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KEY POINTS

e Somatostatin receptor (SSTR)-imaging (PET or conventional scintigraphy) is an effective tool for
diagnosis, staging, planning of peptide receptor radionuclide therapy (PRRT), and evaluation of
treatment response in patients with neuroendocrine tumors (NETSs).

e Applying a dual-tracer approach with SSTR and PET with fludeoxyglucose F 18 imaging can help
the decision-making process for therapy selection in patients with NET.

o PRRT appears to be the most effective therapeutic option in the management of patients with inop-
erable or metastasized NET with limited side effects if dose limits are respected.

INTRODUCTION

Neuroendocrine tumors (NET) constitute a hetero-
geneous group of tumors that are able to express
somatostatin receptors (SSTRs) on the cell sur-
face,’? allowing the use of radiolabeled somato-
statin analogs for SSTR-targeted imaging as well
as peptide receptor radionuclide therapy (PRRT).

NETs are considered a relatively rare disease,
although incidence rates have been rising over
the past 30 years in Europe and the United
States,’? particularly those arising from the
midgut and pancreas.® Located primarily with
approximate 72% in the gastrointestinal tract
and 25% in the bronchopulmonary system,
NETs can also originate from various other sites
such as the head and neck region or the pros-
tate.*S They can be asymptomatic for years
and, especially those of the pancreas and intes-
tine, they are often diagnosed at late stage when
metastatic or locally advanced®’ and therefore
inoperable, so that a systemic therapy is often
required.*8

The clinical course of NET can be quite hetero-
geneous with variable response to treatments
despite possessing similar tumor characteristics
and having received the same therapy. The World

Health Organization (WHO) guidelines classify NET
into 3 grades based on cell proliferation, the num-
ber of mitoses, and the expression of the nuclear
antigen Ki-67.# Both proliferation index and grade
strongly correlate with tumor behavior and prog-
nosis.®"" High-grade, poorly differentiated NETs
often have limited expression of SSTR,® what
can lead to false negative SSTR-imaging results
and makes the molecular investigation difficult.

For the choice of the most appropriate treat-
ment for NET, information regarding anatomic
location and local invasion of adjacent structures,
tumor functionality, histologic tumor grading, stag-
ing, and SSTR status are required to help the
decision-making process, which should be indi-
vidualized for patients with NET.

CLINICAL CARE POINTS

The theragnostic principle is based on the concept
of diagnostic molecular imaging, followed by an
individually tailored treatment decision. Several
studies have demonstrated the effectiveness of
the application of SSTR-targeted imaging (PET or
conventional scintigraphy) for diagnosis, staging,
and planning of PRRT, as well as evaluation of
response to the treatment.*%7:12
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Imaging in Neuroendocrine Tumors

Assessment of liver metastases and degree of
liver involvement using morphologically orientated
imaging techniques, such as ultrasonography,
contrast-enhanced multidetector computed to-
mography (CT), or MR imaging is central for accu-
rate staging and for evaluating the response to
treatment.’® However, these methods sometimes
lack specificity, as conclusions regarding malig-
nant involvement of organ structures are based
only on size criteria and the contrast enhance-
ment pattern.'#

SSTR expression is evaluated by SSTR-imaging
with Gallium 68 (°®Ga)-1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid (DOTA)- Phe'-
Tyr3-Octreotide (TOC)/ Tyr3-Octreotate (TATE)/
Nal®-Octreotide (NOC)/lanreotide PET/CT or
99mT¢-hydrazinonicotinyl (HYNIC)-TOC/""In-
DOTA-TOC/lanreotide scintigraphy,*'#7 among
others. The whole-body nature of the examination
as well as its noninvasiveness makes SSTR-
imaging (PET or scintigraphy) more appealing for
imaging of NET than morphologic techniques.

Gabriel and colleagues'® found that ®8Ga-
DOTA-TOC PET shows a significantly higher
detection rate compared with conventional SSTR
scintigraphy and diagnostic CT with clinical impact
in many patients. Furthermore, in terms of staging
SSTR PET/CT imaging has been shown to be su-
perior to CT and MR imaging as well.'%17:18

PET/computed tomography imaging with
Gallium 68-labeled somatostatin analogs

The Ga-complexes of somatostatin analogs
commonly show a higher binding affinity for sstr2
when compared with the corresponding com-
plexes with indium, yttrium, or lutetium. DOTA-
lanreotide when labeled with yttrium beside high
affinity to sstr2 also shows high affinity to sstr5
comparable with DOTA-NOC and low affinity to
sstr3 (for review see Ref.'9).

