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INTRODUCTION

Neuroendocrine tumors (NET) are a diverse range of neoplastic entities with vari-
able degrees of neuroendocrine differentiation that have an incidence of 50 people
per million. They are often considered ‘zebra” diagnoses. The grade, differentia-
tion, anatomic site, embryologic origin, and whether these tumors are functioning
or non-functioning help drive diagnosis and therapy. Genetics can increase the
risk of acquiring a neuroendocrine tumor. Multiple endocrine neoplasia (MEN)
type 1 (MEN1) disorders (also known as Wermer syndrome) can cause tumors in
the pancreas, parathyroid, and pituitary glands.

MENT1 disorders are the result of mutations in the MEN] gene leading to
the impairment of the tumor suppressor protein menin. MEN2A, caused by a
mutation of the RET gene, can lead to the development of medullary thyroid
neoplasia, parathyroid neoplasia, pheochromocytoma, cutaneous amyloido-
sis, and Hirschsprung disease. MEN2B, also caused by a mutation of the RET
gene, can cause medullary thyroid neoplasia, pheochromocytoma, ganglio-
neuroma with associated mucosal neuromas, hyperflexibility, and long arms,
legs and fingers. MEN2B when combined with mucosal neuromas, intestinal
ganglioneuromatosis and prominent corneal nerves is named MEN3. MEN4 is
the latest of the MEN syndromes with a phenotype similar to MEN1, and is an
autosomal dominant disease caused by a mutation in the cyclin-dependent
kinase inhibitor 1B (CDKN1B) gene. It causes hyperthyroidism, pituitary neo-
plasia, and can also be associated with adrenal, kidney, and reproductive organ
neoplasia.

Other genetic-based risks for NET include von Hippel-Lindau disease,
tuberous sclerosis, and neurofibromatosis (both type 1 and type 2). Additional
sporadic cases are present in addition to those related to known genetic pre-
disposition (1). This chapter provides an overview of the molecular imaging
and therapy of NET.

RADIOTRACERS AND MOLECULAR IMAGING
OF NEUROENDOCRINE TUMORS

With the knowledge of molecular biology and tumor biology, we are able to use
radiopharmaceuticals to localize NET in a noninvasive way to assist with staging
and prognosis, and in some cases, assess patients prior to theragnostic therapies.
This section provides a snapshot of the radiopharmaceuticals used in the molecu-
lar imaging of NET.

Mn-octreotide

The radiopharmaceutical '''In-octreotide is a single-photon somatostatin ana-
logue. There are many tumor types that express somatostatin receptors including
adrenal medullary tumors, gastroenteropancreatic (GEP) NET, Merkel cell carci-
noma, pituitary adenomas, medullary thyroid carcinoma, and small cell lung
cancer. Mn-octreotide is currently falling out of favor for imaging due to its lower
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sensitivity compared to positron emission tomography (PET) somatostatin analog
agents. However, it is important to know of this agent in the event that imaging
with PET agents is not possible in a given location. It can assist in the detection
and localization of the disease, staging, and follow-up of patients with somatosta-
tin receptor-rich disease processes (2). Figure 1 shows the normal biodistribution
of "Mn-octreotide.

The recommended administered activity is 6 mCi (222 MBq) in adults and
0.08 mCi/kg in pediatric patients (2). The half-life of !'In is 67 hours and has
photonenergiesof 173 and 247 keV. When acquiringimages with !!In-octreotide,
20% of the energy windows are centered on both photo peaks. Images are
acquired at 24 hr, and occasionally at 48 hr if bowel activity needs to be assessed.
Single-photon emission computed tomography (SPECT) and, more commonly,
SPECT/computed tomography (SPECT/CT) are performed for further
localization.

ANTERIOR 24 HR. POSTERIOR
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Figure 1. Normal distribution of """In-octreotide scan. Note the prominent splenic and kidney
activity, excretion in the urinary bladder and less prominent uptake in the liver and variable
bowel activity.

