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Opinion statement

Neuroendocrine tumors (NETs) are relatively rare, with 12,000-15,000 new cases diag-
nosed annually in the USA. Although NETs are a diverse group of neoplasms, they share
common molecular targets that can be exploited using nuclear medicine techniques for
both imaging and therapy. NETs have traditionally been imaged with SPECT imaging using
In-labeled octreotide analogs to detect neoplasms with somatostatin receptors. In
addition, certain NETs (pheochromocytomas, paragangliomas, and neuroblastomas) are
also effectively imaged using *?*I- or **'I-labeled metaiodobenzylguanidine (MIBG), an
analog of guanethidine. More recently, PET imaging with °®Ga-labeled somatostatin
receptor (SSR) analogs allows neuroendocrine tumors to be imaged with much higher
sensitivity. ®Ga-DOTATATE was approved as a PET tracer by the FDA in June 2016. In
addition to imaging, both MIBG and DOTATATE can be labeled with therapeutic radionu-
clides to deliver targeted radiation selectively to macroscopic and microscopic tumor sites.
The incorporation of the same molecular probe for imaging and therapy provides a radio-
theranostic approach to identifying, targeting, and treating tumors. Over the years,
several centers have experience treating NETs with high-dose **'1-MIBG. *””Lu-DOTATATE
was approved by the FDA in 2018 for treatment of gastroenteropancreatic NETs and
constitutes a major advancement in the treatment of these diseases. In this paper, we
provide an overview of imaging and treating neuroendocrine tumors using MIBG and SSR
probes. Although uncommon, neuroendocrine tumors have provided the largest experi-
ence for targeted radionuclide imaging and therapy (with the exception of radioiodine
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treatment for thyroid disease). In addition to benefitting patients with these rare tumors,
the knowledge gained provides a blueprint for the development of future paired
diagnostic/therapeutic probes for treating other diseases, such as prostate cancer.

Introduction

Neuroendocrine tumors are a relatively uncommon but
diverse family of neoplasms, which can originate in the
lung, thymus, GI tract, or pancreas. Other tumors with
neuroendocrine features include pheochromocytoma,
paraganglioma, and neuroblastoma. The incidence of
neuroendocrine tumors has increased from 1.09 per
100,000 persons in 1973 to 6.98 per 100,000 in 2012
[1]. This increase may be related in part to earlier detec-
tion and diagnosis. Patients often present with non-
specific symptoms and treated for more common etiol-
ogies before the diagnosis of NET is made. Sites of NETs
can be small and can be difficult to characterize with
conventional anatomic imaging (CT and MRI). Targeted
imaging techniques greatly improve the specificity for
diagnosing, and the newest PET imaging is also very
sensitive for detecting small neuroendocrine tumors.
Well-differentiated NETs typically do not exhibit high

Imaging neuroendocrine tumors

glucose metabolism and are therefore not well visual-
ized on FDG-PET scans. High-grade or poorly differen-
tiated neuroendocrine tumors, on the other hand, can
exhibit high activity on FDG-PET and demonstrate low
activity on targeted imaging.

Molecular imaging and therapy approaches have
been utilized in the management of neuroendocrine
tumors for many years, with promising results. Until
recently, clinical studies have been limited because neu-
roendocrine tumors are uncommon and reflect a het-
erogeneous set of diseases. In addition, treatment regi-
mens have varied between institutions. Nonetheless, the
radio-theranostic concept of using a molecular marker
for both imaging and treatment has shown great prom-
ise in the treatment of neuroendocrine tumors and
serves as a model for developing targeted probes for
other tumor sites.

Examples of molecular techniques for imaging neuroendocrine tumors are
shown in Fig. 1. Overall, somatostatin receptor imaging is the modality of
choice and offers the highest accuracy across the different neuroendocrine
tumor subtypes. PET/CT imaging with ®°®Ga-DOTATATE and similar somato-
statin receptor analogs has been shown to outperform SPECT/CT imaging with
""!n-octreotide and is being widely adapted into clinical practice. MIBG imag-
ing with SPECT/CT provides high sensitivity for imaging pheochromocytoma,
paraganglioma, and neuroblastoma.

