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Abstract

Theranostics describes the coupling of a diagnostic biomarker and a therapeutic agent (i.e.,

a theranostic pair) that have a common target in tumor cells or their microenvironment. The
term is increasingly associated with in vivo nuclear medicine oncologic applications that couple
diagnostic imaging by means of gamma radiation with concomitant localized high-energy
particulate radiation to a tissue expressing the common target. Several theranostic pairs have
been translated into clinical practice in the United States and are poised to become a mainstay
of cancer treatment. The purposes of this article are to review experience with theranostics

for solid-organ malignancies and to address the practical integration into care pathways of
B-emitting therapies that include somatostatin analogue radioligands for neuroendocrine tumors,
PSMA-directed therapy for prostate cancer, and 131I-MIBG therapy for tumors of neural crest
origin. Toxicities related to theranostics administration and indications for cessation of therapy
in patients who experience adverse events are also discussed. A multidisciplinary team-based
approach for identifying patients most likely to respond to these agents, determining the optimal
time for therapy delivery, and managing patient care throughout the therapeutic course is critical to
the success of a radiotheranostic program.
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Theranostics, a term believed to have first been used in 1998, describes the coupling of a
diagnostic biomarker and a therapeutic agent that share a specific target in either tumor cells
or their microenvironment [1, 2]. The term broadly refers to any combination of diagnostic
and therapeutic modalities. Potential treatment strategies in theranostics include nucleic acid
delivery, chemotherapy, thermal ablation, and radiation therapy. Theranostics entails the

use of a spectrum of imaging probes, including MRI contrast agents and PET and SPECT
agents [3]. The term is increasingly associated with in vivo nuclear medicine oncologic
applications, which are the focus of this article.

Radioactive iodine therapy for thyroid disease, first administered in the 1940s, is a paradigm
of a theranostic treatment strategy [4]. Unlike the radioiodine used to detect functioning
thyroid tissue solely for diagnostic purposes, 1311 is a dual - and B-emitting radionuclide
administered orally in the form of sodium iodide to treat well-differentiated thyroid cancers
(papillary and follicular), hyperthyroidism, and nontoxic nodular goiter. Determination

of the administered therapeutic activity depends on many factors, including pretreatment
radioiodine uptake measurements. Radioiodine treatment exemplifies the critical concept

of theranostic treatment strategy by coupling diagnostic imaging through gamma radiation
with the high linear energy transfer of concomitantly released p-radiation. Diagnostic and
therapeutic radiopharmaceuticals with a common target are referred to as theranostic pairs.

In association with advances in PET/CT and PET/MRI technology, several theranostic pairs
have been translated into clinical practice in the United States (Fig. 1). At a patient-specific
level, the likelihood of treatment success and prognostic information can be evaluated before
and during therapy; some patients can avoid unnecessary treatments and their associated side
effects.

This article reviews experience with theranostics for solid-organ malignancies. We

address the integration into patient care pathways of currently available p-emitting
radiopharmaceutical therapies, including somatostatin analogue (SSA) radioligands, PSMA.-
directed theranostics, and 1311-labeled MIBG therapy. We also briefly comment on a.-
particle therapy and various promising future radioligands. Emerging theranostic agents for
the treatment of hematologic malignancies are not discussed [5].

Beta-Emitting Therapies

Somatostatin Analogue Radioligands

Experimental advances in peptide receptor radiotherapy (PRRT), coupled with the
emergence of PET, facilitated the imaging diagnosis of neuroendocrine tumors (NETS) and
potential theranostic targets. PET with a 58Ga-labeled somatostatin receptor (SSTR) has
superseded octreotide scintigraphy in many clinical situations. The American College of
Radiology now considers use of SSTR PET appropriate for initial staging after a histologic
diagnosis of NET, localization of NETs with an unknown primary site, staging of NETs
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before surgery, and evaluation of a mass suggestive of an NET but inaccessible for biopsy.
The use of 8Ga-labeled SSTR PET to select patients for whom SSTR-targeted PRRT is
suitable is also considered appropriate [6].