141



142

Muzahir S and Grady EE

Grading of the degree of tumor uptake can be performed with the Krenning
score. The Krenning score ranges from 1-4. Grade 1 uptake is less than the
normal liver background activity, grade 2 uptake is equal to the normal liver
background activity, grade 3 uptake is greater than the normal liver back-
ground activity, and grade 4 is uptake is greater than the spleen or kidney
background activity. The higher the grade, the more likely patients will benefit
from peptide receptor radionuclide therapy (PRRT), further discussed in this
chapter (3).

13]-mIBG

The radiopharmaceutical '*’I-metaiodobenzylguanadine (**’I-mIBG) is a nor-
epinephrine analogue, used to study the adrenergic nervous system. It localizes
via the type-1 energy-dependent active amine transport that is overexpressed in
NET. It is stored and localized in cytoplasmic storage granules in presynaptic
adrenergic nerves (4). In particular, pheochromocytomas, neuroblastomas, gan-
glioneuroblastomas, ganglioneuromas, paragangliomas, medullary thyroid car-
cinoma, and Merkel cell tumors, MEN2 syndromes can be studied with
IB3L.mIBG (5).

If patients are being considered for therapy of metastatic disease with
BIL-mIBG, imaging with '2I-mIBG must be completed first to ensure the
patient would benefit from therapy. Before imaging, it is important that
patients withdraw from interfering medications, such as certain antihyperten-
sives, tricyclic and atypical antidepressants, sympathomimetics, and antipsy-
chotics. However, some antihypertensives do not have any effect on mIBG
uptake. These include alpha-blockers, angiotensin converting enzyme inhibi-
tors, diuretics, and some beta-blockers (but not labetalol). An exhaustive list
is found in the medical literature (5, 6). An additional step before administer-
ing '#’I-mIBG is blocking the thyroid with Lugol’s solution, a super saturated
solution of potassium iodide, or with potassium iodide capsules to minimize
radiation to the thyroid gland.

The half-life of 12°T is 13 hours. The imaging energy is 159 keV. There is no
consensus as to the administered activity; however, the recommended adminis-
tered activity of '#’I-mIBG is 10 mCi (370 MBq) in adults or 0.14 mCi/kg
(5.2 MBg/kg) in children with a minimum activity of 1 mCi (37 MBq) and a
maximum of 10 mCi (370 MBq). Planar imaging is performed at 24h and pos-
sibly also at 48h post-injection. SPECT and, more commonly, SPECT/CT is
employed for better localization of sites of uptake. Figure 2 shows the normal
biodistribution of '2’I-mIBG.

SSTR2 PET analogues

%8Ga-DOTATATE, DOTATOC, DOTANOC, and %*Cu-DOTATATE are somatosta-
tin analogues (SSTR PET), and specifically of the somatostatin transmembrane
receptor type-2 (SSTR2). These receptors are up regulated in many well-
differentiated NET. Before using 7"Lu-DOTATATE therapy, evaluation of tumor
uptake is required. In general, the lower the Ki-67 score and the lower the
grade of the tumor, the higher the degree of uptake, as further discussed in the
therapy section of this chapter. In general, the sensitivity of the PET agents is
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Figure 2. Normal biodistribution of '23I-mIBG. Note the prominent uptake int the salivary
glands and liver. Urinary excretion is noted, and bowel activity can also be seen in a variable
distribution.

greatly superior to that of the single-photon agent '"'In-octreotide (Figure 3).
PET/computed tomography (PET/CT) and PET/magnetic resonance imaging
(PET/MRI) have been employed in imaging patients with various NET.