1231_MIBG and '3'I-MIBG

MIBG (metaiodobenzylguanidine) is a guanethidine analog of norepi-
nephrine which accumulates in neuroendocrine tumors through the nor-
epinephrine transporter mechanism, where it accumulates in neurosecre-
tory granules [2]. MIBG is avidly accumulated in NETs rich in sympathetic
adrenergic tissues, particularly pheochromocytoma, paraganglioma, and
neuroblastoma. Other NETs such as carcinoids can also take up MIBG,
but with more variability [2].
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Fig. 1. Neuroendocrine tumor imaging. a **I-MIBG images of a patient with MEN2 syndrome, demonstrating high MIBG uptake in a
medullary thyroid lesion as well as a right adrenal pheochromocytoma. b **'In-Octreotide images (24 h after injection) demon-
strating liver metastases from NET. ¢ MIP image from a %Ga-DOTATATE PET scan in a patient with negative CT scan, demonstrating
multiple small somatostatin receptor avid metastatic sites.

Prior to MIBG imaging, the patient should discontinue medications
(e.g., tricyclic antidepressants, sympathomimetics, neuroleptics) that could
potentially interfere with MIBG uptake [3]. Potassium iodide or other
iodide preparation is administered orally prior to MIBG injection to block
physiologic thyroid uptake from dissociated iodine. MIBG imaging can be
performed using '**I-MIBG or '*'I-MIBG. '*’I-MIBG has a half-life of 13 h
and photon emission energy of 159 keV, which is favorable for gamma
camera imaging, and is the preferred radiotracer for imaging. '*'I-MIBG is
more readily available than '?’I-MIBG, and the longer half-life of '3'I
(8 days) allows longer delayed imaging (48 h or more) to enhance sensi-
tivity. However, the photon energy of 364 keV is not optimal for imaging
with gamma cameras, and the beta emission (which is utilized for therapy)
and long half-life limits the amount of activity that can be administered for
diagnostic purposes. Imaging is typically performed 24 h following injec-
tion of '**I-MIBG or 48 h following '*'I-MIBG administration. Optimally,
both planar and SPECT/CT images are acquired. The combination of SPECT
and CT allows areas of MIBG uptake to be localized and correlated with
anatomic imaging and enables attenuation-correction of the MIBG SPECT
images. An example of planar '*’I-MIBG images on a patient with multiple
endocrine neoplasia (MEN 2A) is illustrated in Fig. 1, showing MIBG-avid
pheochromocytoma and medullary thyroid cancer. '*’I-MIBG imaging is
useful for initial staging and follow-up of pediatric patients with neuroblas-
toma. Because MIBG is not normally taken up in bone or marrow, it is
particularly suited for discerning osseous involvement in this pediatric
population. Diagnostic '**I-MIBG and '*'I-MIBG scans are useful to deter-
mine the disease burden of MIBG-avid disease and to evaluate the potential
benefit of treating with '*'I-MIBG. Following injection of a small dose of
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I-MIBG (~ 74 MBq), imaging can also be obtained over several days for
dosimetry calculations prior to administering the therapeutic dose.
Somatostatin receptor imaging: **'In-pentetreotide and !gGa-DOTATATE

Until recently, the mainstay of somatostatin receptor evaluation has been
imaging with '''In-pentetreotide. Patients are injected and planar images ob-
tained 4 h and 24 h following injection, with further delayed imaging as
needed. Additional SPECT/CT imaging is very helpful for localizing disease,
but also adds substantial time to the test and only covers a pre-determined
portion of the body.

