
Frontiers in Endocrinology | www.frontiersi

Edited by:
Laura Boucai,

Memorial Sloan Kettering Cancer
Center, United States

Reviewed by:
Yevgeniya Kushchayeva,

University of South Florida,
United States

Stephanie Fish,
Memorial Sloan Kettering Cancer

Center, United States

*Correspondence:
Joanna Klubo-Gwiezdzinska

joanna.klubo-gwiezdzinska@nih.gov

Specialty section:
This article was submitted to

Thyroid Endocrinology,
a section of the journal

Frontiers in Endocrinology

Received: 14 March 2022
Accepted: 19 April 2022
Published: 30 May 2022

Citation:
Gubbi S, Koch CA and

Klubo-Gwiezdzinska J (2022)
Peptide Receptor Radionuclide

Therapy in Thyroid Cancer.
Front. Endocrinol. 13:896287.

doi: 10.3389/fendo.2022.896287

REVIEW
published: 30 May 2022

doi: 10.3389/fendo.2022.896287
Peptide Receptor Radionuclide
Therapy in Thyroid Cancer
Sriram Gubbi1, Christian A. Koch2,3 and Joanna Klubo-Gwiezdzinska1*

1 Metabolic Diseases Branch, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, MD, United States, 2 Department of Medicine, Fox Chase Cancer Center, Philadelphia, PA, United States,
3 Department of Medicine, The University of Tennessee Health Science Center, Memphis, TN, United States

The treatment options that are currently available for management of metastatic,
progressive radioactive iodine (RAI)-refractory differentiated thyroid cancers (DTCs), and
medullary thyroid cancers (MTCs) are limited. While there are several systemic targeted
therapies, such as tyrosine kinase inhibitors, that are being evaluated and implemented in
the treatment of these cancers, such therapies are associated with serious, sometimes
life-threatening, adverse events. Peptide receptor radionuclide therapy (PRRT) has the
potential to be an effective and safe modality for treating patients with somatostatin
receptor (SSTR)+ RAI-refractory DTCs and MTCs. MTCs and certain sub-types of RAI-
refractory DTCs, such as Hürthle cell cancers which are less responsive to conventional
modalities of treatment, have demonstrated a favorable response to treatment with PRRT.
While the current literature offers hope for utilization of PRRT in thyroid cancer, several
areas of this field remain to be investigated further, especially head-to-head comparisons
with other systemic targeted therapies. In this review, we provide a comprehensive
outlook on the current translational and clinical data on the use of various PRRTs,
including diagnostic utility of somatostatin analogs, theranostic properties of PRRT, and
the potential areas for future research.

Keywords: thyroid cancer, PRRT, DOTATATE, medullary thyroid cancer (MTC), somatostatin receptor
Abbreviations: PRRT, peptide receptor radionuclide therapy; SSA, somatostatin analog; DTC, differentiated thyroid cancer;
PTC, papillary thyroid cancer; FTC, follicular thyroid cancer; HTC, Hürthle cell thyroid cancer; MTC, medullary thyroid
cancer; PDTC, poorly differentiated thyroid cancer; ATC, anaplastic thyroid cancer; NET, neuroendocrine tumor; RAI,
radioactive iodine; ORR, objective response rate; DCR, disease control rate; OS, overall survival; PFS, progression-free survival;
TTP,time-to-progression; TTF, time-to-treatment failure; DOR, duration of response; IQ, interquartile range; NA, not
available; SAE, serious/severe adverse event; FDA, Food and Drug Administration; TKI, tyrosine kinase inhibitor; MEK,
mitogen-activated protein kinase kinase; RET, rearranged during transfection; mTOR, mammalian target of rapamycin;
NTRK, neurotrophic receptor tyrosine kinase; ICI, immune checkpoint inhibitor; ALK, Anaplastic lymphoma kinase; SRIF,
somatotropin release inhibiting factor; LAR, long-acting repeatable; CT, computed tomography; MRI, magnetic resonance
imaging; PET/CT, positron emission tomography computed tomography; SPECT, single photon emission computed
tomography; FDG, fluorodeoxyglucose; DOPA, dihydroxyphenylalanine; MIBG, metaiodobenzylguanidine; DOTATOC,
1,4,7,10-tetraazacyclododecane-1,4,7,20-tetra-acetic acid-octreotide; DOTATATE, 1,4,7,10-tetraazacyclododecane-1,4,7,20-
tetra-acetic acid-octreotate; DTPA, diethylenetriamine penta-acetic acid; DOTA-NOC, [DOTA0-1-NaI3]octreotide;
NODAGA, 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid; (c[RGDyK])2, dimeric cyclic arginine-glycine-aspartic
acid (RGD)-based peptide; EDDA/HYNIC-TOC, ethylenediamine N,N′-diacetic acid hydrazinonicotinic acid-octreotide; EB-
TATE, Evans blue-DOTATATE; PSMA, Prostate-specific membrane antigen; CCK, cholecystokinin.
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INTRODUCTION

Peptide receptor radionuclide therapy (PRRT) has emerged as
one of the most pivotal modalities of treatment for
neuroendocrine tumors (NETs). PRRT is a form of targeted
therapy in which a radiolabeled peptide is used as a vector to
deliver cytotoxic doses of radiation to those cancer cells which
abundantly express receptors for that particular peptide (1). To
date, several forms of radiolabeled peptides have been utilized for
diagnostic purposes based on tumor receptor expression profiles,
including somatostatin, cholecystokinin (CCK), neuropeptide-Y,
gastrin, glucagon-like peptide-1, and others (2). However, the
vast majority of PRRTs are radionuclides tagged to somatostatin
analogs (SSAs), which target somatostatin receptors (SSTRs).
While PRRT has been vastly utilized in the treatment of NETs,
one of the actively investigated fields is the utility of PRRT in the
treatment of thyroid cancer. In this review, we discuss the
current standard-of-care for the management of various forms
of thyroid cancer and then, discuss the utility of PRRT in
oncology, along with the current evidence of SSA-based
diagnostic imaging and PRRT in thyroid cancer. We also
discuss the potential applicability of theranostics and future
directions in the utility of PRRT as a crucial form of targeted
therapy in thyroid cancer.
THYROID CANCERS: THE CURRENT
STANDARD OF CARE

The yearly incidence of thyroid cancer has nearly tripled from 4.9
per 100,000 individuals in 1975 to 14.3 per 100,000 individuals in
2009 (3). Differentiated thyroid cancer (DTC), comprised of
papillary thyroid cancer (PTC), and follicular thyroid cancer
(FTC) along with the Hürthle cell subtype of thyroid cancer
(HTC), constitutes over 90% of all thyroid cancers (3). Medullary
thyroid cancer (MTC) and anaplastic thyroid cancer (ATC) are
much rarer but carry a higher mortality risk compared to DTC
(4, 5).

The conventional treatment for DTC is thyroidectomy (hemi-
or total thyroidectomy depending on the extent of the disease) with
or without central and/or lateral lymph node dissection. Following
surgery, radioactive iodine (RAI) therapy with iodine-131 (131I) is
generally considered for those DTCs that have an intermediate-to-
high risk for structural disease recurrence (3). For local recurrence
and for distant metastases, repeat surgery and/or RAI therapy
remains the preferred modality of treatment, and most RAI-avid
DTCs have a favorable prognosis despite the presence ofmetastatic
disease (3). However, up to 22% of DTCs may become RAI-
refractory due to their inability to concentrate iodine into the
tumor cells, and certain DTC subtypes such as tall-cell and diffuse
sclerosing variants of PTC, insular variant of FTC,HTC, andpoorly
differentiated thyroid cancers (PDTCs) have a propensity to be
RAI-refractory (3). In these circumstances, RAI is not effective, and
diagnostic imaging is performed using 18-fluorodeoxyglucose
positron emission tomography computed tomography (18FDG-
PET/CT). In general, the more differentiated forms of DTC tend to
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retain iodine-concentrating capacity, are metabolically less active,
more RAI-avid, and less 18FDG-PET-avid, while the more
dedifferentiated forms are hypermetabolic, less RAI-avid, and
more 18FDG-PET-avid (6). Local treatment options for RAI-
refractory DTCs include external beam radiation, radiofrequency
ablation or cryoablation. Molecular characterization of DTCs (7),
and the advent of widespread molecular testing has allowed for
identification of several potential targets for therapy. The tyrosine
kinase inhibitors (TKIs) lenvatinib and sorafenib have been
approved by the Food and Drug Administration (FDA) in the
United States for the treatment of progressive, RAI-refractory
metastatic DTC (8, 9). Other systemic therapies such as proto-
oncogene serine/threonine-protein kinase (BRAF) inhibitors
(dabrafenib), mammalian target of rapamycin (mTOR) inhibitors
(everolimus), neurotrophic receptor tyrosine kinase (NTRK)
inhibitors and immune checkpoint inhibitors (ICIs) are being
evaluated in several clinical trials (10, 11). Recently, re-
differentiation and restoration of iodine-concentrating capacity
within RAI-refractory tumors by using mitogen-activated protein
kinase kinase (MEK) inhibitors (trametinib and selumetinib) is
being actively investigated as another promising modality of
therapy (12, 13). Selumetinib has been granted an orphan drug
designation by the FDA as an agent re-inducing RAI uptake in
advanced DTC. Certain forms of DTCs such as HTCs, and PDTCs
are rare and data on the utility of targeted therapy in these thyroid
cancer subtypes is limited, although there is recentdata emergingon
long-term remission noted in PDTCs with the use of combination
of lenvatinib (TKI) and pembrolizumab (ICI) (14, 15).