The recommended administered activity for the °8Ga-SSTR analogues is
3-5 mCi (111-185 MBq) for adult patients. The recommended administered
activity of %¥Ga-DOTATATE is 0.074 mCi/kg 2MBg/kg) in pediatric patients up to
a maximum of 5 mCi (185 MBq). *®Ga has a half-life of 68 minutes. The recom-
mended activity of ®*Cu-DOTATATE is 4 mCi (148 MBq) for adult patients. ®*Cu
has a half-life of 12.7 hour; to minimize radiation dose in pediatric patients,
%8Ga-SSTR analogues are preferred. Patients with SSTR2 PET agents should be
imaged 45-90 minutes post intravenous administration. As the ®*Cu positron is
more energetic, there can be more perceived image noise and some centers are
increasing the time per bed position for image acquisition (7).

LEX]
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Figure 3. Normal distribution of ®®Ga-DOTATATE. Note the prominent activity in the spleen
and kidneys similar to """In-octreotide. This scan also demonstrates prominent uptake in the
pituitary and adrenal glands. Liver has less prominent uptake. Urinary excretion is again seen
along with variable bowel activity.

Appropriate indications for SSTR2 PET imaging include: (i) initial staging after
histologic diagnosis of NET; (ii) localization of primary tumor in patients with
known metastatic disease but unknown primary; (iii) selection of patients for
SSTR-targeted PRRT, staging of NET before planned surgery; (iv) evaluation of
mass suggestive of NET not amenable to endoscopic or percutaneous biopsy (e.g.,
ileal lesion, hyper vascular pancreatic mass, mesenteric mass); (v) monitoring of
NET seen predominantly on SSTR PET; (vi) evaluation of patients with biochemi-
cal evidence and symptoms of NET without evidence on conventional imaging
and without prior histologic diagnosis of NET; (vii) restaging at the time of clinical
or laboratory progression without progression on conventional imaging or; (viii)
new indeterminate lesion on conventional imaging with unclear progression (8).
Other indications that may be appropriate depending on the clinical situation
include: (i) restaging of patients with NET at initial follow-up after resection with
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curative intent; (ii) selection of nonfunctional NET patients for somatostatin ana-
log (SSA) treatment; or (iii) monitoring patients with NET seen on both conven-
tional imaging and SSTR PET with active disease and no clinical evidence of
progression (8). Grading of the degree of tumor uptake can be performed with the
Krenning score similar to that discussed in the ''In-octreotide section.

18F-FDG

Imaging with '8F-FDG is not for the application of all NET, but it can be used in
some that are less well differentiated. Further discussion of applications of FDG is
discussed elsewhere in this text (9).

MANAGEMENT OF NET

Most patients with NET present with advanced disease at the time of initial
diagnosis (10). Multiple therapeutic options are available for NET based on the
current guidelines (11). These include:

i. Cytoreductive surgery

ii. Catheter-based liver-directed treatment and needle ablation
iii. SSA

iv. Mammalian target of rapamycin (mTOR) inhibitors

v. Tyrosine kinase inhibitors

vi. Systemic chemotherapy

vii. PRRT

Locoregional disease

Surgical resection, whenever possible, is considered the only curative treatment
according to the current NCCN guidelines (11). Patients with early-stage disease
(stage 1 to III) should be evaluated for possible curative surgical resection (12).
Small intraluminal lung or gastrointestinal neuroendocrine neoplasm (T1-T2) in
the absence of nodal metastases can undergo curative endoscopic resection (13).
The size and intraluminal growth on CT are predictors of treatment. Reuling et al.
showed that lesions below 20 mm were successfully resected in 72% of patients (14).
Endobronchial resection has limited long-term success of 58%, leading often to
re-do surgery due to extraluminal disease extension, however, the prognosis is still
very good with a disease-specific 10-year survival rate of 97% (15).