Over the past decade, several *®*Ga-labeled somatostatin receptor ana-
logs have been investigated for PET imaging, mainly °®*Ga-DOTANOC,
®8Ga-DOTATOC, and °®*Ga-DOTATATE. All of these PET tracers provide
significantly higher sensitivity and specificity for identifying receptor-
positive NETs compared to imaging with pentetreotide [4]. Five somato-
statin receptor subtypes have been identified (sst;-ssts), which are
expressed by neuroendocrine tumors. °®*Ga-DOTATOC and °®*Ga-
DOTATATE have high affinity for sst,. ®®*Ga-DOTANOC has lower affinity
for sst,, but has additional binding to sst; and ssts receptors, which may
improve sensitivity [5]. ®®Ga-DOTATATE has been approved by the FDA
for use in the USA and is therefore the most commonly employed. **Ga
has a half-life of 68 min, making distribution of °*Ga PET tracers more
challenging than '®F-labeled PET tracers, which have a 2-h half-life.
However, °®Ga-DOTATATE is available commercially in some areas and
can also be synthesized locally by purchasing a ®®Ge/*®*Ga generator and
using a synthesis kit. The expanding availability of ®®*Ga-DOTATATE
combined with the superior sensitivity of ®®*Ga-DOTATATE PET/CT over
""In-pentetreotide SPECT/CT imaging has compelled the NCCN to now
recommend ®®Ga-DOTATATE PET/CT as the preferred imaging modality
to determine somatostatin receptor status of NETs [6]. ®®Ga-DOTATATE
can identify lesions that are small or not well visualized on CT. Several
studies have examined the impact of °®*Ga-DOTATATE PET/CT imaging
on clinical decision making. Hofman et al. studied 76 consecutive studies
in 59 patients and found that °®Ga-DOTATATE PET/CT had a high
impact in 48% and moderate impact of 10% of the patients [7].

In our practice, ®®Ga-DOTATATE PET/CT has completely supplanted '''In-
pentetreotide SPECT/CT for imaging patients with neuroendocrine tumors. In
addition to superior imaging and high clinical impact, the study is completed
within 2 h (rather than 24 h or more), and with less radiation dose to the
patient. The uptake time of 1 h is similar to FDG-PET, enabling ®®*Ga-
DOTATATE PET/CT studies to be readily integrated into our busy oncology
PET/CT schedule. We have found that combining the DOTATATE PET with
diagnostic contrast-enhanced CT to be an extremely valuable combination.
Contrast-enhanced CT enables smaller lesions to be identified and localized.
Perhaps more importantly, it enables identification of disease sites that are not
DOTATATE-avid (e.g., negative for somatostatin receptors). This information
can be critically important when considering somatostatin receptor-targeted
radionuclide therapy. ®*Ga-DOTATATE PET/MRI is a new modality that could
potentially improve the ability to delineate neuroendocrine tumors that are
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somatostatin receptor-positive and those that are de-differentiated. Further
research is required to determine if advanced MRI combined with *®*Ga-
DOTATATE PET can contribute to response assessment.

Radionuclide therapy for neuroendocrine tumors

Primary radionuclide treatments for neuroendocrine tumors include *'I-MIBG
and peptide receptor radionuclide therapy (PRRT). Although several different
PRRT agents have been used, the current discussion is limited to '"“Lu-
DOTATATE, as this is currently most widely used clinically. General features
and differences between these two therapeutic radiopharmaceuticals are sum-
marized in Table 1.

1311_MIBG therap

Pheochromocytomas and paragangliomas are tumors that originate from chro-
maffin cells, either in the adrenal glands or the extra-adrenal sympathetic
nervous system, respectively. Given the structural similarities between norepi-
nephrine and MIBG, "*'I-MIBG is transported into pheochromocytoma and
paraganglioma tumor cells via a combination of receptor-mediated and non-
receptor-mediated mechanisms [8, 9]. Pheochromocytomas and
paragangliomas can sometimes occur as part of familial syndromes, such as
MEN 2A and 2B, where they present with other neuroendocrine tumors, such as
carcinoid and islet cell tumors. Unlike pheochromocytomas and
paragangliomas, neuroendocrine tumors usually express high levels of somato-
statin receptors and demonstrate high uptake of somatostatin analogs and
variable uptake of MIBG [10].