MTC is considered as a type of NET and is derived from the
parafollicular C-cells (4). The prevalence of MTC is 1% – 2% in
the United States (4). MTC can be sporadic or can manifest as a
part of multiple endocrine neoplasia 2A and 2B. As the C-cells do
not have the ability to concentrate iodine, MTCs are RAI-
refractory, and the major functional imaging of utility is the
18FDG-PET/CT (4). The conventional treatment for MTC is
thyroidectomy and lymph node dissection (4). Other treatments
include external beam radiation for recurrent disease in the neck,
surgical resection, or chemoembolization of hepatic metastases,
and systemic therapy for progressive, metastatic MTC (4).
Initially, two TKIs, vandetanib and cabozantinib, demonstrated
efficacy in improving progression-free survival (PFS) in MTC
and are now approved by the FDA for the treatment of
progressive metastatic MTC (16, 17). Recently, two selective
rearranged during transfection (RET) inhibitors, selpercatinib
and pralsetinib have been approved for the treatment of
progressive metastatic MTC, and these agents harbor better
adverse event (AE) profiles (18, 19). Several other targeted
therapies, including ICIs and carcinoembryonic antigen (CEA)
vaccine are also being investigated for the treatment of this
condition (11).

ATC is the most aggressive form of thyroid cancer, with a
prevalence of 1.7% in the United States and a median prevalence
of 3.6% worldwide (5). The management of ATC is more
complicated due to the rapid progression and poor prognosis
of the disease. For potential surgical resection of the primary
tumor, several factors should be considered, including patient’s
May 2022 | Volume 13 | Article 896287
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age, functional status, extent of the disease, status of airway, use
of neoadjuvant or adjuvant therapy, whether the surgery is
curative, palliative, or for prevention of complications such as
obstruction of trachea and/or esophagus, and the goals of care of
the patients, with timely involvement of palliative care (5).
Neoadjuvant or adjuvant chemoradiation should be
implemented as soon as possible after careful consideration of
risks and benefits (5). Some of the available chemotherapy
regimens include paclitaxel/carboplatin and docetaxel/
doxorubicin, and their use is recommended in patients treated
with definitive-intention radiation (5). In patients who have
undergone R0 (negative microscopic and gross tumor margin)
or R1 (negative gross tumor margin) surgical resection, or in
patients with R2 resection (positive gross tumor margin/
debulking procedure) with good performance status, intensity-
modulated radiation with systemic therapy is recommended (5).
However, the overall survival (OS), and disease-free survival is
not different among R0, R1, and R2 statuses (20). In BRAF V600E-
mutated ATCs, a combination of BRAF andMEK inhibitors can be
utilized. The BRAF/MEK inhibitor combination of dabrafenib and
trametinib is approved by the FDA for the treatment of BRAF
V600E-mutated ATCs based on the substantial response rate
observed in a phase II, open label trial (5, 21). Anaplastic
lymphoma kinase (ALK) inhibitors, NTRK inhibitors, mTOR
inhibitors, ICIs and TKIs (particularly the combination of
lenvatinib and pembrolizumab) are some of the other targeted
therapies with potential utility in ATC (5, 15, 22, 23).

Despite the availability of several local and systemic treatment
options for thyroid cancers, metastatic/inoperable forms of RAI-
refractory DTCs, HTCs, PDTCs, and MTCs continue to pose a
challenge for optimal management. This is either due to
suboptimal and variable response to treatment, or due to
severe or unacceptable AEs or toxicities associated with several
of these systemic therapies. Some of the common AEs associated
with TKIs used for thyroid cancer include nausea, diarrhea,
anorexia, fatigue, mucositis, hypertension, cardiac failure, rash,
palmar-plantar erythrodysesthesia, skin pigmentary changes,
alopecia, and aerodigestive fistula formation (24–27). The AE
profile of selective RET inhibitors is similar to that of TKIs, with
common AEs observed being neutropenia, hepatic transaminase
elevation, constipation, diarrhea, hypertension, and rash (28).
Some of the BRAF and MEK inhibitor-associated AEs include
hypertension, reduced cardiac ejection fraction, cardiomyopathy,
fever, diarrhea, rash, and ocular AEs such as central serous
retinopathy (29–31). Therefore, there is a need for a systemic
therapy that is not only efficacious, but also has lower number of
AEs. PRRT can potentially serve as a systemic targeted therapy in
thyroid cancer due to its better safety profile and high treatment
efficacy demonstrated in several other forms of tumors (32–35).
SOMATOSTATIN AND SSTRs

Somatostatin, also known as somatotropin release inhibiting
factor (SRIF) is a cyclic peptide hormone that has several
complex endocrine, paracrine, and modulatory effects across
different organ systems, including inhibition of secretion of
Frontiers in Endocrinology | www.frontiersin.org 3
various hormones and enzymes and cell proliferation, and also
functions as a neurotransmitter and as an immunomodulator
(36–39). Somatostatin was initially isolated from ovine
hypothalamus as a peptide capable of inhibiting the release of
growth hormone (40). Further studies have identified the
presence of somatostatin in almost every tissue of the body
(36, 41, 42). The two active forms of somatostatin are SRIF-14,
which contains 14 amino acids and SRIF-28, which has 24 amino
acids (43). Somatostatin is known to inhibit the secretion of not
only growth hormone, but also of prolactin, thyroid stimulating
hormone, adrenocorticotropic hormone, insulin, glucagon, and
gastrointestinal hormones such as CCK, gastrin, ghrelin, secretin,
and vasoactive intestinal polypeptide (38, 41, 44). Somatostatin
also inhibits gastrointestinal exocrine function, including
production of gastric, pancreatic, and intestinal digestive fluids
and enzymes (38). Therefore, it has been recommended for
routine use in patients undergoing pancreatic surgeries (45, 46).

SSTRs are a family of seven-subunit transmembrane G
protein-coupled receptors, with five distinct subtypes being
identified in humans, namely SSTR 1, 2, 3, 4, and 5 (37). The
SSTR genes for each subtype are located on different
chromosomes, and SSTR2 has two splice variants (SSTR2A
and SSTR2B) (38). These SSTRs are vastly and variably
expressed in different normal tissues as well as in various
benign and malignant tumors in humans, but several forms of
tumors seem to predominantly express SSTR2 and sometimes
SSTR1, 3 or 5, while SSTR4 expression is rare (38, 39, 47, 48).

SRIF-14 and SRIF-28 bind to all five subtypes of SSTRs with
nanomolar affinity (38). Furthermore, based on structural
homology, the SSTRs are classified into two sub-groups, the
SRIF1, which includes SSTRs 2, 3, and 5, and SRIF2, which
includes SSTRs 1 and 4 (38). The synthetic SSAs such as
octreotide and seglitide demonstrate binding affinity to SRIF1
receptors, with high affinity to SSTR2 and intermediate affinity to
SSTR 1 and 5, while no such binding affinity is demonstrated
towards SRIF2 receptors (49). Activation of all SSTR subtypes
decreases adenylyl cyclase activity, and promotes variable effects
on the activities of phospholipase C, mitogen-activated protein
kinase, calcium and potassium channels, and phosphotyrosine
phosphatase (38).
SSTRs AND SSAs IN ONCOLOGY: THE
ADVENT OF THERANOSTICS

Radiolabeled SSAs have emerged as some of the most widely
used theranostic agents. Theranostics can be defined as the
utilization of materials that can serve both as modalities of
diagnostic imaging and as treatment (50). By combining
diagnostics and therapeutics, theranostic agents harbor the
advantage of sharing the same biodistribution and receptor
selectivity that overcomes the potential disparity that may be
encountered with using two different agents for imaging and
treatment. The radionuclides tagged with the SSAs may serve a
diagnostic or therapeutic purpose based on the type of the
emitted radiation. Diagnostic imaging can be achieved by
May 2022 | Volume 13 | Article 896287
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utilizing SSAs tagged with positron emitters such as gallium-68
(68Ga), copper-64 (64Cu) or fluorine-18 (18F) which can be
imaged using positron (b+) emission tomography (PET), or
with g-emitters such as indium-111 (111In) or technetium-99
(99Tc) which can be imaged using single photon emission
computed tomography (SPECT) (50). SSAs tagged with b-
emitters such as lutetium-177 (177Lu) and yttrium-90 (90Y) or
a-emitters such as lead-212 (212Pb), bismuth-213 (213Bi), and
actinium-225 (225Ac) serve as therapeutic agents (PRRT) by
destroying the targeted tumor cells (50). These radionuclides
are chelated within various chelators such as DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,20-tetra-acetic acid), DTPA
(diethylenetriamine penta-acetic acid), or NODAGA (1,4,7-
triazacyclononane,1-glutaric acid-4,7-acetic acid) and are
‘tagged’ to the SSAs. Earlier forms of PRRT comprised of
conventional octreotide as the SSA. Later developments, such
as modification of octreotide with insertion of tyrosine in the 3rd

position (Tyr3-OC or TOC), or replacing the c-terminal amino
alcohol, threoninol, with threonine (TATE) improves the SSA’s
binding affinity to SSTR2 subtype (51). Some of the common
chelator-SSA combinations include [DOTA0,Tyr3]octreotate
(DOTATATE), [DOTA0,Tyr3]octreotide (DOTATOC), and
[DOTA0-1-NaI3]octreotide (DOTA-NOC) (35). The individual
components of a radiolabeled SSA analog have been delineated
in Figure 1. So far, 177Lu-SSAs, especially 177Lu-DOTATATE
has been the most commonly utilized form of PRRT. Certain
radiolabeled SSAs such as 111In-DTPA-octreotide (111In-
pentetreotide) may not be as effective for PRRT when
compared to 177Lu- or 90Y-based SSAs as the latter two
radionuclides are b-emitters which are long-range electron
emitters with better cytolytic potential and irradiation of the
environment neighboring the tumor, while 111In is an Auger
Frontiers in Endocrinology | www.frontiersin.org 4
electron emitter which has short-range low-energy electron
emission (51).

