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Chapter 1 

Summary 
Neuroendocrine tumors can originate almost everywhere in the body and consist of a great 
variety of subtypes. This paper focuses on molecular imaging methods using nuclear 
medicine techniques in neuroendocrine tumors, coupling molecular uptake mechanisms of 
radiotracers with clinical results. A non-systematic review is presented on receptor based 
and metabolic imaging methods. Receptor-based imaging covers the molecular 
backgrounds of somatostatin, vaso-intestinal peptide (VIP), bombesin and cholecystokinin 
(CCK) receptors and their link with nuclear imaging. Imaging methods based on specific 
metabolic properties include metaiodobenzylguanidine (MIBG) and dimercaptosuccinic 
acid (DMSA-V) scintigraphy as well as more modern positron emission tomography (PET) 
based methods using radiolabeled analogues of amino acids, glucose, 
dihydroxyphenylalanine (DOPA), dopamine and tryptophan. Diagnostic sensitivities are 
presented for each imaging method and for each neuroendocrine tumor subtype. Finally, a 
Forest plot analysis of diagnostic performance is presented for each tumor type in order to 
provide a comprehensive overview for clinical use. 
 
Introduction 
Neuroendocrine tumors are unique and rare tumors originating from neuroendocrine cells. 
These neuroendocrine cells are postulated to arise from common precursor cells of the 
embryologic neural crest and are dispersed throughout the human body. Characteristic is a 
common phenotype consisting of the simultaneous expression of general protein markers of 
neuroendocrine cells and hormonal products specific to each cell type1. The main function 
of neuroendocrine cells is to regulate a large variety of body functions through paracrine 
action with dedicated amines and peptides, of which the “biogenic amines”, such as 
serotonin and catecholamines, are most prominent. In order to be able to synthesize these 
amines, neuroendocrine cells have the ability to take-up and decarboxylate amine 
precursors (APUD; amine precursor uptake and decarboxylation). Other biogenic amines, 
substances such as adrenocorticotrophic hormone, growth hormone, neuropeptide K, 
substance P, bradykinin, kallikrein and prostaglandins can also be secreted2,3. 
Neuroendocrine tumors arise in nearly every organ but primary sites in gastrointestinal 
(56%) and bronchopulmonary (12%) tracts are most frequent4. 
Due to the slow growth of most neuroendocrine tumors and the long time span between the 
onset of symptoms, many patients present with metastases (figure 1). Even with advanced 
disease, patients may survive for many years. However, there are also subtypes, which 
behave more aggressively. The diagnosis is based on histology and can be considered when 
specific symptoms induced by tumor products are present, such as diarrhea or flushing. 
Apart from clinical symptoms, determination of tumor secretory products using 
biochemical assays can assist in obtaining a diagnosis. 
A division based on the embryological origin of the organs in which neuroendocrine tumors 
arise has been made in the past. This division classifies these tumors as foregut, midgut and 
hindgut tumors. However, the recent World Health Organization (WHO) classification of 
the different subtypes of neuroendocrine tumors of gastro-intestinal and pancreatic origin is 
based on histopathologic characteristics consisting of cellular grading, primary tumor size, 
primary tumor localization, proliferation markers, degree of invasiveness and the 
production of biologically active substances. The main categories defined by this 
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classification are the well differentiated endocrine tumors with a low grade of malignancy, 
well differentiated, more aggressive carcinomas, poorly differentiated endocrine 
carcinomas with a high grade of malignancy and a poor prognosis and finally mixed 
exocrine–endocrine tumors. In this WHO classification the term carcinoid is abandoned and 
replaced by neuroendocrine tumor5. 
Currently, there is a broad variety of treatment options for patients with neuroendocrine 
tumors. Surgery is the only curative option. When cure is not possible, palliative treatment 
aims to control symptoms, maintain local tumor control and prolong life. Palliative 
procedures include surgical debulking, correction of bowel obstruction, chemo-
embolizations, or systemic treatment using interferon-α or somatostatin analogues2. Other 
treatment options are chemotherapy and radionuclide therapy. New targeted therapies such 
as anti-angiogenic therapies are currently being explored4,6,7. 
 

