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Summary

Molecular imaging has found numerous applications in on-
cology as many tumours express or activate tumour spe-
cific target molecules or pathways. This relatively new
imaging technique results in a better localisation of tu-
mours and improved tumour staging, especially in the set-
ting of hybrid imaging that is in combination with mor-
phological imaging such as computed tomography. In well
differentiated neuroendocrine tumours, somatostatin re-
ceptor imaging, as one of the first examples of receptor
targeted imaging in humans, plays an important role in
the diagnostic work-up of these patients. In poorly dif-
ferentiated neuroendocrine tumours or medullary thyroid
carcinoma, 18F-fluorodeoxyglucose PET/CT and dihydrox-
yphenylalanine PET/CT play an important role due to the
limitations of the somatostatin receptor imaging in these
tumour entities. These limitations prompted the develop-
ment of innovations such as radiolabelled somatostatin
receptor antagonists for imaging all types of NET and
glucagon-like peptide-1 receptor agonists for the imaging
of insulinomas. The current review summarises the actual
state of knowledge in the field.
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Introduction

Molecular imaging is a relatively new field that has
emerged at the intersection of molecular biology and in vi-
vo biomedical imaging. It has found numerous applications
in oncology as many tumours express or activate tumour
specific target molecules or pathways. Importantly, besides
the basic research which defines the specific molecular tar-
get of a specific disease (i.e., a receptor, metabolite), the
competence of the radiopharmacy in designing, develop-
ing and producing the molecule that includes the radioiso-
tope, and the nuclear medicine specialists in administrating
the radioisotope-labelled molecule as well as evaluating
the images, are essential for this approach. In addition, by

changing the radioisotope, molecular imaging can be used
beyond diagnostic purposes to targeted radionuclide ther-
apy. The thyroid gland, as the only tissue able to organi-
fy iodine, is an example for a well-established molecular
imaging application with 123iodine scintigraphy (gamma
emitter) as a diagnostic tool, and 131iodine as a therapeu-
tic agent (combined gamma and beta emitter) for ablation
of remnant thyroid tissue in patients with thyroid cancer.
Newer developments include positron-emitting radioiso-
topes such as fluorine-18 (18F) or gallium-68 (68Ga), cou-
pled with specific biomolecules as diagnostic agents. The
advantage of positron emission tomographic imaging
(PET) is the higher spatial resolution of the images and the
shorter half-life of the common radioisotopes used. This
leads to high quality imaging results, lower radiation ex-
posure and the possibility of obtaining imaging results a
few hours after the injection of the radiopharmaceuticals,
in contrast to 24 to up to 72 hours with many gamma-
emitting radioisotopes (e.g., indium-111 (111In) and tech-
netium-99m (99mTc) based imaging).

Neuroendocrine tumours (NET) are heterogeneous with
respect to site of origin and metastatic behaviour. About
25% of the NET secrete hormones leading to specific clin-
ical signs and symptoms, while the remaining approximate
75% are so-called non-secreting NET, which are often di-
agnosed incidentally, and 40–50% are already in a metasta-
tic tumour stage [1]. NET exhibit a unique biologic feature:
they show an overexpression of specific peptide hormone
receptors at the surface of the tumours, which are homo-
geneously distributed [2]. These receptors belong to the
class of G protein-coupled membrane receptors [2]. They
are targeted by small peptides and have different regulato-
ry functions in the gastrointestinal tract, the endocrine sys-
tem and the peripheral and central nervous system [3]. In
tumours, they mainly control hormone secretion and cell
proliferation and represent, therefore, important molecular
targets for clinical applications [2].

In vitro studies using autoradiography (123I-labelled so-
matostatin analogue; fig. 1) have shown that somatostatin
receptors are overexpressed in 80-90% of the NETs. In ad-
dition, they are homogenously distributed on the surface of
the NETs and thus are an ideal target for molecular imag-
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ing and therapy [2]. Importantly, the radioisotope has to be
linked to the molecule, which targets the specific recep-
tors. The principal composition of the administered mole-
cule for diagnostic purposes in vivo is shown in figure 2.

The clinical significance of the most important peptide re-
ceptor for molecular imaging and therapy in NET will be
reviewed here. In addition, new developments will be dis-
cussed.