The increased hydrophilicity of the Ga-complex
results in an increased renal elimination. Together
with an improved accumulation of 8Ga-DOTA-
TOC in the tumor lesions, these pharmacokinetic
properties lead to a high lesion contrast within a
short time interval post injection, which is of partic-
ular importance considering the short half-life of
68Ga (68 minutes).'® A detailed procedure guide-
line for PET-CT with ®8Ga-labeled somatostatin
analogs peptide imaging was summarized by the
Oncology Committee of the European Association
of Nuclear Medicine.?°

In the past few years, PET/CT imaging with
68Ga-labeled somatostatin analogs (®®Ga-DOTA-
TOC/TATE/NOC or %8Ga-DOTA-lanreotide) has

been shown to provide excellent sensitivity and
specificity for diagnosing and staging NET.'6-21

However, the very specific binding of these
compounds may lead to overinterpretation of
tracer accumulation. Therefore, interpretation
must be done cautiously in organs showing phys-
iologically enhanced tracer uptake, including
exocrine pancreas (head/uncinate process),??
spleen, liver, pituitary, thyroid, kidneys, adrenal
glands, and salivary glands.?? Infection/inflamma-
tion can lead to false positive results.?®

Gabriel and colleagues'® showed that %Ga-
DOTA-TOC provided additional information that
was obtained with none of the other imaging pro-
cedures in 25% (21/84) of patients with NET.
Haug and colleagues®® demonstrated the utility
of ®Ga-DOTA-TATE PET/CT in 104 patients with
suspected NET. PET/CT showed a sensitivity of
81% and a specificity of 90% resulting in an accu-
racy of 87%. The Munich Group?® also reported
change in surgical management in 9 (20%) of 44
patients with NET. In a retrospective blinded re-
view, Hofman and colleagues®® communicated
high impact on patient management including
curative surgery by identifying a primary site and
directing patients with multiple metastases to sys-
temic therapy.

Our Innsbruck Group?” reported that %8Ga-
DOTA-TOC showed in patients with NET a signifi-
cantly higher maximum standard uptake value
(SUVmax) regarding the primary tumor (n = 25)
as well as liver metastases (n = 30) compared
with ®8Ga-DOTA-LAN. Furthermore, we found
that investigation only of SSTR status by ®®Ga-
DOTA-TOC PET/CT may not reflect progression
in a certain NET lesion.?® Moreover, high-grade,
poorly differentiated NET often has limited expres-
sion of SSTR,'® what can lead to false negative
SSTR-imaging results and makes the molecular
investigation difficult. Therefore, applying a dual-
tracer approach with SSTR and PET with fludeox-
yglucose F 18 ('®F-FDG-PET) imaging could help
the decision-making process for therapy selection
in patients with NET.

PET/computed tomography imaging with
fludeoxyglucose F 18
8F_-FDG-PET is used to assess glycolytic meta-
bolism, and higher uptake of '®F-FDG has been
linked with more aggressive tumor features.?®
8F-FDG-PET is widely applied in oncology, but
its use in NET has been a matter of controversy.?®
The higher the grade of an NET, the higher is the
prevalence of glucose hypermetabolic tumors.®° A
dichotomous behavior has been found between
SSTR imaging and '8F-FDG-PET in well-
differentiated and poorly differentiated NET, where



the former was more positive with SSTR imag-
ing®%3! and the latter with '8F-FDG-PET.%2:33 18F-
FDG PET/CT has thus been used increasingly in
the past few years for the evaluation of high-
grade NET.2%30 The diagnostic value of '8F-FDG
PET in lower grade NET is limited because they
are slowly proliferating tumors with lower glyco-
lytic activity.>* Hence, even though '®F-FDG-PET
has a high spatial resolution, it has not been indi-
cated primarily for NET.

Binderup and colleagues®® showed that although
the diagnostic sensitivity of '®F-FDG PET is low for
NET, the prognostic value is high. This makes the
low diagnostic sensitivity less important because a
negative '8F-FDG-PET result is predictive of low
aggressiveness and a high survival rate.

Garin and colleagues®® reported that '®F-FDG-
PET has a prognostic value for early tumor progres-
sion. Our Group?® also showed that the presence of
18F-FDG-positive tumors correlates strongly with a
higher risk of progression. We found that initially
18F-FDG-negative patients with NET may show
'8F-FDG-positive tumors during follow-up.
Furthermore, we observed that patients with well-
differentiated, G1 and G2 NET also may have '8F-
FDG-positive tumors initially and may develop
18F-FDG-positive lesions during follow-up.

