''C]
CH PET imaging compared to scintigraphic methods and ['®F]FCH
PET/CT is acquisition witnin 30 min from injection and significantly
lower radiation exposure, owing to the short physical half-life
of 'C. However, due to its short half-life, the use of [''CICH is
limited to institutions with an on-site cyclotron. Furthermore,
'C has a higher average positron energy compared to'®F which
results in more noise in the images and lower spatial resolution
compared to ['®F]FCH images.

5.4. ['"C]methionine

[""CIMET is a second-line imaging PET tracer used after nega-
tive or inconclusive first-line imaging. It is accumulated in the

hyperfunctioning parathyroid glands presumably due to invol-
vement in the process of PTH precursor synthesis [143].
A meta-analysis of 14 [''CIMET studies demonstrated its
pooled sensitivity and pooled PPV of 77% and 98%, respec-
tively, for the correct localization of hyperfunctioning para-
thyroid gland(s) [144]. Interestingly, there was no statistically
significant difference in the sensitivity between patients with-
out specific selection compared to those with negative or
discordant standard imaging. A recent meta-analysis that com-
pared the diagnostic performance of ['®FIFCH PET/CT with
["'CIMET PET/CT in patients with pHPT, revealed higher
pooled sensitivity of ['"®FIFCH PET/CT compared to [''CIMET
PET (92% vs. 80%, respectively), while the PPV values were
similarly high (94% vs. 95%, respectively) [145].

The major limitations of this tracer are a very short physical
half-life of''C which limits its use to institutions with an on-site
cyclotron, a relatively higher average positron energy
of'C compared to'®F resulting in images with more noise,
and local reimbursement and licensing issues. Furthermore,
thyroid nodules may also have high ['"CIMET uptake and
cause false-positive results [106,107].

6. Parathyroid cancer

Parathyroid cancer is marked with high hypercalcemia and very
high PTH levels. However, there are no specific biochemical data
that may differentiate it from parathyroid adenoma or hyperpla-
sia. Parathyroid cancer and its metastases usually accumulate
[°™Tc]Tc-MIBI [146-151], and have its higher retention com-
pared to benign hyperfunctioning glands [152]. ['®FIFCH also
shows uptake in parathyroid cancer and its metastases
[149,153,154]. ['8FIFDG PET/CT is useful in detection of loco-
regional and distant metastases, presumably in less differen-
tiated lesions [147,155]. CT and MRI may also be useful for the
evaluation of the local and distant spreading. Fine-needle aspira-
tion cytology is not recommended because it is not accurate in
diagnosing parathyroid carcinoma, and, most importantly, it may
cause seeding of parathyroid cancer [156]. Finally, promising
results were recently obtained with [®®Ga]Ga SSA PET/CT [158].

7. Conclusion

In the last years, improvements in molecular imaging modalities
allowed a more reliable management of benign and malignant



thyroid and parathyroid diseases. Particularly, thyroid scintigraphy
remains integral in detecting AFTNs and ruling out malignancy in
cytologically indeterminate nodules. Moreover, a whole-body
scan with SPECT/CT is pivotal after administration of therapeutic
radioiodine activities in order to refine the clinical staging and
assess the iodine-avidity of tumor lesions. PET/CT with ['®FIFDG
proved to be useful in excluding malignancy in cytologically
indeterminate nodules as a suitable alternative to [*™TcITc-MIBI.
Moreover, ['®FIFDG PET/CT is a useful complement imaging in
DTC patients with increasing Tg levels and negative radioiodine
whole-body scan and is a first-line procedure to stage and restage
patients with RAI-R DTC and aggressive thyroid cancers. Among
MTC patients PET/CT with ['®FIFDOPA is the preferred molecular
imaging procedure to restage patients with increasing biomarkers
(CT, CEA) after surgery while ['®FIFDG imaging proved to be useful
in aggressive MTC (shortened CT and CEA doubling time,
increased CEA > CT). Scintigraphic and SPECT/CT imaging with
[®™c]Tc-MIBI, combined with cUS, is widely available and accu-
rate in localizing hyperfunctioning parathyroid glands before sur-
gery. However, ['®FIFCH PET/CT gained momentum by providing
the highest accuracy and is now proposed as a first-line one-shot
imaging technique in patients with hyperparathyroidism.