Liver-directed therapies

The liver is the most common site of distant NET metastases and is considered the
major predictor of survival in NET. Approximately 80-90% of the small intestine
and 60-70% of the pancreatic NET metastasize to the liver (16). The eligibility for
liver surgery is considerably different for patients with metastatic NET than for
those with other types of cancer. In liver-dominant disease, cytoreductive surgery
is an option if more than 90% of the imaged liver volume can be safely removed
and an operative mortality of < 10% can be ensured (17). If the patient is not a
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surgical candidate, multiple liver-directed therapies are available (18). The choice
of liver directed therapy depends on liver tumor burden, growth rate, liver func-
tion, and presence of extrahepatic metastases (19). NET liver metastases predomi-
nantly derive their blood supply from the hepatic artery; therefore, liver-directed
embolization techniques are widely used as a therapeutic option (20). These
include transarterial bland embolization (TABE) that causes tumor ischemia, tran-
sarterial chemoembolization (TACE), and transarterial radioembolization (TARE)
using “°Y (90-Yttrium). The most common indications for these procedures
include alleviation of symptoms related to tumor load (e.g., abdominal pain, early
satiety), and slowing disease progression (21). Head-to-head comparison of bland
embolization versus TACE has shown similar efficacy for both techniques with a
5-year survival of 50-65% in chemoembolization vs. 40-67% in bland emboliza-
tion (18, 22). Post-embolization syndrome, in the form of abdominal pain, nausea
or vomiting, and low-grade fever, is one of the significant disadvantages of TABE
and TACE. This may be related to large treatment volumes with frequent lobar
distributions. Therefore, patients are observed overnight after the procedure (18).

Transarterial radioembolization (TARE)

TARE with Y labeled microspheres provides a valuable alternative with potentially
improved tolerability compared to TACE (18), and an improved survival rate and
tumor response (23). TARE is also known as selective internal radiation therapy
(SIRT), which combines the effect of high-dose interstitial radiation and emboliza-
tion of malignant microvasculature with microspheres. Beta particles in °Y radiola-
beled glass or resin spheres cause radiation-induced DNA damage in metastatic
cancer cells in the liver (24, 25). This treatment is also effective for patients who
have undergone unsuccessful TABE/TACE therapy and for the relief of symptoms in
patients with carcinoid syndrome (23). However, individual embolization options
should be discussed in an experienced multidisciplinary team setting, considering
disease burden, patient’s clinical history, and available equipment. In very select
cases without extrahepatic disease, several dedicated centers have performed liver
transplantation for metastatic NET with a 5-year overall survival rate of 63% (26).

Somatostatin analogs

The majority of grade 1 and 2 GEP NET express somatostatin receptors; SSAs
target the somatostatin receptor and can reduce symptoms and control tumor
growth. SSAs are used as the first line for symptom control and have shown anti-
proliferative properties to reduce tumor progression relative to placebo in the
PROMID (27), and CLARINET trials (28). Currently, two long-acting SSAs are
approved for the treatment of patients with NET. These bind predominantly to
subtypes 2 and 5 of the somatostatin receptors (SSTR2 and SSTR5).

PRRT: "77LU-DOTATATE

Well differentiated NET overexpress somatostatin receptors (mainly type 2)
that make an ideal target for PRRT, delivering radiation through beta particles
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at the cellular level (29). The two radiopeptides commonly used for PRRT are
Y DOTATOC and '"L.u DOTATATE (30). This consists of a radionuclide isotope
such as Y-90 or lutetium 177 (!’"Lu), a chelator (1,4,7,10-tetraazacy-clododecane-
1,4,7,10-tetraacetic acid), and a peptide (e.g., octreotide) that allows targeted
delivery of radiation (31). The publication of a large multicenter phase III trial
(NETTER-D) led to FDA approval of 17"Lu DOTATATE (Trade name Lutathera) in
2018 for the treatment of somatostatin receptor-positive advanced midgut NET
that had progressed on standard octreotide LAR (32). PRRT represents a signifi-
cant treatment advance for patients with GEP NET because of its cytoreductive
potential and its ability to elicit prolonged progression-free disease periods. PRRT
response rates have been reported in the 15-40% range, which is significantly
higher than the response rates with targeted treatments in the post-SSA setting,
including everolimus or sunitinib (33-35). The European Neuroendocrine Tumor
Society (ENETS) recommended the use of PRRT as second-line therapy after pro-
gression with SSTR analogs (36). The guidelines of the National Comprehensive
Cancer Network (NCCN) recommend PRRT as a potential therapy for SB-NET,
Pan-NET, bronchial NET, and paraganglioma/pheochromocytoma (37).