Large multicenter clinical trials have shown the efficacy of PRRT for treatment of advanced
NETS after disease progression with long-acting SSA therapy (Fig. 2). Interim analysis in

a phase 3 trial of 17/Lu-DOTATATE for midgut NETs (Neuroendocrine Tumors Therapy

1 [NETTER-1] trial) showed that treatment with PRRT resulted in longer progression-

free survival than did therapy with long-acting repeatable SSAs. Clinically significant
myelosuppression was observed in fewer than 10% of patients [7]. At the final prespecified
analysis of overall survival, 1’7Lu-DOTATATE did not significantly improve overall survival
compared with long-acting octreotide. Median overall survival was 48 months in the
177_y-DOTATATE group and 36.3 months in the octreotide group. However, 11.7-month
improvement in median overall survival was considered clinically significant [8]. A total of
3% (3/111) of patients treated with 177Lu-DOTATATE had grade 3 or worse adverse events;
2% (2/111) had myelodysplastic syndrome [9].

Potential adverse events (AE) encountered during PRRT can be classified as early or

late. Early AEs include nausea and emesis, predominantly caused by the amino acid
solutions infused for renal radioprotection during therapy. The reported incidences of
nausea and emesis were 59% and 52%, respectively, in the NETTER-1 trial [7, 10].

Renal radioprotection may alternatively be performed with compounded amino acid
solutions that contain only positively charged L-lysine and L-arginine and markedly reduce
gastrointestinal side effects compared with the side effects of higher-osmolality solutions
[11]. Hormonal crises, such as carcinoid and hypertensive crises, are other rare early AEs
[12, 13]. Patients with hepatic metastases or with preexisting heart disease are at risk of
carcinoid crisis.

Patients should be assessed for pretreatment electrolyte disturbances or dehydration, which
should be corrected before PRRT is initiated. Additional pretreatment with steroids, 5-
hydroxytryptamine 3 receptor antagonists, or a bolus dose of octreotide for 1-2 hours
should be considered before PRRT in high-risk patients. Practitioners should be familiar
with the clinical manifestations and treatment of acute carcinoid crisis. Patients with
pheochromocytoma or paragangliomas are at increased risk of hypertensive crises. Many
centers administer combined a.- and B-adrenergic blockade 2 weeks before therapy [14].

Hematotoxicity is the most common delayed AE of PRRT [15] and encompasses a broad
spectrum of severities and durations. Although as many as 11% of patients develop grade

3 or 4 leukopenia or thrombocytopenia, only 2% have persistent hematotoxicity [15-17].
Greater administered activity of PRRT and pretreatment cytopenia are positively associated
with the occurrence of hematotoxicity [16]. Additional risk factors include older age,
increased marrow uptake on pretreatment imaging, and other myelotoxic therapies [18].
Table 1 summarizes the common indications for cessation of 17/Lu-DOTATATE therapy
after the development of toxicity.
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Initial imaging with radiolabeled SSAs is crucial for identifying suitable candidates for
PRRT. The SUV nyax of the tumor during SSTR PET/CT correlates with radioligand uptake
in PRRT [19]. The Krenning score developed for octreotide imaging may be used for

the evaluation of SSTR PET/CT [20]. In 2018, a standardized tool (SSTR Reporting and
Data System [SSTR-RADS] version 1.0) was proposed for the interpretation and reporting
of SSTR PET/CT [21]. The aims of SSTR-RADS are to improve categorization of the
likelihood that findings represent NETs and to identify patients who will respond to PRRT
[21]. SSTR-RADS scores of 1 and 2 correspond to benign and likely benign lesions.
SSTR-RADS scores of 4 and 5 correspond to lesions in sites typical for NETSs that have
intense uptake and that either lack (score 4) or have concordant (score 5) anatomic imaging
findings typical of NETs. PRRT should be considered for lesions with an SSTR-RADS score
of 4 or 5 but not for lesions with a score of 1 or 2. Lesions with an SSTR-RADS score of 3
either suggest NET but have insufficient uptake to merit PRRT or have sufficient uptake but
have imaging features in-consistent with an NET such that tissue sampling is advised before
potential treatment.