8. Expert opinion

For decades molecular imaging and nuclear medicine methods
allowed metabolic, functional and molecular characterization of
the thyroid gland and informed clinical decisions (i.e. tailored
radioiodine therapy for hyperthyroidism and DTC, respectively).
Even if accurate non-radioisotopic methods emerged over time,
the selective and optimized use of thyroid scintigraphy remains
integral in different clinical scenarios. As illustrated in the present
review its contribution is well established in patients presenting
with thyrotoxicosis (i.e. differential diagnosis between productive
and destructive thyrotoxicosis, differential diagnosis between dif-
fuse or focal thyroid hyperfunction) and thyroid nodules (i.e. detec-
tion of AFTN and characterization of cytologically indeterminate
cold nodules, respectively). Whole body scintigraphy examination
is mandatory in all DTC patients shortly (2-7 days) after therapeutic
administration of radioiodine in order to evaluate the extent of
thyroid remnants, detect or exclude metastasis and refine post-
operative staging. The role of diagnostic WBS with low activities of
iodine-131 or, alternatively, iodine-123 is either before radioiodine
therapy or during long-term follow-up is debated but such meth-
ods can be adopted in selected cases to refine therapeutic indica-
tion and disease’s restaging, respectively. In the last decade, the
diffusion of SPECT/CT tomographs greatly ameliorated the diag-
nostic accuracy of planar scintigraphy and, especially, WBS allow-
ing a more precise evaluation of the thyroid gland volume and
location (i.e. intra-thoracic goiters) and an accurate differentiation
between thyroid remnants and iodine-avid neck lymph nodes and
a precise localization of distant metastasis in DTC patients. lodine-
124 and'®F-TFT are promising alternative to high-activity iodine-
131 to image DTC before and after radioiodine therapy but their
clinical application is still hampered by logistical problems and
related costs. ['®FIFDOPA is the preferred method in patients
with relapsing MTC but new tracers are urgently needed as the
availability of ['®FIFDOPA is limited in many countries and the
performance of available alternatives as [*®Ga]Ga-somatostatin
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analogues (SSA) is suboptimal. While FDG is not a specific tracer
of either DTC and MTC cells, ['®FIFDG PET/CT is recommended
when serum Tg is increasing despite negative radioiodine imaging
and to stage and restage aggressive and radioiodine-refractory
cancers as well as in patients with aggressive MTC. Its use will likely
increase with the introduction of new theranostic approaches for
radioiodine-refractory (RAI-R) DTC and advanced MTC. In fact,
a high FDG uptake is related to a lower response rate and, conse-
quently, ['®FIFDG PET/CT should be used as biomarker to refine
patients’ selection. Finally, PET/CT with [*®Ga]Ga-somatostatin ana-
logues (SSA) is increasingly employed to select patients with
advanced DTC and MTC for therapy with ['”’Lu]Lu-SSA. Notably,
the results of such approaches are still preliminary and, for the
moment, this theranostic approach should be restricted (outside
clinical trials) to selected cases after appropriate multidisciplinary
discussion. Finally, the use of nuclear imaging methods is firmly
established in patients with proven primary hyperparathyroidism
in order to precisely localize the overactive parathyroid(s) and
inform selective and mini-invasive surgery. [*°™Tc]Tc-MIBI scinti-
graphy in combination with neck US in experienced hands is a first-
line imaging strategy suggested in many guidelines. However,
[18FIFCH-PET/CT has shown even better performance, particularly
in cases of negative/inconclusive conventional imaging methods,
and it is today considered an alternative first-line imaging method,
i.e. ‘one-stop-shop’ technique. It has a higher resolution, lower
radiation burden, allows for a shorter imaging procedure com-
pared to [99mTc]Tc-MIBI SPECT/CT and, in our opinion, will replace
other imaging methods in the next future.
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