SSTRs are vastly overexpressed particularly in NETs; tumors that
arise from neuroendocrine cells and/or neural crest cells (52). These
cells are present in several organs, including the bronchi, pancreas,
and the gastrointestinal tract. Based on the site of origin, NETs can
be pancreatic NETs (PNETs), gastroenteropancreatic NETs (GEP-
NETs), carcinoids, small cell lung cancer, or large cell
neuroendocrine carcinoma (53). Other tumors of neuroendocrine
origin include pheochromocytoma and paraganglioma (PPGL),
MTC, neuroblastoma, meningioma, and Merkel cell carcinoma
(53). In a landmark phase 3 clinical trial (NETTER-1), 177Lu-
DOTATATE therapy in addition to long-acting repeatable (LAR)
octreotide in patients with SSTR+ well-differentiated, metastatic
midgut NETs resulted in substantially longer PFS compared to
treatment with LAR octreotide alone (33). Based on the data from
the NETTER-1 trial, the United States FDA approved 177Lu-
DOTATATE in January 2018 for the treatment of SSTR+ GEP-
NETs. The treatment was also approved in Europe based on the
data from NETTER-1, as well as based on safety and efficacy data
from the phase I/II ERASMUS study (34). In addition, PRRT has
been effective in treating several other types of NETs, including
PPGL (32, 54–60). The safety profile of PRRT is favorable and the
treatment is generally well-tolerated. The most common AEs
include nausea (65% all grades and 5% grades 3 and 4 in
NETTER-1) and vomiting (53% all grades and 2% grades 3 and 4
in NETTER-1) which is mainly attributed to the renoprotective
amino acid infusion that is concurrently administered with PRRT
(61). This is managed with pre-infusion anti-emetic administration.
Hematologic dysfunction, including transient myelosuppression,
cytopenia (anemia: 81%, thrombocytopenia: 53%, neutropenia:
26% per NETTER-1 trial data, all grade 1 or 2), myelodysplastic
FIGURE 1 | Components of a radiolabeled somatostatin analog with individual examples of each component.
May 2022 | Volume 13 | Article 896287

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gubbi et al. PRRT in Thyroid Cancer
syndrome (2.7% in NETTER-1, and 2% [median time to
development: 28 months] in ERASMUS), and leukemia (0.5%
[median time to development: 55 months] in ERASMUS) have
been observed. Renal toxicity is of concern and <1% of patients in
NETTER-1 trial developed renal failure, and this AE can be
potentially prevented with amino acid infusion pre- and
post-177Lu-DOTATATE administration. Other potential AEs
include abdominal pain, constipation, diarrhea, hepatic
dysfunction, hyperglycemia, electrolyte disturbances, and
neurohormonal crises in cases of NETs producing biologically
active products (33, 34). The principle of PRRT and the
mechanism of action of radiolabeled SSAs has been illustrated
in Figure 2.
PRRT IN THYROID CANCERS:

SSTRs and SSAs in the Thyroid Gland and
in Thyroid Cancer
In vitro studies from the 1990s have identified and characterized
SSTR expression in normal thyroid tissue and in various thyroid
cancer cell lines. One of the early studies showed that SSTRs 1, 3,
and 5 were expressed in ATC cell lines while all SSTR subtypes were
poorly expressed in PTC cell lines, and normal thyroid tissue
predominantly expressed SSTR 3 and 5 (62). Administration of
different types of SSAs to thyroid cancer cell lines, including those
belonging to PTC, FTC, and ATC has demonstrated varying effects
on cell growth depending on the cell line and the type of SSA (63).
Similarly, MTC cell lines have also demonstrated avidity to
somatostatin and to radiolabeled SSAs (64). SSTRs 1, 2, and 5
Frontiers in Endocrinology | www.frontiersin.org 5
have been identified in tumor samples of patients with MTC, and
differential effects on cell viability and on calcitonin and
chromogranin A secretion has been demonstrated by the use of
various receptor subtype agonists (65). Injection of 111In-
pentetreotide and measurement of its activity in thyroid tumors
and in peripheral blood in patients has revealed maximum tumor-
to-blood ratio in MTCs, and while this ratio was lower in PTCs/
HTCs compared to that ofMTC, the ratio was still higher compared
to normal thyroid and colloid goiters (66). Later studies have
demonstrated SSTR2 and 5 expression in normal thyroid tissue
and in DTCs (67–69). Klagge et al. identified expression of SSTRs 1,
2, 3, and 5 mRNA expression in normal thyroid and in various
benign and malignant thyroid tumors, including PTC, FTC, and
ATC (69). In this study, compared to normal thyroid tissue,
expression of mRNA was significantly upregulated for SSTR2 in
PTC, and for SSTR3 in PTC and ATC, while SSTR5 expression
was non-significantly elevated in PTC and FTC. Our group
also demonstrated a higher expression of SSTR2 in all types of
thyroid cancers compared to normal thyroid based on
immunohistochemical analysis of surgical tumor specimens
obtained from patients with thyroid cancer (70). Furthermore, we
identified in vivo uptake of 68Ga-DOTATATE in different thyroid
cancers (70). While the maximum standardized uptake value
(SUVmax) was variable in PTCs and MTCs, the highest SUVmax

values were observed with HTCs.
Normal thyroid gland tissue expresses SSTR2 and a

physiologic uptake in the thyroid gland can be expected to be
witnessed on 68Ga-DOTA SSA scans, with normal thyroid
activity appearing equal to or lower than salivary gland or liver
uptake (71, 72). However, in a retrospective analysis, atypical
uptake patterns in the thyroid gland (diffusely increased
FIGURE 2 | An illustration of the principles of utility of radiolabeled somatostatin analogs in the management of thyroid cancer, along with the mechanisms of action
and the theranostic properties of peptide receptor radionuclide therapy. Image created on Biorender.com.
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homogeneous/heterogenous uptake, or focal increased uptake
with a homogeneous normal thyroid uptake) were noted on
diagnostic 68Ga-DOTATATE PET/CT scans performed in
patients with NETs (72). In this study, of the 237 patients, 26
patients had atypical thyroid uptake, among whom 14 patients
had focal uptake and 12 had diffuse uptake. Thyroid nodules
were found in 10 out of 14 patients with focal uptake, and three
out of these 10 patients were diagnosed with PTC. On the other
hand, patients with diffuse uptake tended to have underlying
hypothyroidism, thyroiditis, or non-toxic multinodular goiter.
Similarly, uptake in normal thyroid, Hashimoto’s thyroiditis,
autonomous thyroid nodule, and goiters have been observed on
111In-DTPA-octreotide (111In-pentetreotide) and 68Ga-
DOTATOC scintigraphy (48, 73).
Diagnostic Utility of Radiolabeled SSAs in
Thyroid Cancer
In early studies, scintigraphic uptake of 111In-pentetreotide in the
normal thyroid gland and in DTCs were identified, suggesting
SSTR positivity in these tumors (74). In an early case series of 4
patients with metastatic thyroid cancers (2 RAI-refractory PTCs,
and 2 ‘insular’ DTCs/PDTCs), 111In-pentetreotide scintigraphy
revealed uptake in the tumors in both patients with insular
variant, and in one PTC patient (75). Several other studies have
evaluated 111In-labeled SSA scintigraphic uptake patterns in
DTCs, including varying combinations of PTC, FTC, HTC,
and PDTCs, with vast scintigraphy positivity rates ranging
from 19% to 100% (51, 76–84). Binse et al. evaluated the
diagnostic utility of 68Ga-DOTATOC in 15 consecutive
patients with 18F-FDG-negative, RAI-refractory DTC with
rising serum thyroglobulin (Tg) (85). 68Ga-DOTATOC uptake
was demonstrated in 3/3 patients with PDTC, 1/1 patient with
HTC, 1/5 patients with PTC, and 0/6 patients with FTC, and the
serum Tg levels with 68Ga-DOTATOC-avid tumors showed a
tendency to be higher. In another study by Kundu et al., 68Ga-
DOTA-NOC-PET/CT was compared to 18F-FDG-PET/CT for
diagnostic utility in 62 RAI-refractory DTC patients. Out of the
186 lesions identified on PET/CT, 68Ga-DOTA-NOC identified
lesser number of lesions compared to 18F-FDG (65% vs. 90.3%;
p <0.0001). However, 68Ga-DOTA-NOC influenced a change in
management of disease in 34% patients as opposed to a change in
management in 27% patients influenced by 18F-FDG. Using
radio-isotopes that allow for more comprehensive detection of
metastatic thyroid cancer is also of importance. In one study
comparing intra-patient imaging differences between 111In-
pentetreotide and 99Tc-ethylenediamine N,N′-diacetic acid
hydrazinonicotinic acid-octreotide (99Tc-EDDA/HYNIC-TOC)
in 11 thyroid cancer patients (8 PTC, 3 MTC), both modalities
gave equivalent scintigraphic results, but 99Tc-EDDA/HYNIC-
TOC managed to identify a solitary pulmonary metastatic lesion
in 1 PTC patient, which was not visualized on the 111In-
pentetreotide scan (86). Later studies have corroborated the
diagnostic efficacy of 99Tc-EDDA/HYNIC-TOC in localizing
metastatic disease in RAI-refractory DTCs, with particularly
high sensitivities for detection of lymph node, bone, and lung
Frontiers in Endocrinology | www.frontiersin.org 6
metastases (87). There also lies a potential for utility of SSTR
antagonists as pilot data has demonstrated superior tumor
uptake noted on imaging on 111In-tagged SSTR antagonist
when compared to 111In-pentetreotide (SSTR agonist) in NETs
(88). Emerging data suggests that evaluation of tumor textural
parameters rather than conventional parameters (such as SUV)
on PET studies may be more predictive of survival outcomes in
patients (89).