Prior to treatment with '*'I-MIBG, patients are given potassium iodide or
other medication to protect the thyroid gland by blocking uptake of any free

Table 1. Comparison of *3'I-MIBG and *””Lu-DOTATATE therapies. Both "I and *’’Lu emit electrons (87) and photons ().
The B~ particles travel only a few millimeters, delivering high-localized radiation dose limited to the target (tumor). The y
emission, on the other hand, penetrates outside of the patient with the potential to expose others to radiation. The y
emission can also be used to image patients with a gamma camera (including SPECT/CT) following injection of the therapy

dose

Physical half-life (days)
Predominate 3~ energy
Predominate y energy
Patient treatment status
Treatment regimen

Organ protection
Radiation safety precautions

1311.MIBG

8

607 keV (90%), 807 keV (10%)
364 keV (82%)

Inpatient admission (1-2 days)

Typically single dose ~18.5 GBq, IV
(varies between studies)
Thyroid (block with oral SSKI)

Moderate

177Lu-DOTATATE

6.7

498 keV (79%), 177 keV (12%)
208 keV (11%), 113 keV (6%)
Outpatient

4 doses 7.4 GBq, IV, every 8 weeks

Kidney (IV amino acid infusion)
Minimal
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311, BILMIBG is typically administered intravenously over a period of 15 to
60 min (either by shielded infusion pump or gravity drip infusion), with
frequent blood pressure monitoring during the infusion to monitor for acute
changes in blood pressure. Prophylactic anti-emetic medication may be admin-
istered prior to "*'I-MIBG injection. Additionally, intravenous fluids can be
administered to promote renal excretion of '*'I-MIBG and reduce radiation
exposure to patients [11]. Later side effects of '*'I-MIBG administration include
myelosuppression, hypothyroidism, xerostomia, and nephrotoxicity [11]. Cur-
rently, the role of '*'I-MIBG in the treatment of neuroendocrine tumors is as a
salvage therapy that is used for inoperable tumors, palliative pain control from
bone metastases, or for patients who are unable to receive peptide receptor
therapy (PRRT) [9]. Contraindications for '*'I-MIBG therapy include pregnan-
¢y, breastfeeding status, bone marrow failure, and renal failure. For B _MIBG
treatments, patients are generally admitted to the hospital under radiation
safety precautions, until they meet release criteria under U.S. Nuclear Regulatory
Commission guidelines 10 CFR 35.75 (usually 1-2 days).

Overall, the response rates of '*'I-MIBG for pheochromocytoma and
paragangliomas by RECIST criteria are reported to range from 0 to 50%. (Due
to the lack of interpretative value of stable disease [7], for the purpose of this
review, “response rate” represents the sum of complete and partial response
rates from the referenced studies.) The largest study was by Pryma et al., which
evaluated the safety and efficacy of high specific activity '*'I-MIBG in patients
with advanced pheochromocytoma and paragangliomas. In this study, the
response rate for 14 patients receiving one therapy of 18.5 GBq was 0%, but
increased to 30% in 50 patients receiving two therapies of 18.5 GBq "*'I-MIBG
(with individual treatment doses of ~ 18.5 GBq) [12e]. Noto et al. showed a
similar relationship between increasing cumulative dose of 1-131 MIBG and
response rates for pheochromocytoma/paraganglioma, by reporting a 0% re-
sponse rate in patients receiving <18.5 GBq '*'I-MIBG and 29% in patients
receiving >18.5 GBq '*'I-MIBG [13]. In other smaller studies (n<50), the
response rates ranged from 17 to 43%. In these studies, the reported cumulative
dose for treatment of pheochromocytoma and paragangliomas with '*'I-MIBG
ranged from 18.5 to 33.1 GBq [12e, 13-16]. Progression-free survival was
infrequently reported for patients receiving '*'I-MIBG for pheochromocytoma,
but has been reported to be as high as 85 months [14].