"Lu is a medium-energy beta emitter that is bound to DOTATATE, selectively tar-
gets SSTR-positive cells in NET. 77Lu is a beta and gamma emitter with a maximum
negative beta particle range of 2 mm and a half-life of 6.7 days. The beta emission result-
ing from the radioactive decay of *""Lu leads to DNA damage and cell death (36, 38).

Patient screening and eligibility

Patients are evaluated by a multidisciplinary NET team, including a medical
oncologist, an oncological surgeon, and a nuclear medicine physician (who must
be an authorized user) to decide on the appropriateness and timing of PRRT in
individual patients. Ideal candidates for PRRT include patients with well-differen-
tiated and moderately-differentiated neuroendocrine carcinomas defined as NET
grade 1 or 2 according to the recent WHO 2010 classification (39). Patients con-
sidered for PRRT should undergo diagnostic somatostatin receptor imaging such
as SSTR PET scan or SSTR scintigraphy (!'In-pentetreotide) to demonstrate ade-
quate SSTR expression (40) (Figure 4). The two FDA approved SSTR positron
emission tomography (PET) imaging agents are Gallium-68 (°®Ga) DOTATATE
and Copper-64 (°*Cu) DOTATATE. These diagnostic imaging agents constitute
diagnostic components of PRRT Theranostics.

Eligibility criteria
Patients eligible for PRRT should have the following characteristics (41, 42).

i. Inoperable or metastatic grade I or grade Il NET

ii. Sufficient tumor uptake/somatostatin receptor expression on imaging (radio-
tracer uptake greater than liver uptake)

iii. Sufficient bone marrow reserves (grade 1 and grade 2 hematologic toxicity is
usually accepted)

iv. Creatinine clearance greater than 50 ml/min

v. Karnofsky performance status greater than 50

vi. Expected survival longer than 3 months.
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Figure 4. A 74-year-old female with advanced and inoperable metastatic ileal NET.
A. %Ga-DOTATATE (SSTR PET) MIP image and B. Fused coronal image show multiple intensely
somatostatin receptor-rich tumors in the liver and portocaval lymph node.

The recommended laboratory tests for PRRT are summarized in Table 1. (43).
PRRT is not indicated in patients with significant sites of active disease lacking
SSTR expression, this can be confirmed by increased uptake in FDG PET/CT (41).

Contraindications

These can be broadly classified into absolute and relative contraindications. The
absolute contraindications are pregnancy, lactation, and severe cardiac impair-
ment (New York Heart Association grade III or IV). The relative contraindications
are:

i. Poor bone marrow reserve (WBC count < 2000/pL, absolute neutrophil count
< 1000/pL, platelet count < 75,000/uL, hemoglobin concentration < 8 g/dL)

ii. Severely impaired renal function (estimated GFR < 50 ml/min, creatinine
clearance < 50ml/min)

iii. Compromised liver function (total bilirubin level > 3 times upper limit of
normal, serum albumin level < 3.0 g/dL, prothrombin time > 1.5 times upper
limit of normal)

Administration

The nuclear medicine facility that offers *""Lu-DOTATATE must follow the federal
and state regulatory radiation safety guidelines. Most treatment sites offer PRRT in
an outpatient setting in a properly designed treatment room with a separate bath-
room. The bathroom and surrounding floor should be lined to protect the area by
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TABLE 1 Laboratory criteria prior to treatment with
177Lu-DOTATATE

Parameter Acceptable value prior to PRRT

Hemoglobin >8 g/dL

White blood count (WBC) >2K/mm?