Figure 1: Autoradiography in a patient with a benign insulino-
ma. A: H&E staining B: Autoradiography using 125-I-GLP-1 (7-36)
amide: homogenous and increased expression of GLP-1 recep-
tors. C: Aujtoradiography showing non-specific binding of 125-I-
GLP-1 (7-36) amide in the presence of 100nm GLP-1 (7-36)
amide.This figure was kindly provided by Beatrice Waser and Jean
Claude Reubi.

Somatostatin receptors

Somatostatin receptors (SSTR) represent one of the first
examples of receptor targeting in humans. Five subtypes
(SSTR1-5) are known, with subtype 2 being the most im-
portant since it is homogenously expressed at high density
at the surface of NET cells in 80-90% of cases [2]. The
only exceptions are insulin secreting NET (insulinomas)
and medullary thyroid cancer where other receptors such
as GLP-1 and CCK-2 play an important role (see the cor-
responding section below).

It was believed that SSTRs are mainly expressed in well
differentiated NET (G1–G2) corresponding to a prolifer-
ation index (ki-67) of 1–20%. However, recent in vitro
analysis of a large number of different gastrointestinal and
bronchopulmonary NET showed that SSTRs are expressed
independently of NET differentiation [4], indicating that
somatostatin receptor targeting for diagnostic or therapeu-
tic use can sometimes also be offered to some patients with
G3 NET tumours (Ki-67 >20%).

Somatostatin receptor-regulated functional activities
of NET
The most important effect of somatostatin and its ana-
logues with agonistic properties is inhibitory, both physi-
ologically and in tumours. In NET, somatostatin receptor
agonists inhibit hormonal secretion, which is well estab-
lished in secreting gastroenteropancreatic neuroendocrine
tumours (GEP-NET) like carcinoids, gastrinomas, VIP-
oma and glucagonoma, but is less effective in insulinomas
[5].

Furthermore, randomised controlled trials have shown that
somatostatin analogues have an antitumour effect by sig-
nificantly extending the progression-free survival in se-
creting [6] and non-secreting NET [7] by binding to the
somatostatin receptors [6–8], however, without affecting
overall survival. Although the anti-proliferative effect of
somatostatin analogues is not completely elucidated, they
exert an anti-angiogenic effect by inhibiting endothelial
cell proliferation and the development of new tumour-as-
sociated blood vessels [9]. This may contribute to tumour
size reduction [10].

Figure 2: Structure of a peptide-receptor radionuclide for di-
agnostic and therapeutic administration. A radiopeptide is pri-
marily composed of the specific ligand (i.e., SSTR-agonist, SSTR-
antagonist, exendin-4, minigastrin, etc.), a spacer (Ahx, Nal, Tyr)
linking the ligand to a chelator (DOTA; DTPA) and the radioisotope
for SPECT (i.e., 111Ind:gamma-emitter) or PET (i.e., 68Ga: positron
emitter) or therapeutic use (i.e., 177Lu: combined beta and gamma
emitter).
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In vitro somatostatin receptor expression in human tis-
sues
For the in vitro somatostatin receptor assessment, two re-
liable methods are established. (1) Autoradiography using
125I-Tyr3-octreotide is excellent in determining SSTR in
tumour tissues in terms of sensitivity and specificity. Fur-
thermore, it shows a good correlation with in vivo so-
matostatin receptor imaging using 111In-DTPA-octreotide
(OctreoScan®; SRS) [11] and 68Ga-DOTATOC. It can,
therefore, be helpful to determine whether a patient is a
candidate for in vivo targeting of SSTR. (2) Immunohis-
tochemistry for the detection of SSTR is now established
after intensive searching for a reliable antibody. In expe-
rienced hands, immunohistochemistry with the anti-SSTR
antibody UMB-1 (Abcam) is comparable to 125I-Tyr3-oc-
treotide autoradiography in quantifying SSTR in NET
[12].