As described above, the neuroendocrine tumors demonstrate variable up-
take of "*'I-MIBG, compared to pheochromocytomas and paragangliomas.
Overall, the response rates of '>'I-MIBG for neuroendocrine tumors ranged
from <1 to 48% [17-19]. The largest study was by Kane et al., which reported a
response rate of 20% in 125 patients with stage IV pulmonary and
gastroenteropancreatic MIBG-positive neuroendocrine tumors, receiving 1-4
therapies of '*'I-MIBG (first treatment dose of 18.5 GBq; a subset of patients
received multiple treatments (1-4) with a median cumulative dose of
33.7 GBq) [10]. In this study, the radiographic progression-free survival was
reported to be 20.4 months, with a median duration of symptomatic response
of 12 months. Additional studies evaluating the use of '*'I-MIBG for neuroen-
docrine tumors reported progression-free survival times ranging from 13 to
34 months [18, 19]. Two studies evaluated the use of '*>'I-MIBG for carcinoid
tumors, which reported response rates of 0 and 11% at mean cumulative doses
of 22.2 GBq and 22.7 GBq, respectively (mean individual treatment dose of
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7.3 GBq and 11.1 GBq, with patients receiving a range of 1-8 treatments and
1-4 treatments, respectively) [16, 20].

131_MIBG leads to both radiographic and symptomatic response in patients
with limited treatment option for paragangliomas, pheochromocytomas, and
other neuroendocrine tumors. Currently, published reports suggest multiple
rounds of treatment, rather than a single treatment session, leads to improved
response to pheochromocytomas and paragangliomas [12e, 13]. Given the rare
nature of these tumors, large-scale clinical trials and comparative studies (sur-
gery, chemotherapy) to determine appropriate dosing regimens, appropriate
timing for initiating treatment, and treatment response are difficult to perform.
In regard to treatment response, a major confounder is the stable disease
category of RECIST. It is unclear if stability is a result of therapy or a conse-
quence of natural tumor behavior [14, 21]. Additionally, there are likely mul-
tiple genetic factors, including succinate dehydrogenase complex subunit B
(SDHB), which impact treatment response and are largely unaccounted for
due to the rarity of the disease [12e].

Of note, '*'I-MIBG has also been utilized for the treatment of progressive or
chemoresistant neuroblastomas in the pediatric population. Neuroblastoma is
the most common extracranial malignancy of childhood. Prognostic markers
for neuroblastomas include DNA ploidy, MYCN gene amplifications, and
chromosomal aberrations (specifically at 11q, 17q, and 1p) [22]. Similar to
other neuroendocrine tumors, treatment options for neuroblastomas include
surgical resection, chemotherapy (most commonly carboplatin, cyclophospha-
mide, doxorubicin, and etoposide), external beam radiation, immunotherapy
(dinutuximab), and radiotherapies (**'I-MIBG).

Ninety percent of neuroblastoma tumor cells show expression of norepi-
nephrine receptors [23]. As mentioned above, MIBG is a ligand for the norepi-
nephrine receptor, making '>'I-MIBG a potential therapeutic option for neuro-
blastomas. Currently, '*'I-MIBG is mostly used in addition to chemotherapies
in patients with neuroblastomas. The response rates of '*'I-MIBG (with or
without additional chemotherapy) for the treatment neuroblastomas range
from 29 to 69%. In general, administered doses per treatment ranged from
0.1 to 0.7 GBg/kg, with patients receiving between 1 and 4 treatments. A study
by Johnson et al. explored the utility of multiple '*'I-MIBG treatments of
0.7 GBq/kg and showed utility in additional treatment with '*'I-MIBG (first
infusion response rate 30%; 29% of patient’s receiving a second infusion
showed an additional 29% response rate) [24]. A phase II trial by Matthay
et al. evaluated the response of refractory neuroblastomas to 0.4 and 0.7 GBq/
kg of *'I-MIBG (groups were separated based on the availability of hemato-
poietic stem cells). This study showed a response rate of 25% in patients
receiving 0.4 GBq/kg and a response rate of 37% in patients receiving
0.7 GBq [25].