Platelets >70K/mm?>

Absolute neutrophil count (ANC) >1000

Estimated glomerular filtration rate (GFR) >50 mL/min

Total bilirubin <3 x ULN

Serum albumin >3.0 g/dL

contamination from radioactive urine and other possible contamination.
The therapy room does not have to be lead-lined given the short range of beta
particles (36). It is important to have close involvement of the radiation safety
team, who is highly qualified in the safe handling of unsealed radiation sources,
the management of radioactive waste and handling accidental contamination
(44). The administration of radiopeptide takes place under close supervision of a
nuclear medicine physician who is an authorized user. During the administration
of the radiopeptide, a resuscitation cart must be available, and a protocol must be
in place in handling emergency situations such as neuroendocrine tumor crisis, or
severe extravasation of the radiopeptide (36, 45).

Patient preparation

Long-acting SSAs are discontinued for at least 4 weeks prior to ""Lu-DOTATATE
treatment and can be administered between 4 and 24 hours after each dose of
"Lu-DOTATATE. Short acting SSAs are discontinued at least 24 hours prior to initi-
ating '""Lu-DOTATATE therapy. Antiemetic premedication is administered prior to
the start of the amino acid solution infusion. Intravenous amino acid infusion contain-
ing L-lysine and L-arginine is administered 30 minutes before administering
TLu-DOTATATE. A three-way valve is used to administer amino acids using the
same venous access as ' /"Lu-DOTATATE, or amino acids can be administered through
a separate venous access in the patients other arm. Amino acid infusion is continued
for at least 3 hours after the infusion of '""Lu-DOTATATE to protect the kidneys from
radioactivity (package insert, Advanced Accelerator Applications) (36).

Infusion method

The radiopharmaceutical should be administered via an indwelling catheter to
ensure safe intravenous administration and prevent paravascular infiltration and
should be administered for 10 to 30 min, depending on the infusion system used.
There are two recommended methods of IV administration, namely gravity-based
infusion and infusion pump. In the gravity-based method, two needles are inserted
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into the ""Lu-DOTATATE vial; these include a short (2.5 ¢cm, 20 gauge) needle
into the '""Lu-DOTATATE vial and is connected via a catheter to 500 mL 0.9%
sterile sodium chloride solution to transport ""Lu-DOTATATE during infusion. It
is important to ensure that the short needle does not touch the '""Lu-DOTATATE
solution in the vial and that the sodium chloride solution does not flow into the
7Lu-DOTATATE vial prior to initiation of the "/Lu-DOTATATE infusion. The
second is a long needle (9 cm, 18 gauge) into the ""Lu-DOTATATE vial ensuring
that this long needle touches and is secured to the bottom of the "Lu-DOTATATE
vial during the entire infusion. The long needle is connected to the patient by an
intravenous catheter that is prefilled with 0.9% sterile sodium chloride solution
and is used exclusively for the infusion of '""Lu-DOTATATE into the patient. The
infusion pump method requires manual draw of the contents of the vial into a
syringe and administration with an automated syringe pump (package insert,
Advanced Accelerator Applications) (36).

The recommended dose of Y"Lu-DOTATATE is 7.4 GBq (200 mCi) = 10%
every 8 weeks for a total of four doses (package insert, Advanced Accelerator
Applications). The interval between two treatments can be extended to up to 16
weeks to recover from hematologic toxicity (45). The most common and most
serious side effects of ""Lu-DOTATATE include vomiting, nausea, decreased
blood cell counts, increased liver enzymes, decreased blood potassium levels, and
increased blood glucose.

Radiation safety precautions after receiving 7”Lu-DOTATATE therapy

Radiation safety precautions for patients after receiving 7"Lu-DOTATATE therapy
are to restrict the dose received by patients’ family members to less than 5mSv in
5years and to members of the public to less than 1 mSv per year. Patients receive
oral and written radiation safety precautions for three days after receiving therapy.
Blood and urine are the main sources of contamination during and after radionu-
clide administration. '""Lu-DOTATATE is excreted primarily in urine, therefore,
the foremost focus for the first 3 days after therapy is to prevent urinary contami-
nation (46). During this time, a double flush of the toilet is recommended after
urination. Patients should wash their hands after using the bathroom. The RADAR
website has an online tool that allows the calculation of cumulative doses to fam-
ily members or members of the public from exposure to patients treated with
TLu-DOTATATE (47). In addition to the beta particles, ""Lu-DOTATATE also
emits two gamma rays (113 KeV and 208KeV) with low relative abundance (6.2%
and 10.4% respectively) (48) (Figure 5).