In vivo somatostatin receptor imaging for diagnosis of
NET in humans
PET imaging with 68Ga-labelled somatostatin agonists is
superior to somatostatin receptor scintigraphy [13, 14] us-
ing 111In-DTPA-octreotide or 99mTc-HYNIC-TOC and of-
fers numerous advantages (fig. 3). It allows high-quality
imaging with improved sensitivity as early as 45 minutes
after injection of the radiotracer, provides higher spatial
resolution and enables better absolute quantification of
tracer uptake (determination of the standardised uptake
value (SUV)). In addition, the radiation dose is less than
one-half of that of 111In-DTPA-octreotide [15]. Therefore,
the 2017 European Neuroendocrine Tumour Society
guidelines recommend imaging of GEP-NET with SSTR

PET/CT (e.g., 68Ga-DOTATOC or 68Ga-DOTATATE)
whenever available [16].

Indication, advantage and side effects
SSTR imaging is indicated in the following clinical situ-
ations: (1) as a diagnostic tool in order to find a primary
NET (i.e., ileal NET) which can be very small; (2) for stag-
ing of the disease in a patient with histologically proven
NET; and (3) pre-therapeutically in situations where a pep-
tide receptor radionuclide therapy (PRRT) is considered.
Although the indication for SSTR imaging is established
for staging, the usefulness of SSTR imaging needs to be
proven as a valid tool in the follow-up of patients with a
NET.

The advantage of this molecular imaging is two-fold: (1)
confirmation of the presence of SSTR in vivo and (2) a
high sensitivity and specificity for NET in the case of
an unclear lesion in conventional imaging. Side effects of
the application are rare and include nausea and only very
rarely vomitus.

Other molecular imaging modalities in NET
18F-Fluorodeoxyglucose (18F-FDG) PET/CT

Glucose metabolism is the main energy source for most
cells. Therefore, 18F-Fluorodeoxyglucose (18F-FDG) is
able to visualise intracellular increased glucose turnover in
patients with neoplastic disease. As GEP-NETs are well
differentiated, they usually do not have a high glucose
turnover rate and the sensitivity of 18F-FDG PET/CT is
consequently low, especially in well differentiated NET
(G1 and G2). As such, 18F-FDG is not routinely used for
diagnostic purposes. However, high glucose metabolism

Figure 3: Somatostatin-receptor targeting using 111In-DTPA-octreotide, 68Ga-DOTA-octerotide and 68Ga-DOTA-SSTR-antagonist.
Head-to-head comparison of 111In-DTPA-octreotide scintigraphy and SPECT/CT (a,d) versus 68Ga-DOTA-TOC PET/CT (b,e), 2 SSTR agonists
and 68Ga-OPS202 PET/CT (c,f), a novel SSTR2 antagonist, in a 32 year-old patient with well differentiated ileal neuroendocrine tumour G2.
The primary tumour is in situ (asterisk) and there are a mesenterial lymph (arrow head) and multiple liver metastases. Note, in this otherwise
stable disease, the increased number of liver metastases visible on the antagonist scans (c, f) due to an improved signal-to-noise ratio com-
pared to the agonist (a and b) as well as the decreased liver, spleen (Spl), thyroid (T) and gastro-intestinal (GI) uptake.
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can be documented in poorly differentiated NETs (G3) and
is usually associated with a poor prognosis. On the other
hand, negative 18F-FDG PET/CT scans are predictive for
low aggressiveness and a high survival rate [17].

18F-Dihydroxyphenylalanine (18F-DOPA) PET/CT
NETs take up dihydroxyphenylalanine (DOPA) and the
labelled metabolite (18F-DOPA) via a specific cell mem-
brane bound transporter. Within the cell, it is decarboxy-
lated by the aromatic acid decarboxylase (AADC) to 18F-
dopamine. Compared with SRS, 18F-DOPA PET/CT has
superior performance in imaging GEP-NETs [18]. Com-
pared with SSTR PET/CT, 18F-DOPA PET/CT has an in-
ferior performance in patients with GEP-NETs [19]. How-
ever, 18F-DOPA PET has shown relatively high sensitivity
in congenital hyperinsulinism and adult nesidioblastosis.
In addition, there are data suggesting the usefulness of this
modality to localise medullary thyroid carcinoma, benign
insulinomas, paragangliomas and phaeochromocytomas.

Importantly, 18F-FDG and 18F-DOPA PET/CT can be use-
ful for the localisation of NET, guiding biopsy and plan-
ning of a surgical or medical intervention. In contrast, a
positive result of a SSTR imaging procedure can have im-
mediate therapeutic consequences. In such patients, pep-
tide receptor radionuclide therapy (PRRT) can be adminis-
tered with the appropriate beta-emitter (e.g., 177Lu) [20].