Uptake is quantified on a 3-point Likert scale. Level 1 uptake is less than that of blood
pool; level 2 uptake is above that of blood pool but less than that of physiologic liver;

and level 3 uptake is above that of physiologic liver. To our knowledge, no current
evidence supports routine imaging during delivery of PRRT [15]. However, some centers
use planar scintigraphy, SPECT, or SPECT/CT after delivery of the therapeutic dose of
177_y-DOTATATE for dosimetry and dose adjustment. Repeat SSTR PET may be useful

in patients with disease that has progressed but who previously benefited from PRRT to
guide a decision for possible retreatment [15]. Some evidence shows prognostic utility of
performing dual-radiotracer PET with both radiolabeled SSAs and FDG before the initiation
of PRRT [22, 23]. A systematic review and meta-analysis showed that disease control rates
after PRRT were lower for patients with FDG-positive tumors [24]. Furthermore, patients
with FDG-positive tumors at baseline were at higher risk of disease progression and death
during PRRT. Dual-tracer PET could thus facilitate a personalized treatment strategy by
assisting in disease prognostication, identifying patients likely to benefit from PRRT or
systemic chemotherapy, and providing a baseline for surveillance of disease activity [24].

The timing of initiation of PRRT is critical in the management of NETs. Given the absence
of randomized data, the sequence in which treatments are administered, particularly to
patients with disease that progresses with first-line SSAs, is typically individualized on

the basis of the WHO grade of disease, primary disease site, rate of progression, disease
burden, dominant organ of metastasis, and the patient’s symptoms, functional performance,
and underlying comorbidities [25-27]. Multiple clinical trials—including the Prospective,
Randomized, Controlled, Open-Label, Multicenter Phase 111 Study to Evaluate Efficacy
and Safety of Peptide Receptor Radionuclide Therapy (PRRT) With 177Lu-Edotreotide
Compared to Targeted Molecular Therapy With Everolimus in Patients (COMPETE)

[28]; Prospective, Randomized, Controlled, Open-Label, Multicenter Trial to Evaluate
Efficacy, Safety, and Patient-Reported Outcomes of Peptide Receptor Radionuclide Therapy
(PRRT) with Lutetium (1’7Lu) Edotreotide Compared to Best Standard of Care in Patients
(COMPOSE) [29]; and Testing Lutetium Lu 177 Dotatate in Patients With Somatostatin
Receptor Positive Advanced Bronchial Neuroendocrine Tumors (NCT 04665739)—are
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ongoing and will yield randomized prospective data on the safety and efficacy of PRRT
compared with either everolimus or other standard-of-care interventions.

In addition to the established and emerging roles of PRRT in managing NETs, SSTR-
targeted radionuclide therapy may have a role in the treatment of patients with radioiodine-
refractory differentiated thyroid cancer (DTC) and metastatic medullary thyroid cancer
(MTC). The current standard-of-care treatment of most patients with DTC comprises
surgery and radioiodine therapy. However, among patients who receive this combination,
recurrence rates range from 2% to 14%, and recurrent cancers can be resistant to radioiodine
therapy [30, 31]. By contrast, MTC is inherently insensitive to treatment with radioiodine
therapy [32]. PRRT could be a therapeutic option for patients with DTC or MTC whose
tumor is found to express SSTR subtypes on scintigraphy or PET. Maghsoomi et al. [33]
conducted a systematic review of SSTR-targeted PRRT with 90Y, 111In, or 177Lu in patients
with DTC or MTC. The biochemical and objective response rates were 35.3% and 10.5%
among patients with DTC and 37.2% and 10.6% among patients with MTC. The time to
death after PRRT ranged from 1 to 63 months among patients with DTC and from 1 to 26.8
months among patients with MTC.