Given that "*'I-MIBG is generally utilized in conjunction with other thera-
pies, it is difficult to fully isolate the effects of MIBG therapy on long-term
survival of patients with neuroblastomas. Additionally, the degree of
myelosuppression experienced by the patient population significantly restricts
the ability to fully characterize its full protention. Given these limitations, there
is high variability in '*'I-MIBG dosing regimens (multiple versus single dose,
body weight dose versus whole-body dose), overall therapeutic plan ('*'I-
MIBG therapy versus chemotherapy +'>'I-MIBG therapy), and outcome
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reporting (objective response versus symptomatic response, lack of long-term
survival data). Within these limitations, '*'I-MIBG offers a treatment modality
for chemoresistant neuroblastomas and/or for palliative care [2]. A large phase
3 clinical trial (COG ANBL1531) is currently underway to study the effects of
adding "*'I-MIBG therapy to intensive therapy in children with newly diag-
nosed high-risk neuroblastoma. This trial will also evaluate the effect of adding
crizotinib as a targeted agent in patients with ALK-aberrant tumors.

Peptide receptor radionuclide therapy with 177 ,,_poTATATE

Well-differentiated gastroenteropancreatic neuroendocrine tumors typically ex-
press high levels of somatostatin receptors and consequently demonstrate an
avidity for somatostatin analogs [10]. Targeted therapies utilized to treat these
tumors are divided into non-radiolabeled somatostatin analogs (SSAs) and
radiolabeled SSA, or peptide receptor radionuclide therapy (PRRT). Similar to
13'1.MIBG, PRRT involves the attachment of a therapeutic radionuclide (such as
"""Lu or °°Y, which are B~ emitters), combined with a somatostatin analog
(DOTATATE, DOTATOC, DOTANOC) to bind the receptors [26]. Given the
comparable efficacy, better hematologic toxicity profile, and commercial avail-
ability of '""Lu-DOTATATE, this review will focus on the use of '"“Lu-
DOTATATE for the treatment of neuroendocrine tumors.

Similar to '*'I-MIBG, PRRT currently serves as a salvage therapy for neuro-
endocrine tumors, with the primary treatment being surgical resection. Indica-
tions for PRRT include inoperable or metastatic neuroendocrine tumor and
positive expression of somatostatin receptor (sst,) by '''In-pentetreotide or
8Ga-labeled somatostatin receptor PET imaging. Contraindications for the
use of PRRT include pregnancy, severe acute concomitant illness, GFR < 60%
of mean adjusted normal value [27]. Side effects of PRRT administration
include myelosuppression, nephrotoxicity, and gastrointestinal symptoms
(nausea, diarrhea). The most serious late complication of '""Lu-DOTATATE
therapy is secondary hematopoietic malignancy. In a study of 274 patients
treated with '”“Lu-DOTATATE, 8 patients (3%) developed hematopoietic ma-
lignancy (myelodysplastic syndrome, acute myeloid leukemia, or myeloprolif-
erative neoplasm), and 3 (1%) developed bone marrow failure as a delayed
complication [28]. To prevent nephrotoxicity associated with '”“Lu-
DOTATATE, an IV infusion of positively charged amino acids (lysine and
arginine) is administered concomitantly for 4 h, starting 30-60 min before
the start of '""Lu-DOTATATE infusion. '”"Lu-DOTATATE is administered by
IV drip or pump over a period of 30-60 min, with the amino acid infusion
continuing for a total of 4 h. The '"“Lu-DOTATATE and amino acids are
administered concurrently using two separate IV sites. At our facility, radiation
safety personnel are present during the administration. They interview and
provide patients with written post-treatment instructions. Following therapy,
the treatment room and bathroom are surveyed for any radioactive
contamination.