Post- PRRT monitoring

Patients are instructed to continue care with the referring clinicians. For frequent
monitoring of hematologic toxicity and side effects, repeat complete blood cell
counts (CBQ), liver and kidney function evaluations, and biomarker checks can
be performed every 4 to 8 weeks after completion of therapy. CBC count and
creatinine measurement between PRRT cycles, usually 4 weeks after therapy, can
be considered. Contrast-enhanced CT or MRI or ®®Ga-DOTATATE PET/CT can be
performed 3-6 months after PRRT completion for response assessment (49).
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Figure 5. 74-year-old female with advanced and inoperable metastatic ileal NET.

A. 8Ga-DOTATATE MIP image and B. Fused coronal image show multiple intensely
somatostatin receptor-rich tumors in the liver and portocaval lymph node. C. Post-therapy
emission scan acquired 7 days after "7Lu-DOTATATE therapy (anterior and posterior images)
Somatostatin receptor rich tumor in liver and a portocaval lymph node.

PRRT in grade 3 NET

Grade 3 NET do not usually respond to the standard treatments which are tradi-
tionally used in NET G1-G2 such as somatostatin analogs, everolimus and suni-
tinib. However, recently, several retrospective studies have shown that high-grade
tumors in a substantial number of cases have increased uptake on somatostatin
receptor imaging indicating high tumor SSTR expression, and that these patients
seem to benefit from PRRT (50).

Other somatostatin receptor-expressing tumors

For tumors such as pheochromocytoma, paraganglioma, neuroblastoma, and
medullary thyroid carcinoma, surgical resection remains the mainstay of treat-
ment for resectable tumors. For locally unresectable tumors, if asymptomatic,
observation is recommended. In advanced metastatic disease, if tumors are pos-
itive on the '?’I- or ¥'[-mIBG scan, then treatment with high-specific-activity
(HSA) iobenguane 1-131 or other iodine-131-mIBG therapy is recommended
(51, 52). If tumors show adequate SSTR expression on imaging, then PRRT with
177y -DOTATATE can be considered (53, 54).

mIBG THERAPY

For patients with only liver lesions, or when the main tumor burden is in the liver,
90y SIR-spheres with or without chemotherapy are preferred. For patients with
inoperable metastatic disease, 1>!1-mIBG therapy can be offered after confirmation
of P-mIBG avid lesions on diagnostic mIBG imaging. In August 2018,
BI-mIBG:lobenguane (AZEDRA) was approved by the FDA for adult and pediat-
ric patients 12 years and older with pheochromocytoma and paraganglioma that
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are positive for the norepinephrine transporter (as determined by iobenguane
scan), and who require systemic anticancer therapy. Other indications for mIBG
therapy include inoperable or stage III or IV neuroblastoma, inoperable neural
crest tumors, and recurrent metastatic medullary carcinoma thyroid. 'I-mIBG
therapy is primarily useful to reduce the symptoms of metastatic disease, increas-
ing quality of life. There is often a need for more than two sessions of therapy.
Patients receive written and verbal information about the procedure before receiv-
ing mIBG therapy. Informed written consent is also obtained from the patient
(55). Therapy involves a multidisciplinary approach with the participation of
pediatric specialist staff when treating children with mIBG therapy (56). It is
important to ensure that the facility administering >!I-mIBG therapy has appro-
priate personnel, radiation safety equipment, procedures available for waste han-
dling and disposal, handling of contamination, monitoring personnel for
accidental contamination, and also controlling contamination spread. The prereq-
uisites for P-mIBG therapy are histopathologically proven NET with positive
mIBG scintigraphy, adequate thyroidal blockade, withdrawal of drugs known to
interfere with mIBG uptake.