PSMA Radioligands for Prostate Cancer

PSMA is expressed in high levels on the surface of prostate cancer cells, including

both the primary site and metastases, and remains highly expressed after multiple lines

of therapy [34]. Experience with 177Lu-PSMA therapy in the treatment of metastatic
castration-resistant prostate cancer (MCRPC) is rapidly expanding since the FDA approval
in March 2022 of 177Lu-vipivotide tetraxetan (also known as 17’Lu-PSMA-617) to treat
patients with PSMA-positive mMCRPC who have been previously treated with an androgen
receptor pathway inhibitor and taxane-based chemotherapy (Figs. 3 and 4) [35]. Like 177Lu-
DOTATATE therapy, PSMA PET is needed to confirm treatment eligibility. Although PSMA
PET is highly sensitive and specific, physiologic and pathologic causes aside from prostate
cancer can exhibit uptake. PSMA Reporting and Data System (PSMA-RADS) version 1.0
was introduced in 2018 to address this uncertainty [36, 37].

The VISION trial examined the role of 1/7Lu-vipivotide tetraxetan therapy in patients with
mCRPC [38]. Patients in the trial had been treated previously with at least one androgen-
receptor pathway inhibitor and one or two taxane regimens. All patients had increased
PSMA uptake greater than liver uptake in at least one lesion and no PSMA-negative lesions.
Patients were randomized in a 2:1 ratio to undergo standard-of-care therapy combined

with 177Lu-vipivotide tetraxetan therapy or to undergo standard-of-care therapy alone.
Patients who had undergone chemotherapy, immunotherapy, 223Ra therapy, or therapy with
investigational drugs were excluded. The addition of 177Lu-vipivotide tetraxetan therapy

to standard-of-care therapy lengthened imaging-based progression-free survival (8.7 vs 3.4.
months) and overall survival (15.3 vs 11.3 months). The TheraP trial was a randomized
phase 2 trial that compared 177Lu-vipivotide tetraxetan and cabazitaxel in the care of
patients with mCRPC [39]. Two hundred eligible patients were identified with PSMA
PET/CT; 98 patients were randomized to undergo 17’Lu—vipivotide tetraxetan treatment, and
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101 patients were randomized to undergo cabazitaxel treatment. A greater PSA response and
fewer serious AEs occurred in the 177 Lu-vipivotide tetraxetan group.

The European Association of Nuclear Medicine recommends that PSMA-targeted therapy
be considered in patients with mCRPC who do not respond to or are ineligible for all
alternative treatment options and who have uptake greater than liver uptake on pretherapy
PSMA PET [40]. In its announcement approving 17’ Lu-vipivotide tetraxetan, the FDA
also indicated that patients should be selected for therapy on the basis of evidence of
increased uptake on 88Ga-PSMA-11 PET, as defined in the VISION trial protocol [38],
and at least one tumor lesion exhibiting uptake greater than liver uptake. Patient selection
should also consider the presence of PSMA-negative lesions [35]. Eligible patients should
have sufficient bone marrow reserve and adequate renal and hepatic function and should
discontinue myelosuppressive therapy [41]. The FDA label indicates that 177 Lu—vipivotide
tetraxetan be administered in six doses at 6-week intervals [35], according to the schedule in
the VISION study. The indications for dose delays, dose reductions, and therapy cessation
after development of toxicity are summarized in Table 1.