An early study utilizing 111In-octreotide scintigraphy
demonstrated tumor uptake in 65% of patients with MTC, and
scintigraphic uptake correlated with in vitro expression of SSTRs
in these tumor samples (90). In a prospective study conducted on
30 patients with MTC, imaging with 68Ga-DOTATATE PET/CT
demonstrated a superior sensitivity in identifying bone
metastases compared to a conventional bone scan (91).
Another study used 111In-pentetreotide and 123I/131I-
metaiodobenzylguanidine (MIBG) for diagnostic imaging in 8
patients with metastatic MTC (92). Uptake was present in 5/8
patients with 111In-pentetreotide and in 4/8 patients with
123I/131I-MIBG imaging, and the number of metastatic lesions
visualized on 111In-pentetreotide was higher than on 123I/131I-
MIBG. In general, 111In-based SSA scintigraphy is positive in
approximately 29% -77% of patients with MTC (92). In addition,
CCK2 receptors are overexpressed in MTC, and scintigraphy
DOTA-linked CCK agonists such as 111In-DOTA-CCK, 111In-
DOTA-minigastrin 11, and 99Tc-demogastrin 2 for diagnostic
imaging of MTC have yielded variable results (93). Other non-
peptide-based radiolabeled compounds such as 18F-
dihydroxyphenylalanine (DOPA) and 18F-dopamine have been
evaluated for diagnostic imaging in MTC, and some results
suggest a superior performance of 18F-DOPA in tumor
detection compared to other functional imaging modalities,
including those based on 68Ga-SSAs (94). However, head-to-
head comparisons between 18F-DOPA and other radiolabeled
SSAs (such as 111In-SSAs) or CCK-based imaging are yet to be
assessed, and radiolabeled-SSAs are still of value in evaluating
MTCs that demonstrate equivocal findings on 18F-DOPA or
other functional imaging studies, and for selecting patients with
SSTR+ tumors who can benefit from PRRT (94).

Therapeutic Utility of Radiolabeled SSAs in
Thyroid Cancer
A concise description of studies evaluating PRRT in thyroid
cancer is provided in Table 1. Early studies demonstrated the
efficacy of 90Y-DOTATOC and 111In-pentetreotide in patients
with DTC (97, 99). Similarly, another early study demonstrated
the efficacy of 177Lu-DOTATATE therapy in DTC (104). In this
study, administration of 22.4 – 30.1 GBq of 177Lu-DOTATATE
in 5 patients with 111In-pentetreotide-scintigraphy positive
thyroid cancer demonstrated variable efficacy: SD in 1 PTC
and 1 HTC, minor remission (MR; 25% - 50% tumor
shrinkage) in 1 HTC, partial remission (PR; tumor shrinkage
>50%) in 1 HTC, and PD in 1 FTC and 1 HTC patients. The 2
HTC patients with MR and PR demonstrated the highest 177Lu-
DOTATATE uptake to pre-treatment 111In-pentetreotide uptake
ratios. Several studies (sample size for DTC patients ranging
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from a single case to 25) were conducted in late 1990s to early
2000s to evaluate the efficacy of several forms of PRRTs
consisting of 111In, 90Y- and 177Lu-labeled SSAs on a total of
62 DTC patients (18 PTC, 12 FTC, 7 HTC, and 25 unspecified
thyroid cancers) either as a dedicated study for thyroid cancer or
as a part of a larger study evaluating several other types of tumors
(79, 82, 83, 86, 97–100, 103, 104). A total of 8% of population
(5 patients, including 2 HTCs) achieved an objective tumor
response while SD was noted in 42%, and time-to-progression
(TTP) was inconsistently evaluated (51). To compare, in the
phase 3 lenvatinib trial for RAI-refractory DTC (n=261 patients),
after a median follow-up of 17.1 months, complete response
(CR) was seen in 1.5%, PR in 63.2%, SD in 23%, and PD in 6.9%
of the patients (8), and in the phase 3 sorafenib trial, the median
TTP was 11.1 months (9). Later studies have also demonstrated
the efficacy of 90Y and 177Lu-based PRRT in larger cohorts of
DTC patients (106, 107, 110, 115) (Table 1), and the treatment
was also associated with favorable safety profile. The most recent
study by Roll et al. utilized 177Lu-DOTATATE (2 – 4 cycles in a
span of 3 months; mean dose of 7 GBq) for treating 5 RAI-
refractory SSTR2+ DTC patients with rising serum Tg levels
(110). Based on post-therapy PET/CT and serum Tg values, 1
patient achieved PR, 3 patients had PD, while 1 patient had SD
on imaging but had increasing serum Tg levels. These results
suggest that a pre-treatment SSTR+ status of DTCs may not
translate to effective treatment with 177Lu-DOTATATE,
however, larger studies and optimization of SUV thresholds
associated with response to therapy are needed to confirm the
findings. Other 177Lu-based peptide or protein-tagged
radionuclide therapies such as 177Lu-prostate-specific
membrane antigen (PSMA) have been anecdotally utilized
(116), although larger studies are required to establish the
safety and efficacy of this particular PRRT.

Based on the available evidence in 2020, an executive committee
comprised of experts fromnuclearmedicine, thyroid oncology, and
head and neck surgery published the appropriateness of use of
nuclearmedicine studies inDTC(117).The committeedeemed that
diagnostic imaging with 68Ga-DOTATATE PET/CT should be
considered in patients with RAI-refractory DTC in whom the
serum Tg levels are rising and there is no identified source on
conventional imaging, although they acknowledged the lack of
sufficient evidence to correlate Tg levels or the rate of increase in Tg
levels with the likelihood of detecting DTC on 68Ga-DOTATATE
imaging.The committee also agreed that 177Lu-labeled SSAsmaybe
useful in the treatment of RAI-refractory SSTR+ DTCs based on
preliminary evidence, suggested by the observed objective response
of 27% - 60% tumor burden reduction as per Response Evaluation
Criteria in Solid Tumors (RECIST) criteria (107). Both 68Ga- and
177Lu-labeled SSAs were deemed inappropriate for use during
pregnancy and lactation.

As MTC is considered as a form of neural crest tumor/NET,
experience with PRRT in MTC is more robust as compared to
DTC or ATC. PRRT in MTC has been evaluated by utilizing 90Y,
177Lu, and 111In radioisotopes, either tagged to SSAs or to CCK2
receptor agonists (56–58, 101, 109, 118, 119). Studies related to
PRRT in MTC have been summarized in Table 1. Initial studies
Frontiers in Endocrinology | www.frontiersin.org 7
mainly utilized 90Y-DOTATOC as the mode of PRRT in small
cohorts of MTC patients (95–97). In a retrospective analysis
performed on 21 patients with SSTR+ metastatic MTC treated
with 90Y-DOTATOC (7.5-19.2 GBq; 2 – 8 cycles), 2 (10%)
patients achieved structural CR, 12 (57%) patients achieved
stable structural disease, while seven (33%) patients did not
respond to treatment, with a 3 – 40 months treatment
duration (102). Biochemical (calcitonin and carcinoembryonic
antigen [CEA]) CR was seen in 1 (5%) patient, PR in 5 (24%)
patients, SD in 3 (14%) patients, and PD in 12 (57%) patients. In
a phase II clinical trial, treatment with 90Y-DOTATOC in 30
adult patients with SSTR+ metastatic MTC was associated with
response to therapy in 29% of the patients (105). This response
was associated with longer survival from the time of diagnosis,
and from the first 90Y-DOTATOC dose. Interestingly, response
and survival were not associated with the visual grade of
scintigraphic uptake (a 4-point scale of uptake pattern i. no
uptake, ii. less than liver uptake, iii. similar to liver uptake, or iv.
more than liver uptake) in the tumors, suggesting a potential for
tumor response independent of uptake patterns on pre-therapy
diagnostic scintigraphy. This observation is in contrast with the
studies evaluating the association between the efficacy of 177Lu-
DOTATATE in NETs, where SUVmax exceeding 13 – 15 by
68Ga-DOTATAE PET/CT was associated with better PFS
(120, 121).

Later studies started evaluating the efficacy of 177Lu-based
PRRT in MTC. In the study by Budiawan et al., both 177Lu-
DOTATATE and 90Y-DOTATOC were used in a patient
population with MTC as well as DTC (106). However, there
was no discrete data on which patient received 90Y- vs. 177Lu-
based PRRT. Among the 8 MTC patients included in the study,
response to treatment was assessed in 5 patients after the last
PRRT. PR was seen in 1 patient (20%), SD in 3 patients (60%),
and PD in 1 patient (20%). Other studies also demonstrated the
efficacy of 177Lu-DOTATATE therapy in small cohorts of MTC
patients (108, 111) (Table 1), with one study noting improved
quality of life among responders at 6 – 12 months post-therapy
(108), and a higher uptake on the pre-PRRT diagnostic 111In-
pentetreotide scans among patients with SD being noted in the
other study (111).

More recent studies have analyzed the efficacy of PRRT on
larger cohorts of patients. Parghane et al. evaluated the efficacy
and toxicity of 177Lu-DOTATATE (average of 5.5 GBq; average
of 3 cycles; range: 1 – 6 cycles) in 43 patients with SSTR+
metastatic MTC (112). The PFS was 24 months (95% CI: 15.1 –
32.9 months), and OS was 26 months (95% CI: 16.6 – 35.3
months) since the first dose of 177Lu-DOTATATE. A calcitonin
doubling time of >24 months was associated with longer PFS,
and OS compared to a doubling time of <6 months. Regarding
biochemical response, CR was noted in 11%, PR in 30%, SD in
10%, and PD in 49% of the patients. The treatment was well-
tolerated with grade 1 nausea and hemotoxicity and no
nephrotoxicity or grade 3 or 4 toxicities were observed. To
compare, the median PFS was 11.2 months in the cabozantinib
trial among the patients in the cabozantinib treatment group (n =
219), and the predicted median PFS was 30.5 months in the
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TABLE 1 | List of studies evaluating the efficacy of PRRT in thyroid cancer.