 
 
Figure 1. Full-color in appendix. Metastasized carcinoid. 18F-DOPA PET scan (A), Octreotide scan (B) and 18F-DOPA PET-CT 
fusion image (C) of a female patient presenting with a metastasized carcinoid. This patient illustrates the intra-individual 
heterogeneity in the uptake of different tracers by tumor metastases. 
 
Accurate localization of tumor lesions can guide treatment decisions. In general, 
radiological techniques such as CT, ultrasound or MRI are applied in staging and restaging, 
but also nuclear medicine techniques, such as somatostatin receptor scintigraphy (SRS), 
have proven to be of great value. The presence of somatostatin receptors on many 
neuroendocrine tumors was the driving force that enabled the development of SRS. Besides 
receptors, the remarkable metabolic activity of specific biochemical pathways used in 
substance synthesis provides possibilities for molecular nuclear medicine imaging. 
The unique characteristics of neuroendocrine tumors have led to the development of 
interesting new diagnostic methods for these tumors over the last years, both in receptor 
imaging and metabolic imaging. Especially the increase in positron emission tomography 
(PET) facilities allows developments of tracers for new molecular targets with a high-
resolution method for imaging. In addition new insights in the genetic, biochemical and 
metabolic aspects of subtypes of the neuroendocrine tumor family have arisen over the last 
years. It is therefore important to understand the receptor and metabolic targets for 
neuroendocrine tumors, as the molecular mechanisms that drive tracer uptake, translate into 
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images and determine the final clinical applicability. 
The unique characteristics of neuroendocrine tumors are increasingly exploited to 
successfully enhance our imaging and therapeutical options for these tumors. Three 
directions can be seen in the development of new tracers for imaging use. The first uses 
tumor receptor expression, the second uses the metabolic properties and the last method 
uses antibodies. 
Therefore, the purpose of this review is to describe the receptor and metabolic imaging 
methods of neuroendocrine tumors and translate the molecular uptake mechanisms into 
clinical parameters such as sensitivity and specificity. For this purpose, a review of current 
literature is presented, both for imaging methods and for tumor types. 
 
Search strategy and selection criteria 
For this non-systematic review, a Medline and PubMed search was performed. Due to the 
many subtypes of neuroendocrine tumor and imaging methods a multitude of different 
search terms was necessary. A detailed list is available on request. Only papers with an 
English abstract published over the last 10 years (1995) were included. Material from 
review articles also referring to older studies was evaluated and was used if relevant. 
Reference lists of individual papers were also analyzed for study selection. Only studies 
from which a clear description of sensitivity or specificity for individual tumor subgroups 
could be derived were included. Data from all sources were sorted and divided over 
subcategories of tracer and tumor type. In general, studies with fewer than 10 subjects were 
excluded, however, due to the rarity of a number of tumor types, some of these reports or 
small studies were included. The number of patients included in the studies was used as a 
weight factor in summarizing results for different tracers and is represented by a square in 
the Forest plot analysis. The size of the square represents the weight that the studies exert in 
the analysis. Sensitivity values given in the figures denote a lesion-based sensitivity for the 
detection of all types of tumor deposits. 
 
Nuclear imaging methods 
The methods for nuclear imaging of neuroendocrine tumors can be divided in three main 
categories, namely tracers based on a) the selective expression of different receptors, b) 
metabolic properties of tumors and c) tracers which exploit antigens expressed by the 
tumors. For each category, currently available tracers will be described and their clinical 
impact. A schematic overview of the uptake mechanisms of these tracers can be found in 
figure 2. 
A general principle in nuclear medicine is that detectability of lesions primarily depends on 
the amount of tracer localized in a lesion, and only indirectly on the size of that lesion. In 
theory a 1 mm lesion can be detected as long as there is enough tracer uptake. On the 
images, such a lesion will result in a ‘hot-spot’ with larger dimensions and vague borders. 
This is especially true for imaging with gamma cameras, such as SPECT, which have a 
considerable lower spatial resolution than methods based on PET. A prerequisite for 
molecular uptake mechanisms therefore is that the magnitude of tracer uptake is high and 
the background uptake low. In daily practice of commonly used tracer methods, these 
principles translate into a detection limit of 1-2 cm for conventional gamma camera 
imaging and 0.5-1 cm for PET imaging. 
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Figure 2. Full-color in appendix. Metabolic pathways. In this figure the different metabolic pathways by which neuroendocrine 
tumors can be visualized using nuclear medicine imaging techniques are schematically depicted. Three major routes can be 
identified: receptor based techniques, techniques which use the metabolic properties of these tumors and labeled antibody based 
techniques.  
 