Some studies have demonstrated the associa-
tion of "®F-FDG PET with treatment response and
progression-free survival after PRRT in NET. Zhang
and colleagues®’ reported a significant benefit in
overall survival and in progression-free survival for
their 8F-FDG-negative group. These investigators
found that the presence of positive lesions on 'éF-
FDG PET is an independent prognostic factor in pa-
tients with NET treated with PRRT. High SSTR
expression combined with negative '®F-FDG PET/
CT imaging is associated with the most favorable
long-term prognosis. However, the prognostic
value of ®8Ga-SSTR PET imaging was found to be
lower than that of the '®F-FDG PET.

High '8F-FDG SUV seems to strongly correlate
with a short survival in patients with NET. Binderup
and colleagues®® reported that a SUVmax higher
than 3 was found to be the only independent pre-
dictor of progression-free survival and that an '8F-
FDG SUVmax higher than 9 was strongly correlated
with a greater risk of mortality in patients with NET.

Metabolic imaging with '8F-FDG PET/CT comple-
ments thus the molecular imaging with ®8Ga-SSTR
PET/CT for the prognosis of survival after PRRT.3>37

Peptide Receptor Radionuclide Therapy

For the choice of the most appropriate treatment
for NET, information regarding anatomic location
and local invasion of adjacent structures, tumor
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functionality, histologic tumor grading, staging,
and SSTR status are required to help the
decision-making process, which should be indi-
vidualized for patients with NET.

Multiple treatment approaches, which are inter-
changeable for most patients, are now available
for patients with NET presenting with metastatic dis-
ease, including surgery, locoregional therapies,*®°
interferon-alpha, chemotherapy,®® molecular tar-
geted therapies, %8 biotherapy with somatostatin
analogs,*®4° and PRRT*152140; however, relapses
occur after a certain time in many patients.

PRRT is a molecularly targeted radiation therapy
involving the administration of a specific radio-
pharmaceutical composed of a B-emitting radio-
nuclide chelated to a peptide designed to target
with high affinity SSTR overexpressed on tumors.
SSTR 2 is the key target molecule for both cold
and radiolabeled somatostatin analogs.* PRRT us-
ing '77Lu and/or °°Y-labeled somatostatin analogs
(DOTATATE, DOTATOC, or lanreotide) has been
used for more than 20 years as a systemic treat-
ment approach in metastatic and inoperable NET
that expresses SSTR positivity, evaluated by
SSTR-imaging (PET  and/or  conventional
scintigraphy).#1=43

Depending on the size of the tumor or metas-
tasis, °°Y beta rays with a range of approximately
12 mm in tissue are theoretically better suited for
larger tumor lesions, whereas '7Lu, with a smaller
range of approximately 2 mm, is preferentially
used for smaller tumors.*! Although there is no ev-
idence in the clinical setting, this concept has been
widely applied in clinical practice for many years.
In the past few years, the '"’Lu-labeled com-
pound, particularly, has found its way into clinical
routine in view of its more favorable properties in
terms of kidney toxicity.

There are different research PRRT protocols in
use with either standard dose or individualized ther-
apy with a variable number of cycles. In most institu-
tions, PRRT treatment scheme is individually
adapted concerning the doses and time intervals,
depending on tumor stage, age, tracer uptake,
biochemical response, Karnofsky Index, and quality
of life. The PRRT scheme that has been performedin
Innsbruck for more than a decade includes a PRRT
infusion administered in conjunction with an amino
acid solution to protect the kidney function.**!

The recommended intravenously administered
activity for °Y-DOTA-TOC/TATE is 2.78 to 4.44
GBq (75-120 mCi) every 6 to 12 weeks for a total
of 2 to 4 cycles, and for 7"Lu-DOTATATE/TOC is
5.55to0 7.4 GBq (150-200 mCi) every 6 to 12 weeks
for a total of 3 to 5 cycles. Restaging with SSTR-
imaging, CT, and laboratory analyses, among
others, is performed after completion of the
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therapy cycles and in many institutions also be-
tween cycles. Combination therapies with Y
and '7Lu peptides are being actively
investigated.*

The long-acting form (cold, ie, nonradioactive) of
the somatostatin analogs octreotide or lanreotide
can be applied between the treatment cycles but
should be at least 4 weeks apart from the radioac-
tive cycle.*®

In general, PRRT is used after failing first-line
medical therapy. The main candidates for PRRT
are those with well-differentiated and moderately
differentiated NET defined as NET grade 1 or 2 ac-
cording to the WHO 2010 classification.'® Retro-
spective multicenter ongoing studies, such as on
behalf of the World Association of Radiopharma-
ceutical and Molecular Therapy, are being con-
ducted to evaluate the efficacy of PRRT also in
patients with NET grade 3.