Therapy With 131-MIBG

MIBG is a structural norepinephrine analogue taken up by the noradrenaline transporter.
Tumors of neural crest origin, such as neuroblastoma, pheochromocytoma, carcinoid tumors,
and MTC, express noradrenaline transporter, which in turn takes up MIBG. Decaying 31|
releases ionizing radiation, presumed to be the agent’s mechanism of therapeutic effect.
lodine-131-labeled MIBG therapy for NETS has been used since the 1980s [42, 43]. In
2018, after a phase 2 multicenter clinical trial showed promising results, the FDA approved
1311.MIBG therapy for use in recurrent or unresectable malignant pheochromocytoma or
paraganglioma [44, 45]. The study showed a 50% or greater reduction in antihypertensive
medication in 25% of participants and overall tumor response (based on RECIST 1.0) in
22% of participants; 53% of these patients had a response duration of at least 6 months.

In advance of therapy, results of a pretreatment imaging study should ensure adequate
uptake of radiolabeled MIBG. Because free 131| can accumulate and irradiate the thyroid
gland, thyroid blockade is instituted typically 1-3 days before therapy and continued for 7—
14 days after treatment. More aggressive thyroid blockade can be considered in patients with
neuroblastoma, including combination therapy with thyroxine, methimazole, and potassium
iodide [46].

Contraindications to 1311 therapy include pregnancy, inability to cease breastfeeding, renal
failure requiring short-term dialysis, and life expectancy less than 3 months (except for
palliation in patients with refractory bone pain). The most critical toxicity related to 131|-
MIBG is dose-dependent hematotoxicity, which occurs within weeks of administration

but can persist for months. Relative contraindications to 1311 therapy include a WBC

count less than 3000/uL or a platelet count less than 100 x103/uL. Acute nonhematologic
toxicities include sialadenitis, nausea, and anorexia. These toxicities usually occur within
days of therapy and are typically mild and self-limited. Hypothyroidism is in general a late-
onset toxicity that can occur despite appropriate thyroid blockade. Severe nonhematologic
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toxicities are rare but can be fatal. They include acute respiratory distress syndrome,
bronchiolitis obliterans, and pulmonary embolism [46].

Although 1311-MIBG can be used to treat certain carcinoid tumors, these tumors

have lower uptake of 131]-MIBG than of therapeutic SSAs such as 17/7Lu-DOTATATE.
lodine-131-labeled MIBG in carcinoid tumors therefore is reserved for patients who have
contraindications to SSA radioligands, such as impaired renal function.

During administration of 131|-MIBG, vital sign monitoring, particularly blood pressure
monitoring, is essential. After administration, vital signs should be assessed at least

twice daily but more frequently in patients with catecholamine-secreting tumors. An acute
hypertensive crisis can occur during infusion, and short-acting a.- or p-blockers should be
readily available for management. Many classes of drugs are known to interact with 131|-
MIBG uptake and should theoretically be stopped before MIBG infusion. However, patients
with catecholamine-secreting tumors often undergo a- or p-blockade before radioligand
therapy (RLT), and withdrawing these medications could precipitate a hypertensive crisis.
The European Association of Nuclear Medicine therefore recommends that despite the
potential effects on therapeutic MIBG uptake, patients should not stop these medications
before therapy [46].

Targeted Alpha Therapy With 225Ac-PSMA Radioligands

Despite the success of 177Lu-PSMA in the management of mMCRPC, disease progresses

in a significant proportion of patients, even after an initial response [47]. Targeted alpha
therapy (TAT) directed at PSMA has therefore gained interest for patients who do not

have a sustained response to B-emitting therapy or whose condition is unsuitable for beta
therapy at the outset. A small number of a-emitting radionuclides are suitable for clinical
translation; 225Ac is the most extensively studied. However, prospective comparative data on
225A¢-PSMA activity are lacking, and safety experience to date with 22°Ac-PSMA therapy
is limited [48]. At present, 225Ac-PSMA TAT has been offered as compassionate access
salvage therapy; it has a unique toxicity profile that includes bone marrow suppression and
grade 1 and grade 2 xerostomia in as many as 88% and 12% of patients; both toxicities can
be permanent [49]. Experience with 225Ac-PSMA therapy has primarily been in patients in
whom prior 177Lu-PSMA therapy has failed. At present it cannot be determined whether
2257c-PSMA can be considered an alternative to 177Lu-PSMA therapy in patients with
mCRPC. Moreover, the optimal timing of TAT as a sequential treatment after 177Lu-PSMA
RLT is uncertain given insufficient understanding of the mechanisms of /7Lu-PSMA
resistance and of the potential for reduced PSMA expression to negate the effects of TAT
[48].