Study Year Number of
patients

Number and type of
thyroid cancer

Type of PRRT Cumulative
dose (GBq)

Duration of follow-
up (months)

Outcomes*

1. Otte et al.
(95)

1999 2 2 MTC 90Y-DOTATOC 1.6 – 2.9 Up to 2 2 SD (TTP = NA)

2. Caplin et al.
(57)

2000 1 1 MTC 111In-octreotide 11.4 NA NA

3. Paganelli
et al. (96)

2001 3 3 MTC 90Y-DOTATOC 5.5 – 33.3 Up to 12 3 SD (TTP = NA)

4. Görges
et al. (79)

2001 3 2 HTC
1 PTC

90Y-DOTATOC 1.7 – 9.6 16 – 27 (since last
dose)

3 PD

5. Waldherr
et al. (97)

2001 20 4 PTC
3 FTC
12 MTC
1 ATC

90Y-DOTATOC 1.7 – 14.8 Median: 15 (Range:
1 – 31)

7 SD (1 PTC, TTP = 8; 1 FTC, TTP =
8; 5 MTC, TTP = 3 – 14)
13 PD (3 PTC, 1 FTC, 7 MTC, 1 ATC)

6. Chinol et al.
(98)

2002 17 2 PTC
15 MTC

90Y-DOTATOC 7.4 – 21.3 Median: 15 (Range:
2 – 47)

NA

7. Valkema
et al. (99)

2002 11 4 PTC
1 FTC
6 MTC

111In-pentetreotide 5.8 – 87.3 Median: 14.4
(Range: 1.4 – 28.2)

Evaluated in 10 patients:
3 SD (1 PTC; 2 MTC TTP = NA)
7 PD (3 PTC, 1 FTC, 3 MTC)

8. Virgolini
et al. (100)

2002 25 Unspecified 90Y-DOTA-lanreotide 0.9 – 7 Up to 36 3 MR (TTP = NA)
11 SD (TTP = NA)
11 PD

9. Christian
et al. (82)

2003 1 1 HTC 90Y-DOTATOC NA NA NA

10. Buscombe
et al. (58)

2003 2 2 MTC 111In-pentetreotide 10.5 – 11.4 Up to 18 2 CR (TTP = NA)

11. Bodei et al.
(101)

2003 8 8 MTC 90Y-DOTATOC 5.9 – 9.6 21 (4 – 26) Evaluated in 7 patients:
1 CR (TTP = NA)
1 PR (TTP = NA)
3 SD (TTP = NA)
2 PD

12. Bodei et al.
(102)

2004 21 21 MTC 90Y-DOTATOC 7.6 – 19.2 3 – 40 2 CR (TTP = NA)
12 SD (TTP = NA)
7 PD

13. Gabriel
et al. (103)

2004 5 2 PTC
3 FTC

90Y-DOTATOC 5.6 – 7.6 At least 5 months 5 SD (TTP=minimum 5m)

14. Stokkel
et al. (83)

2004 9 5 PTC
4 FTC

111In-pentetreotide 14.3 – 33.1 6 (since first dose) 4 SD (2 PTC, 2 FTC; TTP = NA)
5 PD (3 PTC, 2 FTC)

15. Gao et al.
(92)

2004 1 1 MTC 90Y-DOTATOC 13.2 NA 1 SD (TTP = 6)

16. Pasieka
et al. (56)

2004 1 1 MTC 111In-octreotide 11.8 9 1 PD

17. Teunissen
et al. (104)

2005 5 1 PTC
1 FTC
3 HTC

177Lu-DOTATATE 22.4 – 30.1 0.5 – 63+ 1 PR (1 HTC; TTP = 22m+)
1 MR (1 HTC; TTP = 43m)
2 SD (1 PTC; TTP = 18m and 1 HTC;
TTP = 24+m)
1 PD (1 FTC; TTP = 4m)

18. Iten et al.
(105)

2007 31 31 MTC 90Y-DOTATOC 1.7 – 29.6 Median: 12 (Range:
1 – 107)

Median OS: 16 (Range: 1 – 107)

19. Budiawan
et al. (106)

2013 16 4 FTC
3 HTC
8 MTC
1 mixed FTC/MTC

90Y-DOTATOC
177Lu-DOTATATE

2.5 – 25 (90Y)
3.5 – 37.5
(177Lu)

NA Evaluated in 12 patients:
1 PR (1 HTC, 1 MTC; TTP = NA)
1 SD (1 HTC, 3 MTC; TTP = NA)
5 PD (3 FTC, 1 MTC, 1 mixed FTC/
MTC)
Median PFS: 25 (IQR: 12 – 43)

20. Versari
et al. (107)

2014 11 5 PTC
3 FTC
2 PDTC/insular
1 HTC

90Y-DOTATOC 4.3 – 18 NA Evaluated in 10 patients:
2 PR (2 PTC, TTP = 7.5, 8)
4 SD (1 PTC, TTP = 3.5; 2 FTC, TTP
= 7, 8; 1 HTC = 11.5)
4 PD

21. Vaisman
et al. (108)

2015 7 7 MTC 177Lu-DOTATATE 29.6 8 – 12 3 PR (TTP = NA)
3 SD (TTP = NA)
1 PD

(Continued)
Frontiers in Endo
crinolog
y | www.front
iersin.org
 8
 M
ay 2022 | Volume 13 | Article 896287

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gubbi et al. PRRT in Thyroid Cancer
vandetanib trial among patients receiving vandetanib (n = 231).
In the NETTER-1 trial, patients receiving 177Lu-DOTATATE (n
= 116) had an estimated PFS of 65%. Therefore, the PFS with
PRRT in MTC seems to be comparable to the PFS observed with
TKI therapy, although randomized controlled trials with
standard-of-care therapies as control group are needed to
appropriately compare these outcomes. Hayes et al. performed
a retrospective analysis of data obtained from 71 patients with
68Ga-DOTATATE-avid metastatic MTCs to evaluate efficacy of
PRRT (114). Among the 21 patients who received PRRT, the
median OS was 63 months and the median time to treatment
failure was 14 months, and a calcitonin doubling time of ≤24
months, age ≥60 years, and strong 18FDG-PET avidity were
associated with poorer survival outcomes.

Another emerging strategy for enhancing PRRT efficacy is a
combination therapy with a radiosensitizer such as capecitabine,
which has been efficacious in treating GEP-NETs (59). In a
retrospective observational study, data from 8 patients with
inoperable/metastatic MTC treated with 177Lu-DOTATATE
(median cumulative dose: 20.9 GBq; 1 – 4 cycles) along with
capecitabine (1.25 g/m on days 1 – 14 of each cycle) were
analyzed for treatment response and AEs (113). SD was noted in
7/8 (86%) patients, and PDwas noted in 1 patient, and reduction in
serum calcitoninwas observed in 3/5 (60%) patients. Therewere no
observed toxicities except for a grade 2 anemia.
Frontiers in Endocrinology | www.frontiersin.org 9
To date, the utility of PRRT and SSA-based theranostics have
been poorly studied in ATC. Some of the likely reasons include:
highly dedifferentiated nature of the tumor which makes it
unlikely to express SSTRs, the extremely rare prevalence of the
tumor, and the rapid progression, possibly exceeding the rate of
the rather slower therapeutic mechanism of radiation-induced
apoptosis, and high morbidity and mortality associated with the
disease. In a study that evaluated the treatment response of 90Y-
DOTATOC in 20 thyroid cancer patients, 1 patient had
progressive ATC, and 90Y-DOTATOC therapy failed to
achieve an objective tumor response and the disease progressed
during PRRT (97). Currently, imaging modalities based on
targeting of galectin-3, a protein overexpressed in thyroid
cancers, using radiolabeled monoclonal antibodies such as
zirconium 89 (89Zr)-deferoxamine B-monoclonal antibody are
being studied for ATC (122).
SUMMARY OF CURRENT LITERATURE

Large-scale studies on PRRT in thyroid cancer are yet to
commence. However, recently published systematic reviews
and meta-analyses have allowed for evaluation of currently
available data on the utility of PRRT in thyroid cancers. A
TABLE 1 | Continued

Study Year Number of
patients

Number and type of
thyroid cancer

Type of PRRT Cumulative
dose (GBq)

Duration of follow-
up (months)

Outcomes*

22. Lapa et al.
(89)

2015 4 4 MTC 177Lu-DOTATATE 23.7 – 39 NA 4 PD

23. Salavati
et al. (109)

2016 28 28 MTC 90Y-DOTATOC (n=NA)
177Lu-DOTATATE
(n=NA)

NA NA 5 PR (TTP = NA)
17 SD (TTP = NA)
6 PD
Median OS: 72 in PR, 36 in SD, and
24 in PR

24. Roll et al.
(110)

2018 5 1 PTC
3 FTC
1 HTC

177Lu-DOTATATE 14 - 28 NA 1 PR (1 FTC, TTP = NA)
2 SD (1 PTC, 1 HTC; TTP = NA)
2 PD (2 FTC)

25. Beukhof
et al. (111)

2019 10 10 MTC 177Lu-DOTATATE 27.8 – 29.6 NA 4 SD
6 PD
Median OS: 14 (Range: 5 – 144)
Median PFS: 8 (Range: 4 – 144)

26. Parghane
et al. (112)

2020 43 43 MTC 177Lu-DOTATATE 5.6 – 33.3 Median: 20 (Range:
8 – 78)

2 PR
25 SD
16 PD
Median OS: 26 (95% CI: 16.6 – 35.3)
Median PFS: 24 (95%.CI: 15.1 – 32.9)

27. Satapathy
et al. (113)

2020 8 8 MTC 177Lu-DOTATATE +
capecitabine

6.4 – 27.8 Median: 34 (Range:
14 – 69)

Evaluated in 7 patients:
6 SD (TTP = NA)
1 PD (TTP = NA)

28. Hayes
et al. (114)

2021 21 21 MTC 4 90Y-DOTATATE
1 90Y-DOTATOC
5 177Lu-DOTATATE
7 177Lu-DOTATOC
4 90Y-DOTATOC +
177Lu-DOTATOC

3.4 – 13.1 (90Y)
12.1 – 30.2

(177Lu)