Mechanism of action and contraindications of mIBG therapy

B is a gamma and beta emitter. *!I-mIBG can be used for both imaging and
therapy. The beta emissions from 3! have a cytocidal effect on tumor cells. Being
a systemic agent coupled with effective beta emissions from 3!, it achieves a
higher therapeutic efficiency at multiple sites in one sitting, when compared to
external beam radiation therapy. The contraindications to mIBG therapy are abso-
lute and relative. Absolute contraindications include pregnancy, breast feeding,
renal failure, and life expectancy of less than 3 months. Relative contraindications
include a glomerular filtration rate of less than 30 ml/min, a myelosuppression
(total white cell count) of less than 3 x 10%L, platelets less than 100 x 10°/L, pro-
gressive renal or hematologic toxicity, and unfit for isolation. In the event of

myelosuppression and renal impairment, the dose of administered activity should
be reduced (57).

mIBG therapy administration

The administration of 3'I-mIBG therapy should be carried out by appropriately
trained medical personnel with support nursing staff and available medical phys-
ics expert (57). Treatment is offered in an inpatient setting. The treatment room,
bathroom, and surrounding floor should be lined up to protect the area from
contamination from radioactive urine and other possible contamination.
Prophylactic antiemetics are given prior to therapy. mIBG therapy is administered
through an indwelling cannula or central venous line using a lead-shielded infu-
sion pump system. The infusion line is flushed at the same rate at the end of the
procedure. It is important to monitor vital signs during mIBG administration.
Vital signs are checked before and after infusion and at least twice daily thereafter.
More frequent monitoring is recommended for catecholamine-secreting tumors.
Short-acting alpha or beta blockers should be available for emergency use in the
event of catecholamine surge during or immediately after *'I-mIBG administra-
tion. In practice, unstable hypertension can be managed by reducing or
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temporarily stopping the P'I-mIBG infusion. In some cases, additional alpha or
beta blockers are essential (57). The usual administered activities range between
3.7 GBq (100 mCi) and 11.2 GBq (300 mCi)(56). The administered activity may
be modified for medical reasons such as tumor burden or according to local legis-
lation. In 2018, FDA approved '*!'I-lobenguane (Azedra, Progenics pharmaceuti-
cals) for the treatment of rare NET of the adrenal gland and other tissue areas.
Azedra is supplied in two therapeutic doses administered 90 days apatrt.

Post-therapy follow-up

Verbal and written instructions are given to the caregivers of patients to avoid
unnecessary radiation exposure to family members and the general public (57).
Patients are encouraged to have good hydration for about 72 hours posttherapy to
limit extratumoral radiation burden, especially to the bladder. A 5- to 7-day post-
therapy scan is usually performed. Laboratory tests such as CBC, renal function,
and liver function are performed every 2 weeks for 12 weeks. Thyroid function
tests are performed every 3 months for a year.

Adverse effects

Early side effects include temporary nausea and vomiting, usually during the first
two days after therapy. Temporary myelosuppression which typically occurs 4 to 6
weeks after therapy. Deterioration in renal function is a rare side effect and is
observed in patients who already have compromised renal function secondary to
previous chemotherapy. Rare hypertensive crisis due to the release of catechol-
amines, will require alpha blockade. Late effects may include hypothyroidism (after
inadequate thyroid blockade), persistent hematologic toxicity, and, very rarely,
sequela malignancy such as myeloproliferative disorder (leukemia) or secondary
solid tumors (58). The 'I-mIBG dose can be repeated if needed after 4-6 months.

CONCLUSION

Molecular imaging and therapy are important tools in the diagnosis and manage-
ment of a wide range of NET. It is important for the nuclear medicine professional
to understand which radiopharmaceuticals to suggest for the best evaluation of
these patients. Nuclear medicine professionals should also understand the man-
agement of minor and major complications related to radionuclide therapies.
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