Emerging Radioligands for Solid-Organ Malignancies

PSMA-Targeted Therapies for Other Solid Cancers

PSMA is expressed not only on the surface of prostate cancer cells but also in the
neovasculature of a variety of other tumors, including lung, breast, hepatocellular, and
thyroid cancers. Given expanding evidence for the use of PSMA RLT and its favorable
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toxicity profile, the use of PSMA RLT for solid tumors other than prostate cancer will
likely expand in the next decade. To date, case reports have described use of PSMA RLT
in patients with salivary gland cancer, glioblastoma, thyroid cancer, and hepatocellular
carcinoma [50]. Whereas PSMA expression in prostate cancer occurs in the tumor

cells themselves, PSMA expression in other solid tumors typically occurs in the tumor
neovasculature [51]. Theoretically, such expression may result in rapid RLT washout
and reduced tumoricidal effects. Furthermore, the potential interaction with the tumor
microenvironment could result in secondary immune responses [50]. Prospective clinical
trials are needed to establish any potential role for PSMA RLT in other solid cancers.

Bombesin Analogues and Gastrin-Releasing Peptide Receptors

Gastrin-releasing peptide receptors (GRPRs) are peptides that elicit a multitude of effects on
tissues via G protein—coupled receptor binding, including hormone release, smooth muscle
contraction, and cell growth [52, 53]. GRPR is highly expressed in many cancers, such as
breast, prostate, and lung cancers, and has comparatively little expression in physiologically
normal tissues aside from the pancreas and gastrointestinal tract [54-56]. Because of these
properties GRPR is an ideal theranostic candidate. Efforts to translate GRPR analogues into
clinical practice have predominantly focused on prostate cancer given high expression in
prostate cancer but minimal-to-no expression in normal prostate tissue or in benign prostatic
hyperplasia [52, 53]. GRPR expression has also been found to be associated with the
Gleason score of prostate cancer [57, 58].

GRPR agents can be broadly divided into agonists, antagonists, or a combination of the
two. Agonists bind to the GRPR receptor and are internalized; this mechanism of action

is preferred for the delivery of particulate radiation. However, clinical translation has been
hindered by severe AEs reported during phase 1 clinical trials [52]. Subsequent efforts

have focused on developing GRPR antagonists, which do not activate the GRPR receptor,
to help reduce AEs [52]. Experience with such agents has been predominantly with the
68Ga-labeled RM-2 GRPR antagonist. The $8Ga-RM2 GRPR antagonist has been studied

in healthy volunteers and in patients with breast cancer and prostate cancer [59-61]. In
patients with breast cancer, 8Ga-RM2 uptake in the primary tumor was positively correlated
with estrogen receptor status. In contrast, in patients with prostate cancer, uptake was
significantly higher in the primary tumor site than in the surrounding normal tissue [60, 61].

For patients with mCRPC, 1/7Lu-RM2 has been developed as a theranostic agent. In 35
patients with mCRPC, 88Ga-RM-2 PET/CT results confirmed GRPR expression, and four of
these patients proceeded to treatment with 177Lu-RM2 [62]. The dosimetry was calculated
from SPECT/CT of the upper and lower abdomen 1, 24, 48, and 72 hours after injection.
The tumors absorbed doses at a therapeutic level, and there was rapid clearance from GRPR-
rich organs. A high absorbed dose to the pancreas may limit the maximum therapeutic dose
that can be administered and poses a significant barrier to the future use of GRPR-targeted
therapy [62, 63]. Furthermore, emerging evidence suggests that GRPR expression may be
encountered more frequently in low-grade disease and less frequently in high-grade disease.
Although the former relation is helpful for lesion detection, the latter relation potentially
reduces the likely role of the agent in theranostic management [64].
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Fibroblast Activation Protein Ligands