Glucagon-like peptide-1 receptor (GLP-1R)
The clinical success of somatostatin receptor targeting of
neuroendocrine tumours has stimulated the search for other
peptide receptors suitable for similar applications. A can-
didate with growing clinical interest is the glucagon-like
peptide 1 (GLP-1) receptor (GLP-1R). This receptor is also
a member of the G-protein-coupled receptor family [21]
and its expression has been characterised in normal human
tissues. It has been found in the pancreatic islets and aci-
ni, stomach, small and large intestinal myenteric plexus,
lung and kidney vasculature, breast parenchyma, heart,
brainstem, hypothalamus, neurohypophysis and meninges.
GLP-1 receptor activation upon agonist binding stimulates
adenylate cyclase and phospholipase C, with subsequent
activation of protein kinase A and C, respectively [22]. Be-
sides the well-known effect as an insulin secretagogue, it
promotes resistance to apoptosis and enhanced β-cell sur-
vival in human islets [23].

GLP-1 receptor-regulated functional activities in the
gastrointestinal tract
The glucagon-like peptide (GLP-1) is an incretin hormone
mainly produced in the enteroendocrine L cells of the
ileum and colon in response to nutrient intake and is one
of the most important glucose-dependent insulin secreta-
gogues. In addition to the glucose-dependent increase in
insulin secretion, GLP-1 inhibits glucagon secretion, gas-
tric emptying and food ingestion, and promotes enhanced
glucose disposal through neural mechanisms [22]. Howev-
er, the natural ligand GLP-1 (30 amino acids peptide) has
unfavourable characteristics for successful in vivo target-
ed imaging as it is degraded in the human blood by dipep-
tidyl-peptidase-4 [24] and therefore has a plasma half-life
of less than two minutes.

In search of a more favourable analogue, exendin-4 was
identified. This peptide is metabolically resistant to dipep-
tidyl-peptidase-4 degradation [25]. It was identified in the
saliva of the Gila monster lizard (Heloderma suspectum)
and it shares 53% homology with the human GLP-1 [26].
Consequently, Exenatide, a synthetic exendin-4 was devel-
oped, which is primarily an FDA-approved medication es-
tablished for the treatment of type 2 diabetes mellitus.

In vitro GLP-1R imaging for diagnosis of benign in-
sulinomas
Benign insulinomas are usually located in the pancreas.
They are the most common cause of endogenous hyper-
insulinaemic hypoglycaemia in adults [27]. At present,
surgery remains the only curative treatment. Pancreas-pre-
serving surgery such as limited segmental resection or enu-
cleation is considered the treatment of choice [28–30].
Therefore, the exact preoperative localisation of insulino-
mas is critical in order to plan surgical strategy and im-
prove postoperative outcomes. The small size of insuli-
nomas (usually ≤2 cm [31]) challenges the detectability
by conventional imaging techniques such as contrast-en-
hanced computed tomography (CT), contrast-enhanced
magnetic resonance imaging (MRI) and endoscopic ultra-
sound (EUS).

Reubi et. al tested the incidence and mean density of 13
peptide receptors in different (neuro)endocrine tumours us-
ing autoradiography [32]. GLP-1 receptors were overex-
pressed in nearly 100% of all tested benign insulin-se-
creting neuroendocrine tumours. The density of GLP-1R
expression in insulinoma was approximately a five-fold in-
crease compared to a normal pancreatic B-cell ([13]; fig.
1). This is of particular importance since SSTR density is
comparatively low in benign insulinomas. Consequently,
in vivo SSTR imaging for insulinomas is often negative.
The high GLP-1 receptor density makes it an ideal target
for molecular imaging, fulfilling the critical prerequisite
for successful in vivo targeting [2, 33].

In vivo GLP-1R imaging for diagnosis of insulinomas
in humans
In 2008, the first two patients who underwent GLP-1 re-
ceptor scintigraphy were published as a letter in the New
England Journal of Medicine. Both patients suffered from
severe endogenous hyperinsulinaemic hypoglycaemia and
previous conventional imaging or selective arterial stimu-
lation and venous sampling was negative or inconclusive.
In both patients, GLP-1R detected a focal lesion which was
surgically resected, and histologic analysis of surgically re-
moved tissues confirmed the diagnosis of a benign insuli-
noma containing a high GLP-1R density [34].