Few published studies have evaluated the utility of '”’Lu-DOTATATE for
pheochromocytomas and paragangliomas. A study published by Nastos et al.
compared the efficacy of *>'I-MIBG (mean cumulative dose 19 GBq) and PRRT
(individual and cumulative treatment doses of 3.2 GBq and 10.1 GBq for *°Y-
DOTATATE, and 7.4 GBq and approximately 21 GBq for '”“Lu-DOTATATE,
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respectively) for the treatment of metastatic or inoperable pheochromocytomas
and paragangliomas (n = 22). This study showed improved response rates and
PFS in patients treated with PRRT (°°Y-DOTATATE, '""Lu-DOTATATE, or a
combination of PRRT and '*'I-MIBG) versus '*'I-MIBG (MIBG 62.5%,
20.6 months; PRRT 100%, 38.5 months). Interestingly, there was also a differ-
ence in overall survival when only the treated paragangliomas were compared
separately ('*'I-MIBG 22.8 months versus PRRT 60.8 months) [29¢]. Given
that patients with advanced pheochromocytomas and paragangliomas respond
better to multiple '*'I-MIBG treatments, with cumulative doses >18.5 GBq,
this comparison is somewhat limited (as described in the study by Pryma et al.).

Apart from a few small-scale studies, '”"Lu-DOTATATE is primarily utilized
for the treatment of gastroenteric neuroendocrine tumors. '’’Lu-DOTATATE on
average has a higher incidence of response compared to '*'I-MIBG for treat-
ment of neuroendocrine tumors, with response rates ranging from 0 to 70%.
The largest of these studies is reported by Brabander et al., which evaluated the
use of '”“Lu-DOTATATE in patients with gastroenteropancreatic and bronchial
neuroendocrine tumors (midgut, hindgut, pancreatic, bronchial) with overall
response rates ranging from 30 to 55% in patients treated with 27.8-29.6 GBq
of ""“Lu-DOTATATE. Between the different types of neuroendocrine tumors,
bronchial neuroendocrine tumors demonstrated the lowest progression-free
survival and response rates (midgut 30 months, 31%; hindgut 29 months,
33%; pancreatic 30 months, 55%; bronchial 20 months, 30%; foregut
25 months, 41%) [30]. Additional study published by Strosberg et al., specif-
ically evaluated the response of well-differentiated, metastatic midgut neuroen-
docrine tumors to '”’Lu-DOTATATE (individual dose of 7.4 GBq, distributed
over 4 treatments with a cumulative dose of 29.6 GBq) compared to octreotide
(60 mg every 4 weeks), and reported a response rate of 18% with a PFS at
month 20 of 65.2% for the '”"Lu-DOTATATE group, and a response rate of 3%
with a PES at month 20 of 10.8% (NETTER-1 trial) [31ee]. Interestingly, a study
by Zhang J. explored the impact of Ki-67 on response rates of grade 3 NET to
'77Lu-DOTATATE and reported an average rate of 49.1% with a PFS of
28 months. Patients with a Ki-67 index <55% demonstrated a response rate
of 52% with a PFS period of 11 months, while patients with a Ki-67 index >
55% demonstrated a response rate of 20% with a PFS period of 4 months [32].

Like pheochromocytomas and paragangliomas, other neuroendocrine tu-
mors are also relatively rare, which limits the ability to perform large-scale
clinical trials and comparative studies. Overall, PRRT appears to demonstrate
both radiographic and symptomatic response in patients with other neuroen-
docrine tumors, especially in patients with a Ki-67 index <55%. Additionally,
the NETTER-1 trial demonstrated that PRRT was superior to high-dose
octreotide in the treatment of other neuroendocrine tumors. In regard to the
treatment of paragangliomas and pheochromocytomas, PRRT appears to be an
effective treatment for paragangliomas and demonstrates a better efficacy than
BILMIBG [299, 33]. Moving forward, more prospective trials are warranted to
further assess the role of PRRT in the treatment of paragangliomas.