The clinical efficacy of PRRT has been demon-
strated in several clinical studies*®? (Fig. 1).
The documented response rate summing up com-
plete response, partial response, minor response,
and stable disease is approximately 70% to 80%
for ®0Y-DOTATOC and for '77Lu-DOTATATE.#42

%Ga-DOTA-TOC PET/CT

Initial evaluation before PRRT

Follow-up after PRRT

BF-FDG PET/CT

PRRT has been shown also effective in terms of
both symptomatic control and survival.?0=*2
Recently, in a 12-year follow-up after PRRT per-
formed at our institution, Gabriel and colleagues*’
found that 32% (14 of 44 patients) of the patients
with metastatic or inoperable NET disease are still
alive more than 12 years after the beginning of
PRRT, with a median overall survival of 79 months.
Other recent study results have indicated also a
benefit of PRRT concerning response rate,
progression-free survival, and overall survival as
compared with established therapy proced-
ures.*%4 In particular for metastatic midgut
NETs, PRRT has been established as one major
therapy strategy because only a few therapeutic
alternatives are available for this tumor entity.*®

The significant benefit of PRRT over cold so-
matostatin analog therapy was demonstrated by
the recent randomized phase 3 clinical trial of
77Lu-DOTATATE in advanced, progressive
midgut NETs grade 1 or 2 (NETTER-1).%° In this
trial, PRRT resulted in a markedly longer
progression-free survival and a significantly higher
response rate compared with long-acting repeat-
able octreotide alone.

Fig. 1. A 59-year-old female patient
with pancreatic NET and liver metas-
tases before PRRT shown by %8Ga-
DOTA-TOC PET, whereas '8F-FDG PET
was negative (upper row). Complete
remission documented by %8Ga-
DOTA-TOC and '8F-FDG PET (lower
row) after PRRT (9 cycles with °0Y-
DOTA-TOC, cumulative dose of 10
GBg, and 4 cycles with "77Lu-DOTA-
TATE, cumulative dose of 29 GBq).
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Forrer and colleagues*® reported that '"7Lu-
DOTATOC therapy is feasible, safe, and effica-
cious in patients with relapse after ®°Y-DOTATOC
treatment.

Health-related quality of life (HRQoL) is also
significantly improved after PRRT.4%47=4® Qur
group®® examined the course of HRQoL in patients
with metastatic gastroenteropancreatic NET un-
dergoing PRRT at our institution. We found a sig-
nificant improved or at least stable HRQoL on
several domains from baseline to the first restag-
ing after PRRT regarding physical, social and role
functioning, fatigue, diarrhea, and appetite loss.

Several articles have been published on toxicity
following PRRT proving that the treatment is safe
and beneficial.*>#25" Dosimetry is useful to
assess the radiation risk for normal and critical or-
gans, that is, bone marrow and kidneys after
PRRT. Radiolabeled SST-analogs are reabsorbed
in the renal proximal tubules, hence the kidneys
are exposed to a relatively high radiation dose.
Renal radiation exposure can be reduced by coin-
fusion of amino acids during PRRT.%? The stan-
dard activity of '7Lu and °°Y-labeled
somatostatin analogs may be reduced in the
case of pretherapeutic relevant renal impairment,
or low white blood cell count.®®

%Ga-DOTA-TOC PET/CT
Initial evaluation before PRRT

&

Follow-up after PRRT

®.

8F-FDG PET/CT

Theragnostics in Neuroendocrine Tumors

Severe toxicity (any grade greater than grade 2)
according to the Common Terminology Criteria of
Adverse Events (CTCAE), occur rarely.>® Bodei
and colleagues®' reported nephrotoxicity of any
CTCAE grade in 34.6% and grade 3 and 4 in
1.5% for a very inhomogeneous cohort of 807 pa-
tients studied. In our retrospective analysis®® the
vast majority of patients showed either none or
only a mild to moderate decrease in kidney func-
tion as well as hematotoxicity 1 year after comple-
tion of standardized PRRT with 4 treatment cycles
of either ®°Y-somatostatin or '"’Lu-somatostatin
analogs. We found nephrotoxicity of any CTCAE
grade in 31 (30.4%) of 102 patients and severe
(CTCAE grade 3/4) in only 1 patient. In our cohort,
PRRT had no statistically significant impact on
leukopenia and thrombopenia. No hematotoxicity
greater than grade 2 according to CTCAE was
observed.