Fibroblast activation protein (FAP) is a type Il membrane-bound glycoprotein enzyme

with peptidase activity. FAP is highly expressed by cancer-associated fibroblasts. It has
comparatively lower expression in normal tissues. Exceptions include the endometrium of
premenopausal women, breast tissue, and areas of bony remodeling (including degenerative
arthropathy) [65]. FAP-targeted PET has attracted considerable recent attention because

of its broad range of clinical targets and high uptake-to-background ratio [66]. Gallium-68-
labeled FAP inhibitor (FAPI) has been used to image many cancers and, among cancers,
has had the highest uptake values in sarcoma; esophageal, breast, and lung cancers; and
cholangiocarcinoma [66]. The high ratios of uptake to primary and metastatic disease sites
and the improved contrast due to low background uptake have prompted interest in the use
of FAPI-based PET tracers for tumor characterization and RLT [66-68]. In a series of nine
patients with advanced-stage solid cancer who underwent 990Y-FAPI-46 RLT, three patients
had radiographic disease control after therapy. Grade 3 or grade 4 hematotoxicity occurred
in four patients, and no acute toxicities attributable to 90Y-FAPI-46 were found [69]. Further
optimization of FAPI molecular radiotherapy is required, including matching the physical
half-life of the isotope to the tumor retention time when accounting for rapid clearance of
FAPI from tumors [67].

Practical Integration of a Theranostics Program

Increasing breadth of experience with a multitude of established radiopharmaceutical
therapies coupled with the emergence of novel theranostic pairs is leading to a central role
of such therapies in oncology and nuclear medicine. It is incumbent on nuclear medicine
physicians in practice and in training to understand the practicalities of implementing

a theranostics program, including patient-specific dosing, management of AEs, and
indications for therapy cessation. To implement a theranostics program, key requirements
in terms of infrastructure, personnel, training, and knowledge are needed to deliver safe and
effective care (Table 2). Requirements include ease of access to SPECT/CT and PET/CT
and access to inpatient services for the management of AEs. The multidisciplinary care
team should have sufficient training and experience in dose prescription and radiation
safety. Reflecting rapid advances in the field, continuing education of the nuclear medicine
team, including nurses, technologists, physicists, and physicians, is critical, Furthermore,
a sufficient number of treatments should be performed for the team to remain proficient

at implementing care. Table 3 summarizes key prevention and management strategies for
various radiotheranostic emergencies.

A critical element of the success of a theranostics program is multidisciplinary input

during initial consideration, therapy, and posttreatment follow-up. Medical oncologists,
radiation oncologists, and nuclear medicine physicians should work collaboratively to
identify not only patients whose condition is appropriate but also the appropriate time

for treatment administration. Input should be sought from practitioners in additional
medical subspecialties on a per-patient basis. Many centers have a standardized team-based
framework for patient evaluation that includes advanced nonphysician practitioners and
nuclear technologists with interest and expertise in theranostic approaches, who work under

AJR Am J Roentgenol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Sheaet al.

ap

Page 10

propriate physician supervision [14]. Multidisciplinary tumor boards are an optimal

platform for addressing complex cases and potential therapeutic challenges. Decisions

sh

ould consider the early and delayed AEs of theranostic regimens, and efforts should be

made to minimize potential toxicities before delivery.
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Consensus Statements

Radiotheranostics have rapidly expanded in clinical applications. Targeted
radiopharmaceutical therapies for solid malignancies that have received FDA
approval include 1311-MIBG therapy in 2018 and 77 Lu-vipivotide tetraxetan
therapy in 2022.