Median: 65 Median OS: 63 (from 1st cycle)
Median TTF: 14
M

PRRT, peptide receptor radionuclide therapy; PTC, papillary thyroid cancer; FTC, follicular thyroid cancer; HTC, Hürthle cell thyroid cancer; MTC, medullary thyroid cancer; PDTC, poorly
differentiated thyroid cancer; ATC, anaplastic thyroid cancer; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; TTP, time-to-progression; OS,
overall survival; PFS, progression-free survival; TTF, time-to-treatment failure; IQR, interquartile range; NA, not available.
*All outcomes data are provided in months.
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meta-analysis by Lee et al. evaluated 11 published articles on
DTC and/or MTC for efficacy and outcomes with various PRRTs
(123). The objective response rate (ORR) in MTC was 8.5% (95%
CI, 1.9% – 19.2%; i2 = 53.5%) and the disease control rate (DCR)
was 60% (95% CI, 49.6%–69.8%; i2 = 28.7%), while for DTC, the
ORR and DCR rates were 15.6% (95% CI, 7.80%–26.74%; i2 =
0%), and 53.9% (95% CI: 41.13%–66.39%; i2 = 0%), respectively.
Proportion of serious/severe AEs (SAEs) was 2.8% (95% CI,
0.5%–8.3%) in MTC, and 2.82% (95% CI: 0.03%–17.61%) in
DTC. In comparison, SAE frequency in other established
systemic therapies for thyroid cancer have ranged from 0.4%
to as high as 47% (Table 2), which further highlights the
Frontiers in Endocrinology | www.frontiersin.org 10
relatively better safety profile of PRRT. Also, 177Lu-based
PRRT was associated with better ORR and DCR outcomes
when compared to 90Y-based PRRT. In a systematic-review
conducted by Maghsoomi et al. (124), on 41 studies related to
PRRT in thyroid cancer (157 patients with RAI-refractory DTC
and 220 patients with MTC), biochemical response was noted in
25.3% of DTC and 37.2% of MTC patients, and CR/PR were
noted in 10.5% of DTC and 10.6% of MTC patients. In patients
with advanced disease, 46 deaths out of 95 patients were noted in
DTC and 63 deaths out of 144 patients were noted in MTC.
While major AEs were noted with 90Y-based PRRT, the AEs with
177Lu- or 111In-based PRRTs were mild or transient. In
TABLE 2 | A comparison of the outcomes of PRRT in thyroid cancer, other systemic therapies in thyroid cancer, and PRRT in NETs.

Study (year) Type of study Treatment Tumor type
(number of
patients)

Duration of follow-
up (months)

Outcomes

Lee et al. (2020)
(123)

Meta-analysis 177Lu-SSA
90Y-SSA

DTC
MTC
(165)

NA MTC:
ORR: 8.5%
DCR: 60%
SAEs: 2.8%
DTC:
ORR: 15.6%
DCR: 53.9%
SAEs: 2.8%

Brose et al. (2014) –
DECISION trial
(9)

Phase 3 RCT, placebo-
controlled

Sorafenib DTC
(207 in the treatment
arm)

Median: 16.2 Median PFS: 10.8 months
ORR: 12.2%
DCR: 54.1%
SAEs: 0.5% - 20.3%

Schlumberger et al.
(2015)
(8)

Phase 3 RCT, placebo-
controlled

Lenvatinib DTC
(261 in the treatment
arm)

Median: 17.1 Median PFS: 18.3 months
ORR: 64.8%
SAEs: 30.3%

Wells et al. (2012)
(16)

Phase 3 RCT, placebo-
controlled

Vandetanib MTC
(231 in the treatment
arm)

Median: 24 Predicted median PFS: 30.5 months
ORR: 45%
DCR: 87%
SAEs: 0.4% - 11%

Elisei et al. (2013)
(17)

Phase 3 RCT,
placebo-controlled

Cabozantinib MTC
(219 in the treatment
arm)

Median: 13.9 Median PFS: 11.2
Median DOR: 14.6
ORR: 28%
SAEs: 0.5% - 15.9%

Wirth et al. (2020)
(18)

Phase 1/2 open-label Selpercatinib MTC
RET-fusion-positive
thyroid cancers
(a55, b88, c19)

Median: 14.1a

Median: 7.8b

Median: 17.5c

ORR: 69% in patients previously
treated with TKIs
ORR: 73% in patients not previously
treated with TKIs
ORR: 79% in patients with RET-
fusion-positive thyroid cancers
SAEs: 1% - 28%

Subbiah et al. (2021) –
ARROW study
(19)

Phase 1/2
open-label

Pralsetinib MTC
RET-fusion-positive
thyroid cancers
(a61, b23, c11)

Median: 14.1a

Median: 10.8b

Median: 9.5c

ORR: 60% in patients previously
treated with TKIs
ORR: 71% in patients not previously
treated with TKIs
ORR: 89% in patients with RET-
fusion-positive thyroid cancers
SAEs: 1% - 47%

Strosberg et al. (2017)
– NETTER-1 trial
(33)

Phase 3 RCT, LAR octreotide
alone as control group

177Lu-DOTATATE (with
LAR octreotide)

Midgut NETs
(116 in the PRRT
arm)

34 Estimated PFS: 65%
ORR: 18%
SAEs: 9%
Ma
PRRT, peptide receptor radionuclide therapy; SSAs, somatostatin analogs; DTC, differentiated thyroid cancer; MTC, medullary thyroid cancer; NETs, neuroendocrine tumors; ORR,
objective response rate; DCR, disease control rate; PFS, progression-free survival; DOR, duration of response; SAEs, serious/severe adverse events; TKIs, tyrosine kinase inhibitors; LAR,
long-acting repeatable; NA, not available.
aPatients previously treated with TKIs.
bPatients not previously treated with TKIs.
cPatients with RET-fusion-positive thyroid cancers.
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comparison, in the NETTER-1 trial, the ORR was 18% (95% CI:
10% - 25%; 18/101 patients in the 177Lu-DOTATATE arm),
while the frequency of SAEs was 9% in the 177Lu-DOTATATE
arm (33). Among the TKIs, the ORRs have been between 12.2% -
64.8% for DTC, and 28% - 45% for MTC, and the SAE frequency
is up to 30.3% in DTC and up to 15.9% in MTC (8, 9, 16, 17).
With selective RET inhibitors, the ORR has been 60% - 73% for
MTC and up to 79% - 89% in RET-fusion thyroid cancers, with
SAEs up to 28% - 47% (18, 19). Although these are not head-to-
head comparisons, PRRT for thyroid cancer seems to have
comparable ORRs to PRRT in NETs, and while the ORRs are
better with TKIs or with selective RET inhibitors, PRRT seems to
have a better safety profile compared to these systemic therapies.
A comparison of outcomes among the meta-analysis findings in
PRRT and thyroid cancer, the various systemic therapies for
thyroid cancer, and PRRT in NETs is provided in Table 2.
FUTURE DIRECTIONS

Targeted therapy for thyroid cancer with PRRT is a continuously
and rapidly evolving field, with several radiolabeled SSAs being
investigated for their potential theranostic utility in various clinical
trials for NETs. Nevertheless, the field of theranostics and PRRT in
thyroid cancer is relatively young and has several areas that need
further research. One such area includes further optimization of
diagnostic radiolabeled ligand-based imaging for better visual
delineation of thyroid tumors. As most PRRTs utilize SSAs that
bind toSSTR2, treatment of thyroid cancers that express other types
of SSTRs would not be feasible with most of the currently available
PRRTs. Particularly DTCs may demonstrate varied SSTR subtype
expressions as opposed to NETs, which commonly express SSTR2
(51). While several studies have demonstrated SSTR2 positivity in
thyroid cancers, other studies have demonstrated a relative
abundance of other SSTR subtypes, such as SSTR5, in these
tumors (62, 66, 109, 125). These findings highlight the
importance of developing PRRTs based on SSAs that could target
SSTRs apart from the SSTR2 subtype. For instance, 111In-DOTA-
NOChas increased affinity towards SSTR3 and 5, along with a high
affinity to SSTR2, thus potentially allowing for further optimization
of SSA-based tumor imaging (51, 126). In this manner,
development of the corresponding 177Lu-DOTA-NOC or a-
emitter-DOTA-NOC PRRTs may potentially be more efficacious
in treating thyroid cancers.

A dosimetry-based approach to the diagnostic evaluation of
thyroid cancers using radiolabeled SSAs allows for better
identification of tumors that are likely to respond to the PRRT.
The SUVmax values on 68Ga-DOTATOC imaging have been
shown to correlate with SSTR2 mRNA expression in human
tissues (67), and on the contrary, SUVmax correlates negatively
with higher Ki-67 index (suggestive of more aggressive,
undifferentiated tumor) among GEP-NETs (127). More
dosimetric studies are required to further characterize the
potential of thyroid cancers that can be targeted by PRRT.
Individualized dosimetry-based approach focused on
Frontiers in Endocrinology | www.frontiersin.org 11
predicting the tumoricidal effects of certain tumor-absorbed
dose thresholds has been proven effective in other types of
cancers such as hepatocellular carcinoma (128). While b
emitters are currently widely used as components of PRRT for
NETs and thyroid cancer, a emitter-based SSAs also hold
potential to serve as alternative forms of PRRT. As opposed to
b emitters, which have a longer penetration range and a potential
for damaging normal surrounding tissue, a emitters have a
shorter penetration range leading to lesser normal tissue
damage and have a higher energy and high linear energy
transfer, leading to higher cytotoxicity (129, 130). More data
on clinical utility of' a emitter-based PRRT should be available in
the upcoming years. Another interesting area for further research
is exploring methods to upregulate the expression of SSTRs on
the cell surface. Preliminary in vitro and in vivo animal model
experiments using epigenetic modifier drugs have resulted in
successful upregulation of SSTR2 at transcriptional and
functional levels (131). Further studies in humans are
necessary to evaluate the safety and efficacy of SSTR-
upregulator molecules. Literature on the association between
PRRT and the molecular signatures of thyroid cancer (for
instance, sporadic thyroid cancers versus thyroid cancers with
germline pathogenic variants) is currently lacking and this area
holds potential as another interesting avenue for future studies.