Therefore, in terms of safety, PRRT seems to
have no critical impact on further oncologic treat-
ment options in the case of disease progression.

In case of dedifferentiation, higher grade, bulky
or '8F-FDG-avid NET (Fig. 2) chemotherapy may
become an option. The integration of PRRT into
multimodality therapy protocols might improve
response to treatment. The use of radiosensitizing

Fig. 2. A 55-year-old female patient
with pancreatic NET and liver metas-
tases before PRRT shown by %8Ga-

. DOTA-TOC PET, whereas '8F-FDG PET

was negative (upper row). Disease
s progression documented by ©Ga-
DOTA-TOC and '®F-FDG PET (lower
row) after PRRT (5 cycles with °0Y-
DOTA-TOC, cumulative dose of 19.37
GBq). Biopsy of a hypermetabolic
liver metastasis revealed a Ki-67 index
of 40%.

$
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PRRT + Radiosensibilization with Low-Dose Temozolamide in G3

SSTR- and FDG-PET/CT positive NETs

Fig. 3. Innsbruck scheme of PRRT in
combination with radiosensibilization
with low-dose temozolomide in G3

SSTR- and '8FDG-PET/CT positive NET.
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chemotherapy in combination with ®°Y-somato-
statin or '7"Lu-somatostatin analogs has shown
an additive value.®*

We investigated recently (data under publica-
tion, 2021) the efficacy of PRRT in combination
with radiosensitizing chemotherapy with temozo-
lomide (Fig. 3) in 20 patients with G3 NET with
18F-FDG-avid lesions. At the end of the observa-
tion time, 20% of patients had complete response,
10% patients partial response, 30% patients sta-
ble disease, and 40% patients progressive dis-
ease. None of our patients showed serious
adverse events after this combined treatment dur-
ing follow-up.

DISCUSSION

Our group® showed recently that the sole investi-
gation of SSTR status by ®8Ga-DOTA-TOC-PET/
CT may not reflect the progression in certain NET
lesions. Therefore, we recommended performing
8F_-FDG-PET in the initial evaluation and during
follow-up of patients with NET, especially when
SSTR PET/CT shows progression. '®F-FDG-PET/
CT along with SSTR imaging was found to help
to stratify patients with G3 NET. High uptake on
68Ga-SSTR PET/CT combined with negative '8F-
FDG PET/CT is associated with a comparatively
prolonged progression-free as well overall sur-
vival.®” 18F-FDG-PET/CT is thus a complementary
tool to ®8Ga-DOTA-TOC-PET/CT with clinical rele-
vance for the molecular investigation of NET.
These findings must be taken into account, espe-
cially for individualized and optimized therapy
planning.

PRRT appears to be the most effective thera-
peutic option in the management of inoperable or
metastasized patients with NET.*°"*?> However,

despite the huge potential of PRRT the nonavail-
ability of PRRT in many countries still limits its
widespread use.

The combined use of different radiolabeled so-
matostatin analogs, sequentially or concomitantly,
may optimize the treatment outcome. Over time,
several patients with differentiated NET will show
progressive disease after initial response to
PRRT. In these patients, re-PRRT may be a favor-
able option.*®

On the other hand, PRRT also entails limited
side effects that should be considered. In partic-
ular, special attention has to be paid to renal func-
tion and bone marrow reserve.*>5" Protective
measures, particularly individually adapted PRRT
concerning the doses and time intervals and also
concomitant application of amino acid solution to
protect the kidney function should be undertaken
regularly.

When NETSs lose their initially high differentia-
tion, the European Neuroendocrine Tumor Society
Consensus Guidelines propose molecular tar-
geted therapies, and in the case of higher dediffer-
entiation, they suggest chemotherapy.'® Further
ongoing studies are mandatory to optimize clinical
protocols and assess the efficacy of PRRT in com-
bination with radiosensitizing chemotherapy in pa-
tients with '8F-FDG-avid NET lesions.

SUMMARY

Adopting a dual-tracer approach encompassing
SSTR and '8F-FDG-PET imaging, and assessing
the SSTR expression and glycolytic metabolism,
respectively, contribute toward a personalized
medicine in the management of patients with NET.

PRRT with differently labeled tracers (°°Yor
77Luy) and different somatostatin analogs is



generally well tolerated, with only a few serious
side effects.

Relapses occur after a certain time in many pa-

tients with NET. In these cases, the combined use
of different radiolabeled somatostatin analogs,
sequentially or concomitantly, as well as re-
PRRT may optimize the treatment outcome.
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