In a proof of principle study, 111In-DOTA-exendin-4 was
prospectively administered to six patients [35], all of
whom presented with neuroglycopenic symptoms due to
endogenous hyperinsulinaemic hypoglycaemia. GLP-1R
scintigraphy correctly detected the insulinoma in all six
consecutive patients. In vitro autoradiography of GLP-1R
showed a density of GLP-1R in the range as previously de-
scribed [2], whereas somatostatin receptor status revealed
low density of somatostatin type 1 receptors [35].

The first prospective multicentre study included 30 pa-
tients with proven endogenous hyperinsulinaemic hypo-
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Figure 4: GLP-1 receptor targeting using 68Ga-DOTA-exendin-4. Patient with endogenous hyperinsulinaemic hypoglycaemia without evi-
dence of an insulinoma in the prior external scans.Transaxial (a), coronar (b) and MIP (c) of PET/CT 2.5 h after injection of 68Ga-DOTA-ex-
endin-4 and transaxial contrast enhanced CT (d). PET/CT (b) shows a clear focal uptake in the head of the pancreas and histological evalua-
tion confirmed a benign insulinoma. Contrast enhanced CT shows only a discrete diffuse contrast enhancement in the head of the pancreas.

glycaemia who underwent 111In-DTPA-exendin-4 imaging
GLP-1R scanning. Whole-body planar images and
SPECT/CT of the abdomen were performed and in some
patients between 72 and 96 and up to 168 hours post injec-
tion, the most important time point being the scan 24 hours
after injection. In 25 patients who underwent surgery (with
histological analysis), 111In-DTPA-exendin-4 SPECT/CT
correctly detected 19 insulinomas and four additional pos-
itive lesions (two islet-cell hyperplasia and two unchar-
acterised lesions), resulting in a positive predictive value
of 83%. For the 23 assessable patients, 111In-DTPA-ex-
endin-4 SPECT/CT had a higher sensitivity (95%) than
did CT/MRI (47%). Seven patients were operated because
GLP-1R imaging was the only method that showed a sus-
picious lesion in the pancreas. Five of these patients had
a confirmed insulinoma with normalisation of blood sugar
levels after surgery, supporting the clinical value of
GLP-1R imaging.

Since PET has several advantages over SPECT, 68Ga-
DOTA-exendin-4 and 111In-exendin-4 SPECT were tested
in a randomised cross-over order in five patients with en-
dogenous hyperinsulinaemic hypoglycaemia and negative
or controversial findings on conventional imaging [36].
The results of this proof of principle study showed a better
performance of 68Ga-DOTA-exendin-4 PET compared
with 111In-DOTA-exendin-4 SPECT.

Based on these promising data, a prospective study in-
cluding 52 consecutive patients was conducted at the Uni-
versity Hospital of Basel. The aim was to compare the
diagnostic accuracy and clinical impact of 68Ga-DOTA-
exendin-4 PET/CT in comparison with 111In-DOTA-ex-

endin-4 SPECT/CT and 3-Tesla-MRI. The data from this
study showed the superiority of 68Ga-DOTA-exendin-4
PET/CT (fig. 4) in comparison with 111In-DOTA-ex-
endin-4 SPECT/CT and 3-Tesla-MRI [37].

Indication, advantage and side effects
GLP-1R imaging with PET/CT or SPECT/CT is most like-
ly to be helpful in patients with a high suspicion for the
presence of an insulinoma. This requires the assessment of
blood glucose, C-peptide and insulin levels in a standard-
ised fasting test. If an endogenous hyperinsulinaemic hy-
poglycaemia is confirmed, a GLP-1R molecular imaging is
indicated.

Nausea and occasional vomiting are known side effects of
DOTA-Exendin-4 Tracers. These side effects are usually
confined to the first hour after injection. During the first
five hours after the injection of a DOTA-Exendin-4 Tracer,
a decrease in blood glucose levels can occur. Therefore, the
continued infusion of intravenous glucose administration
is recommended during the procedure.