While clinical results using '’“Lu-DOTATATE are extremely promising, more
research is needed in terms of tailoring the treatment to meet the needs of each
patient. For example, rather than a fixed dose of 7.4 MBq, it might be better that
the administered activity be adjusted based on the patient’s tumor burden as
defined by the ®*Ga-DOTATATE PET/CT scan. Currently, the standard treatment
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regimen is four 7.4 MBq doses of '”/Lu-DOTATATE. Post-treatment and early
response evaluation following '““Lu-DOTATATE therapy have not yet been
clearly defined. In the future, imaging and serum biomarkers may help guide
the number of therapies that a patient needs on an individualized basis.
Identifying cases where the administered dose and/or number of '"“Lu-
DOTATATE treatments can be reduced without affecting efficacy could also
reduce the potential for late hematological toxicities.

While the current standard practice is four '"“Lu-DOTATATE treatments,
strategies for interim imaging during therapy and optimum time points for
follow-up evaluation with ®*Ga-DOTATATE PET have yet to be determined. The
photon emissions (113 and 208 keV) from '““Lu enable planar and SPECT/CT
imaging to be performed following the treatment dose administration, and the
potential value of obtaining these images is being investigated. More work is
needed to determine if interim imaging can be useful for tailoring the admin-
istered dose and/or number of treatments for each patient.

Conclusion

Paragangliomas, pheochromocytomas, and other neuroendocrine tumors rep-
resent a group of rare tumors that have the potential to cause significant
morbidity and mortality secondary to uncontrollable mass effect and/or excret-
ed catecholamines. In addition to the rare nature of these tumors, they demon-
strate significant phenotypic and genetic heterogeneity (receptor status, radio-
nuclide uptake, individual mutations), especially at more advanced stages.
Combining contrast-enhanced CT with the somatostatin/MIBG receptor PET
aids substantially in the identification and characterization of lesions. The
identification of receptor status is crucial for patients being considered for
receptor-based therapy.

Radio-theranostic approaches combining imaging and therapy by utilizing a
common molecular probe (e.g., MIBG, DOTATATE) labeled with a diagnostic
radionuclide for imaging and a therapeutic radionuclide for therapy offer a
novel method for treating these tumors. For neuroendocrine tumors, radio-
theranostic probes include MIBG ('*I for imaging and '>'I for therapy) and
DOTATATE (°®Ga for imaging and '’“Lu for therapy). MIBG has been shown to
be effective for progressive/inoperable pheochromocytomas, paragangliomas,
and neuroblastomas, while PRRT has been shown to be effective for inoperable/
progressive GI neuroendocrine tumors.

Although small-scale studies evaluating inoperable/progressive neuroendo-
crine tumors generally show treatment response to radionuclide therapy, the
inherent genetic heterogeneity within an already rare set of tumors has preclud-
ed large-scale clinical trials to accurately characterize treatment response. Eval-
uation of treatment response is further limited by poor understanding of
natural tumor behavior. Specifically, there is significant uncertainty regarding
the “stable disease” criteria in RECIST, and whether this is attributable to natural
tumor behavior versus treatment response. In addition to tumor heterogeneity,
radionudlide therapies are generally combined with other treatment modalities
(surgery versus chemotherapy), which limits the ability to accurately character-
ize dosing regimens.
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Overall, available evidence shows that '*'I-MIBG can be an effective therapy
for non-operable/palliative treatment of pheochromocytomas and
paragangliomas, and PRRT can be effective for non-operable/palliative treat-
ment of GI neuroendocrine tumors (including paragangliomas), as demon-
strated by rates of symptomatic and radiographic response. Further studies are
needed to characterize the relationship between genetic makeup, radiotracer
uptake, and treatment response to allow for optimal patient distribution among
the different treatment modalities with optimized dosing regimens.
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