Apart from trying alternate radionuclides and chelators,
modifications of the SSA or the peptide component of a
radiolabeled SSA can also allow for improvement in the
pharmacokinetics, and in turn potentially improve the diagnostic
and therapeutic performance. Recently, EvansBlue (EB) analog has
been conjugated with DOTATATE to develop DOTA-EB-TATE,
which reversibly binds to the circulating albumin and improves the
half-life of the molecule (132). 90Y-DOTA-EB-TATE has
demonstrated better tumor response and survival rates compared
to DOTATATE in mouse models (132). Our group also
demonstrated that 90Y-DOTA-EB-TATE exhibits the highest
tumor uptake in mouse xenograft models, irrespective of the type
of thyroid cancer cell line xenograft, when compared to 68Ga-
DOTATATE and 68Ga-DOTA-JR11 (70). Moreover, we also
demonstrated superior tumor volume reduction and disease-
specific survival in the SSTR2+ thyroid cancer xenograft mouse
models with the use of 177Lu-DOTA-EB-TATE when compared to
177Lu-DOTA-TATE and177Lu-DOTA-JR11 (70). Therefore, EB-
TATE-based SSA imaging and PRRT holds potential to improve
theranostics in thyroid cancer.

Currently, clinical trials on PRRT or SSA-based imaging in
thyroid cancers are sparse. For instance, one trial (NCT04106843)
had to be withdrawn due to lack of registration of participants.
There is one study (NCT04927416) that is currently recruiting
patients for further characterization of metastatic RAI-refractory
DTCs, HTCs, and MTCs using 68Ga-DOTATATE PET/CT.
Another randomized cross-over study utilizing 177Lu-PP-F11N, a
CCK2 receptor analog with or without sacubitril for treatment of
metastatic MTC (NCT03647657) has been completed, and the
results are awaited, while another combined pilot and phase I
clinical trial (NCT02088645) is currently recruiting advanced
MTC patients for theranostics with 177Lu-PP-F11N.
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In conclusion, PRRT is a rapidly evolving field, and holds
great potential as a theranostic tool in the management of
metastatic RAI-refractory thyroid cancers. Current literature
has provided substantial evidence for the efficacy and the
safety profile of PRRT. Certain forms of thyroid cancers, such
as HTCs and MTCs could be potentially treated better with
PRRT as opposed to other forms of systemic therapies. The
efficacy of PRRT may also depend on the tumor characteristics
observed on the diagnostic radiolabeled-SSA imaging, and the
molecular landscape of the various thyroid cancers. Large-scale,
randomized controlled trials are necessary to further delineate
the functional and molecular characteristics of the tumors that
do and do not respond to PRRT and to perform head-to-head
comparisons with other commonly used systemic therapies for
the management of RAI-refractory thyroid cancers.
Frontiers in Endocrinology | www.frontiersin.org 12
AUTHOR CONTRIBUTIONS

SG prepared the manuscript. CK reviewed the manuscript and
provided suggestions to improve the manuscript. JK-G
conceptualized the manuscript, reviewed the manuscript, and
provided suggestions to improve the manuscript. All authors
were involved in the revision of the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was funded by the intramural program of the National
Institute of Diabetes and Digestive and Kidney Diseases of the
National Institutes of Health.
REFERENCES

1. Dash A, Chakraborty S, Pillai MR, Knapp FFJr. Peptide Receptor
Radionuclide Therapy: An Overview. Cancer Biother Radiopharm (2015)
30(2):47–71. doi: 10.1089/cbr.2014.1741

2. Krenning EP, Kwekkeboom DJ, Valkema R, Pauwels S, Kvols LK, De Jong
M. Peptide Receptor Radionuclide Therapy. Ann N Y Acad Sci (2004)
1014:234–45. doi: 10.1196/annals.1294.026

3. Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov
YE, 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):1–133.
doi: 10.1089/thy.2015.0020

4. Wells SAJr., Asa SL, Dralle H, Elisei R, Evans DB, Gagel RF, et al. Revised
American Thyroid Association Guidelines for the Management of
Medullary Thyroid Carcinoma. Thyroid (2015) 25(6):567–610. doi:
10.1089/thy.2014.0335

5. Bible KC, Kebebew E, Brierley J, Brito JP, Cabanillas ME, Clark TJJr., et al.
2021 American Thyroid Association Guidelines for Management of Patients
With Anaplastic Thyroid Cancer. Thyroid (2021) 31(3):337–86. doi:
10.1089/thy.2020.0944

6. Feine U, Lietzenmayer R, Hanke JP, Held J, Wöhrle H, Müller-Schauenburg
W. Fluorine-18-FDG and Iodine-131-Iodide Uptake in Thyroid Cancer.
J Nucl Med (1996) 37(9):1468–72.

7. Cancer Genome Atlas Research Network. Integrated Genomic
Characterization of Papillary Thyroid Carcinoma. Cell (2014) 159(3):676–
90. doi: 10.1016/j.cell.2014.09.050

8. Schlumberger M, Tahara M, Wirth LJ, Robinson B, Brose MS, Elisei R, et al.
Lenvatinib Versus Placebo in Radioiodine-Refractory Thyroid Cancer. N
Engl J Med (2015) 372(7):621–30. doi: 10.1056/NEJMoa1406470

9. BroseMS, Nutting CM, Jarzab B, Elisei R, Siena S, Bastholt L, et al. Sorafenib in
Radioactive Iodine-Refractory, Locally Advanced or Metastatic Differentiated
ThyroidCancer:ARandomised,Double-Blind, Phase 3Trial.Lancet (2014) 384
(9940):319–28. doi: 10.1016/S0140-6736(14)60421-9

10. Al-Jundi M, Thakur S, Gubbi S, Klubo-Gwiezdzinska J. Novel Targeted
Therapies for Metastatic Thyroid Cancer-A Comprehensive Review. Cancers
(Basel) (2020) 12(8). doi: 10.3390/cancers12082104

11. Araque KA, Gubbi S, Klubo-Gwiezdzinska J. Updates on the Management of
Thyroid Cancer.HormMetab Res (2020) 52(8):562–77. doi: 10.1055/a-1089-
7870

12. Ho AL, Grewal RK, Leboeuf R, Sherman EJ, Pfister DG, Deandreis D, et al.
Selumetinib-Enhanced Radioiodine Uptake in Advanced Thyroid Cancer. N
Engl J Med (2013) 368(7):623–32. doi: 10.1056/NEJMoa1209288

13. Iravani A, Solomon B, Pattison DA, Jackson P, Ravi Kumar A, Kong G,
et al. Mitogen-Activated Protein Kinase Pathway Inhibition for
Redifferentiation of Radioiodine Refractory Differentiated Thyroid
Cancer: An Evolving Protocol. Thyroid (2019) 29(11):1634–45. doi:
10.1089/thy.2019.0143

14. Coca-Pelaz A, Rodrigo JP, Shah JP, Sanabria A, Al Ghuzlan A, Silver CE,
et al. Hürthle Cell Carcinoma of the Thyroid Gland: Systematic Review and
Meta-Analysis. Adv Ther (2021) 38(10):5144–64. doi: 10.1007/s12325-021-
01876-7

15. Dierks C, Seufert J, Aumann K, Ruf J, Klein C, Kiefer S, et al. Combination of
Lenvatinib and Pembrolizumab Is an Effective Treatment Option for
Anaplastic and Poorly Differentiated Thyroid Carcinoma. Thyroid (2021)
31(7):1076–85. doi: 10.1089/thy.2020.0322

16. Wells SAJr., Robinson BG, Gagel RF, Dralle H, Fagin JA, Santoro M, et al.
Vandetanib in Patients With Locally Advanced or Metastatic Medullary
Thyroid Cancer: A Randomized, Double-Blind Phase III Trial. J Clin Oncol
(2012) 30(2):134–41. doi: 10.1200/JCO.2011.35.5040

17. Elisei R, Schlumberger MJ, Müller SP, Schöffski P, Brose MS, Shah MH, et al.
Cabozantinib in Progressive Medullary Thyroid Cancer. J Clin Oncol (2013)
31(29):3639–46. doi: 10.1200/JCO.2012.48.4659

18. Wirth LJ, Sherman E, Robinson B, Solomon B, Kang H, Lorch J, et al.
Efficacy of Selpercatinib in RET-Altered Thyroid Cancers. N Engl J Med
(2020) 383(9):825–35. doi: 10.1056/NEJMoa2005651

19. Subbiah V, Hu MI, Wirth LJ, Schuler M, Mansfield AS, Curigliano G, et al.
Pralsetinib for Patients With Advanced or Metastatic RET-Altered Thyroid
Cancer (ARROW): A Multi-Cohort, Open-Label, Registrational, Phase 1/2
Study. Lancet Diabetes Endocrinol (2021) 9(8):491–501. doi: 10.1016/S2213-
8587(21)00120-0

20. Hu S, Helman SN, Hanly E, Likhterov I. The Role of Surgery in Anaplastic
Thyroid Cancer: A Systematic Review. Am J Otolaryngol (2017) 38(3):337–
50. doi: 10.1016/j.amjoto.2017.02.005

21. Subbiah V, Kreitman RJ, Wainberg ZA, Cho JY, Schellens JHM, Soria JC,
et al. Dabrafenib and Trametinib Treatment in Patients With Locally
Advanced or Metastatic BRAF V600-Mutant Anaplastic Thyroid Cancer. J
Clin Oncol (2018) 36(1):7–13. doi: 10.1200/JCO.2017.73.6785

22. Zwaenepoel K, Jacobs J, De Meulenaere A, Silence K, Smits E, Siozopoulou
V, et al. CD70 and PD-L1 in Anaplastic Thyroid Cancer - Promising Targets
for Immunotherapy. Histopathology (2017) 71(3):357–65. doi: 10.1111/
his.13230

23. Wagle N, Grabiner BC, Van Allen EM, Amin-Mansour A, Taylor-Weiner A,
Rosenberg M, et al. Response and Acquired Resistance to Everolimus in
Anaplastic Thyroid Cancer. N Engl J Med (2014) 371(15):1426–33. doi:
10.1056/NEJMoa1403352

24. Cabanillas ME, Hu MI, Durand JB, Busaidy NL. Challenges Associated With
Tyrosine Kinase Inhibitor Therapy for Metastatic Thyroid Cancer. J Thyroid
Res (2011) 2011:985780. doi: 10.4061/2011/985780