Costs for molecular imaging in NET

The cost of molecular imaging with PET/CT ranges be-
tween 2885 and 3400 CHF. In comparison, conventional
imaging with SPECT, for example, OctreoScan®, costs
around 1800 CHF.

Outlook

Until recently, all somatostatin-based radiotracers used in
the clinic for diagnostic (SPECT, PET) or therapeutic
(PRRT) procedures in patients with NET were agonists. It

Review article: biomedical intelligence Swiss Med Wkly. 2019;149:w20017

Swiss Medical Weekly · PDF of the online version · www.smw.ch

Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Page 5 of 8



was thought that the internalisation of the tracer is essen-
tial for a high accumulation and long-lasting retention of
the radiotracer into the tumour cells. The paradigm shifted
when in vitro and in vivo data showed that a higher tumour
uptake and longer tumour retention could be obtained with
radiolabelled SSTR antagonists without documented inter-
nalisation [38]. Based on in vitro studies, it is likely that
radiolabelled SSTR antagonists exhibit a higher number of
potential binding sites on the receptor, thereby increasing
the tumour uptake [38, 39]. This was confirmed with au-
toradiographic studies on human tumour sections [40].

First-in-human studies in five patients with NET demon-
strated the high potential of radiolabelled antagonist (111In-
DOTA-BASS) for imaging and also PRRT [41] (fig. 3).
Because of these promising results, PET tracers were syn-
thesised with high affinity for SSTR2 [42]. A first antago-
nist (68Ga-OPS202, also known as 68Ga-NODAGA-JR11)
for PET/CT has been successfully evaluated in a phase I/II
clinical trial [43, 44], which shows the superior sensitivity
of the antagonist, compared to the well-established agonist
68Ga-DOTA-TOC in a head-to-head intra-patient compar-
ative study. The respective therapeutic radiotracer 177Lu-
OPS201 (also known as 177Lu-DOTA-JR11) has shown 1.7
to 10.6 times higher tumour doses than 177Lu-DOTA-TATE
(agonist) in four patients with progressive and metastasised
NETs [45, 46] (fig. 3). Importantly, the amount of antag-
onist peptide administered may further enhance the thera-
peutic index. In fact, it was shown that increasing peptide
mass decreases the background dose for a constant tumour
dose [46].

Medullary thyroid carcinoma (MTC) belongs to the NET
entity. A characteristic feature of these tumours is the high
incidence and expression of CCK receptors and the rela-
tively low incidence and density of SSTR [2]. The only cu-
rative therapeutic option is surgery. However, the disease is
already in a metastatic state in 40-50% of patients and the
available systemic therapy stabilises but does not cure the
disease and has significant toxic side effects [47]. There is,
therefore, an unmet need for a better diagnostic and thera-
peutic tool. By labelling a minigastrin (ligand for CCK-re-
ceptors) with 177Lu, the first proof of principle study with
six patients with metastatic MTC was performed with en-
couraging results [48].

The glucose-dependent insulinotropic polypeptide receptor
(GIPR) is overexpressed on the surface of many well dif-
ferentiated NETs (G1 and G2) [12, 49]. This may be of
clincial relevance since 5-15% of NET do not express
SSTR or GLP-1R. In vitro and in vivo evaluations of a
cocktail of SSTR, GLP-1R and GIPR radioligands would
allow detection of virtually all NETs [50]. No clinical
study in humans has yet been performed.

Summary and conclusion

Considerable progress has been made over the last decades
in the diagnosis of NET with new tracers (GLP-1R ag-
onists, SSTR-antagonists). In addition, the successful ad-
ministration of these molecules with radioisotopes, which
have positron emitting properties, has been extensively and
successfully explored. In particular, targeting GLP-1R with
68Ga-DOTA-exendin-4 offers a very effective approach
that permits the successful localisation of small benign in-
sulinomas. Since virtually all benign insulinomas express

GLP-1Rs, this should be the imaging modality of choice in
cases where conventional morphological imaging fails.

Based on the encouraging results of the new imaging tools,
the first therapeutic trials with SSTR antagonists (in GEP-
NET, bronchopulmonary NET and pheochromocytoma/
paraganglioma patients) and minigastrin (in patients with
MTC) have been started (NCT0259270 and
NCT02088645).
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