PRRT, with 1/7Lu-DOTATATE for example, is a therapeutic strategy in
patients with advanced NETs who have experienced disease progression
during long-acting SSA therapy and in patients with radioiodine-refractory
DTC or metastatic MTC.

Nuclear medicine physicians responsible for the management of 177Lu-
DOTATATE therapy should have expertise in interpretation of 68Ga-
DOTATATE PET/CT examinations performed before initiation of PRRT and
should be familiar with potential therapy-related toxicities and indications for
therapy cessation.

The VISION trial showed longer imaging-based progression-free survival
and overall survival among patients with mCRPC who underwent 177_u—
vipivotide tetraxetan therapy in combination with standard-of-care therapy
than among those who underwent standard-of-care therapy alone. Managing
nuclear medicine physicians should recognize indications for cessation of
177_u-vipivotide tetraxetan therapy.

Critical factors for the success of a radiotheranostics program include ease of
access to PET/CT and SPECT/CT, multidisciplinary team input, a sufficient
case volume, and continuing education of treating health care practitioners.
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Fig. 1—.

Schematic shows overview of frequently used theranostic pairs in nuclear radiology. Specific
target is used for diagnostic PET examination performed to evaluate presence and magnitude
of uptake by tumor. This assessment guides therapy and dose selection (100 mCi = 3700

MB(q). SSTR = somatostatin receptor, NAT= noradrenaline transporter.
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Fig. 2—.

chhematic shows potential time points for peptide receptor radionuclide therapy (PRRT)
therapy in management of neuroendocrine neoplasms (NENSs) according to European
Society for Medical Oncology clinical practice guidelines [25]. PRRT can be considered
after initial medical management in patients with somatostatin receptor (SSTR)-positive
small-bowel and pancreatic NENs. Specifically, PRRT can be considered for grade 2
(G2) small-bowel NENs after progression with serotonin analogue (SSA) therapy and

is considered equivalent alternative to everolimus. PRRT can be considered for grade 1
(G1) and potentially grade 2 pancreatic NENSs if progression occurs with SSA therapy
and is considered equivalent to other available agents. FOLFOX = leucovorin calcium
(folinic acid), fluorouracil, and oxaliplatin, FOLFIRI = leucovorin calcium (folinic acid),
fluorouracil, and irinotecan hydrochloride, CAPTEM = capecitabine and temozolomide,
STZ = streptozotocin, 5-FU = 5-fluorouracil, Ki67 = nuclear protein Ki67.

AJR Am J Roentgenol. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

O’Sheaet al.

Page 18

ADT alone or combined with
ARSI, docetaxel, or radiation ARSI
therapy
— Metastases
cabazitaxel, **Ra, sipuleucel-T
For MMR- tumors,
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Previous androgen or taxane therapy
PSMA radioligand therapy
Fig. 3—.

Schematic shows current therapeutic options for patients with advanced prostate cancer,
indicating potential role of PSMA radioligand therapy. PC = prostate cancer, ADT

= androgen deprivation therapy, ARSI = androgen receptor signaling inhibitor, MMR

= mismatch repair, HR = homologous recombination, ADP = adenosine diphosphate.
(Information derived from [72].)
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Fig. 4—.

Schematic shows overview of 177Lu-labeled PSMA ligands. Eligible patients include
those with metastatic castration-resistant prostate cancer previously treated with androgen
receptor inhibitors or taxane-based therapy. Patients subsequently undergo PSMA PET.
After multidisciplinary discussion, PSMA radioligand therapy (RLT) should be considered

in patients with evidence of PSMA uptake greater than liver uptake, sufficient marrow

reserve, and adequate renal and hepatic function. PSMA RLT should not be considered in
patients with measurable disease (including organ lesions measuring = 1 cm, lymph nodes
measuring = 2.5 cm, and bony lesions measuring = 1 cm) that lack PSMA uptake greater

than that of liver.
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