25. Milling RV, Grimm D, Krüger M, Grosse J, Kopp S, Bauer J, et al.
Pazopanib, Cabozantinib, and Vandetanib in the Treatment of
May 2022 | Volume 13 | Article 896287

https://doi.org/10.1089/cbr.2014.1741
https://doi.org/10.1196/annals.1294.026
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.1089/thy.2014.0335
https://doi.org/10.1089/thy.2020.0944
https://doi.org/10.1016/j.cell.2014.09.050
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.3390/cancers12082104
https://doi.org/10.1055/a-1089-7870
https://doi.org/10.1055/a-1089-7870
https://doi.org/10.1056/NEJMoa1209288
https://doi.org/10.1089/thy.2019.0143
https://doi.org/10.1007/s12325-021-01876-7
https://doi.org/10.1007/s12325-021-01876-7
https://doi.org/10.1089/thy.2020.0322
https://doi.org/10.1200/JCO.2011.35.5040
https://doi.org/10.1200/JCO.2012.48.4659
https://doi.org/10.1056/NEJMoa2005651
https://doi.org/10.1016/S2213-8587(21)00120-0
https://doi.org/10.1016/S2213-8587(21)00120-0
https://doi.org/10.1016/j.amjoto.2017.02.005
https://doi.org/10.1200/JCO.2017.73.6785
https://doi.org/10.1111/his.13230
https://doi.org/10.1111/his.13230
https://doi.org/10.1056/NEJMoa1403352
https://doi.org/10.4061/2011/985780
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gubbi et al. PRRT in Thyroid Cancer
Progressive Medullary Thyroid Cancer With a Special Focus on the
Adverse Effects on Hypertension. Int J Mol Sci (2018) 19(10). doi:
10.3390/ijms19103258

26. Ancker OV, Krüger M, Wehland M, Infanger M, Grimm D. Multikinase
Inhibitor Treatment in Thyroid Cancer. Int J Mol Sci (2019) 21(1). doi:
10.3390/ijms21010010

27. Blevins DP, Dadu R, Hu M, Baik C, Balachandran D, Ross W, et al.
Aerodigestive Fistula Formation as a Rare Side Effect of Antiangiogenic
Tyrosine Kinase Inhibitor Therapy for Thyroid Cancer. Thyroid (2014) 24
(5):918–22. doi: 10.1089/thy.2012.0598

28. Subbiah V, Yang D, Velcheti V, Drilon A, Meric-Bernstam F. State-Of-the-
Art Strategies for Targeting RET-Dependent Cancers. J Clin Oncol (2020) 38
(11):1209–21. doi: 10.1200/JCO.19.02551
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of Positron Emission Tomography-Assessed Tumor Heterogeneity in Patients
WithThyroidCancerUndergoingTreatmentWithRadiopeptideTherapy.Nucl
Med Biol (2015) 42(4):349–54. doi: 10.1016/j.nucmedbio.2014.12.006

90. Kwekkeboom DJ, Reubi JC, Lamberts SW, Bruining HA, Mulder AH, Oei
HY, et al. In Vivo Somatostatin Receptor Imaging in Medullary Thyroid
Carcinoma. J Clin Endocrinol Metab (1993) 76(6):1413–7. doi: 10.1210/
jcem.76.6.8501144

91. Castroneves LA, Coura Filho G, de Freitas RMC, Salles R, Moyses RA, Lopez
RVM, et al. Comparison of 68Ga PET/CT to Other Imaging Studies in
Medullary Thyroid Cancer: Superiority in Detecting Bone Metastases. J Clin
Endocrinol Metab (2018) 103(9):3250–9. doi: 10.1210/jc.2018-00193

92. Gao Z, Biersack HJ, Ezziddin S, Logvinski T, An R. The Role of Combined
Imaging in Metastatic Medullary Thyroid Carcinoma: 111In-DTPA-
Octreotide and 131I/123I-MIBG as Predictors for Radionuclide Therapy. J
Cancer Res Clin Oncol (2004) 130(11):649–56. doi: 10.1007/s00432-004-
0588-1

93. Fröberg AC, de Jong M, Nock BA, Breeman WA, Erion JL, Maina T, et al.
Comparison of Three Radiolabelled Peptide Analogues for CCK-2 Receptor
Scintigraphy in Medullary Thyroid Carcinoma. Eur J Nucl Med Mol Imaging
(2009) 36(8):1265–72. doi: 10.1007/s00259-009-1098-9

94. Lee SW, Shim SR, Jeong SY, Kim SJ. Comparison of 5 Different PET
Radiopharmaceuticals for the Detection of Recurrent Medullary Thyroid
Carcinoma: A Network Meta-Analysis. Clin Nucl Med (2020) 45(5):341–8.
doi: 10.1097/RLU.0000000000002940

95. Otte A, Herrmann R, Heppeler A, Behe M, Jermann E, Powell P, et al.
Yttrium-90 DOTATOC: First Clinical Results. Eur J Nucl Med (1999) 26
(11):1439–47. doi: 10.1007/s002590050476

96. PaganelliG,Zoboli S,CremonesiM,BodeiL, FerrariM,GranaC, et al.Receptor-
Mediated RadiotherapyWith 90Y-DOTA-D-Phe1-Tyr3-Octreotide. Eur JNucl
Med (2001) 28(4):426–34. doi: 10.1007/s002590100490

97. Waldherr C, Schumacher T, Pless M, Crazzolara A, Maecke HR, Nitzsche
EU, et al. Radiopeptide Transmitted Internal Irradiation of non-Iodophil
Thyroid Cancer and Conventionally Untreatable Medullary Thyroid Cancer
Using [90Y]-DOTA-D-Phe1-Tyr3-Octreotide: A Pilot Study. Nucl Med
Commun (2001) 22(6):673–8. doi: 10.1097/00006231-200106000-00011

98. Chinol M, Bodei L, Cremonesi M, Paganelli G. Receptor-Mediated
Radiotherapy With Y-DOTA-DPhe-Tyr-Octreotide: The Experience of
the European Institute of Oncology Group. Semin Nucl Med (2002) 32
(2):141–7. doi: 10.1053/snuc.2002.31563
May 2022 | Volume 13 | Article 896287

https://doi.org/10.1210/jc.2006-0334
https://doi.org/10.1007/s00259-011-1760-x
https://doi.org/10.1007/s00259-011-1760-x
https://doi.org/10.1055/s-0032-1314859
https://doi.org/10.1055/s-0029-1243636
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1016/j.regpep.2006.08.005
https://doi.org/10.1089/thy.2016.0174
https://doi.org/10.1089/thy.2008.0389
https://doi.org/10.1007/BF00181765
https://doi.org/10.1210/jcem.81.7.8675574
https://doi.org/10.1159/000201391
https://doi.org/10.1089/thy.1999.9.583
https://doi.org/10.1089/105072501750362718
https://doi.org/10.1007/s002590050270
https://doi.org/10.1007/BF03351041
https://doi.org/10.1038/sj.bjc.6601072
https://doi.org/10.1007/s00259-004-1478-0
https://doi.org/10.1530/eje.0.1500277
https://doi.org/10.2967/jnumed.115.171942
https://doi.org/10.5603/NMR.2016.0015
https://doi.org/10.2967/jnumed.111.088922
https://doi.org/10.1016/j.nucmedbio.2014.12.006
https://doi.org/10.1210/jcem.76.6.8501144
https://doi.org/10.1210/jcem.76.6.8501144
https://doi.org/10.1210/jc.2018-00193
https://doi.org/10.1007/s00432-004-0588-1
https://doi.org/10.1007/s00432-004-0588-1
https://doi.org/10.1007/s00259-009-1098-9
https://doi.org/10.1097/RLU.0000000000002940
https://doi.org/10.1007/s002590050476
https://doi.org/10.1007/s002590100490
https://doi.org/10.1097/00006231-200106000-00011
https://doi.org/10.1053/snuc.2002.31563
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gubbi et al. PRRT in Thyroid Cancer
99. Valkema R, De Jong M, Bakker WH, Breeman WA, Kooij PP, Lugtenburg
PJ, et al. Phase I Study of Peptide Receptor Radionuclide Therapy With [In-
DTPA]octreotide: The Rotterdam Experience. Semin Nucl Med (2002) 32
(2):110–22. doi: 10.1053/snuc/2002.31025

100. Virgolini I, Britton K, Buscombe J, Moncayo R, Paganelli G, Riva P. In- and
Y-DOTA-Lanreotide: Results and Implications of the MAURITIUS Trial.
Semin Nucl Med (2002) 32(2):148–55. doi: 10.1053/snuc.2002.31565

101. Bodei L, Cremonesi M, Zoboli S, Grana C, Bartolomei M, Rocca P, et al.
Receptor-Mediated Radionuclide Therapy With 90Y-DOTATOC in
Association With Amino Acid Infusion: A Phase I Study. Eur J Nucl Med
Mol Imaging (2003) 30(2):207–16. doi: 10.1007/s00259-002-1023-y

102. Bodei L, Handkiewicz-Junak D, Grana C, Mazzetta C, Rocca P, Bartolomei
M, et al. Receptor Radionuclide Therapy With 90Y-DOTATOC in Patients
With Medullary Thyroid Carcinomas. Cancer Biother Radiopharm (2004) 19
(1):65–71. doi: 10.1089/108497804773391694

103. Gabriel M, Froehlich F, Decristoforo C, Ensinger C, Donnemiller E, von
Guggenberg E, et al. 99mtc-EDDA/HYNIC-TOC and (18)F-FDG in Thyroid
Cancer Patients With Negative (131)I Whole-Body Scans. Eur J Nucl Med
Mol Imaging (2004) 31(3):330–41. doi: 10.1007/s00259-003-1376-x

104. Teunissen JJ, Kwekkeboom DJ, Kooij PP, Bakker WH, Krenning EP. Peptide
Receptor Radionuclide Therapy for non-Radioiodine-Avid Differentiated
Thyroid Carcinoma. J Nucl Med (2005) 46 Suppl 1:107s–14s.

105. Iten F, M̈ller B, Schindler C, Rochlitz C, Oertli D, Mä cke HR, et al. Response
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