Receptor based imaging methods 
Somatostatin receptor imaging 
Currently somatostatin receptor imaging is the method of choice for the staging of 
neuroendocrine tumors8. Somatostatin is a small regulatory peptide, which is widely 
distributed in the human body. Besides its function as a neurotransmitter in the 
hypothalamus, it has an inhibitory effect on the production of several exocrine hormones in 
the gastrointestinal tract and anti-proliferative effects9. Somatostatin receptors are G protein 
coupled receptors on the cell membrane which recognize the ligand and generate a trans-
membrane signal. The resulting hormone-receptor complexes have the ability to be 
internalized. Once internalized, these vesicles fuse with lysosomes, resulting in hormone 
degradation or receptor recycling10. Thus far, 6 different somatostatin receptors have been 
cloned, namely sst1-sst5 (sst2 can be alternately spliced to yield two products, sst2A and 
sst2B). 
Neuroendocrine tumors frequently express a high density of somatostatin receptors, which 
is exploited by imaging techniques using somatostatin analogues. These analogues have 
been developed because somatostatin itself has a very short plasma half life (~ 3 min). For 
most somatostatin analogues internalization of the 111In-octreotide complex with 
residualization of the 111In label is the most likely mechanism accounting for the good 
scintigraphic tumor to background ratio observed 24 h after injection11. Currently radio-
labeled analogues of somatostatin such as octreotide, vapreotide and MK678, are in clinical 
use for imaging. All octreotide analogues bind with high affinity to sst2 and sst5 and with 
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varying affinity to the sst3 and sst4 receptors. When chelators such as DTPA or DOTA are 
coupled to somatostatin analogues, these molecules can thereafter be labeled with for 
instance 111In or 99mTc for scintigraphic purposes. When labeled with positron emitting 
isotopes, such as 18F, 64Cu or 68Ga the somatostatin analogues can be used for PET 
imaging12,13. There are many new developments in newer better chelators (i.e. DOTA, 
EDDA or HYNIC) and analogues with more rapid internalization properties14. 
Based on the high receptor expression, somatostatin receptor imaging using 111In-octreotide 
provides important information on tumor localizations of many neuroendocrine tumors. 
SRS is now widely available, and yields the best results in paragangliomas and 
neuroendocrine gastrointestinal tumors (87 and 88% sensitivity). SRS is least suitable for 
medullary thyroid carcinoma (44% sensitivity). In general the SRS whole body scan 
information is complementary to the more focal information given by CT or MRI. In figure 
3 literature results are summarized in a Forest plot. 
The three imaging methods described below, namely VIP, bombesin and CCK receptor 
imaging are still experimental and are not yet available for routine clinical use. In figure 4 
results for VIP, CCK and antibody imaging are presented. 
 
Vasoactive intestinal peptide receptor imaging (VIP) 
VIP and pituitary adenylate cyclase activating peptide (PACAP), both member of the 
secretin like peptides, are neuropeptides which regulate a broad spectrum of biological 
activities, including vasodilatation, stimulation of secretion of various hormones, 
immunomodulation and promotion of cell proliferation. There are two groups of receptors, 
namely VPAC1 and VPAC2, which are receptors with high affinity for VIP, PACAP and 
PAC1, which is characterized, by a high affinity for PACAP but a low affinity for VIP. 
These receptors function through two distinct G-protein-coupled receptor subtypes that can 
also be internalized15. VPAC1 is expressed in most epithelial tissues and the brain, while 
VPAC2 is only present in smooth muscle. Subsequently, these receptors are expressed in 
tumors derived from these tissues. The PAC1 receptor is the only VIP/PACAP receptor 
found on catecholamine producing tumor cells of neuroendocrine origin and 
neuroblastomas. Interestingly VIP/PACAP receptors are absent in medullary thyroid 
cancers16. Proteolytic degradation of VIP in vivo as well as high VPAC1 receptor 
expression in normal epithelial tissues and VPAC2 expression in smooth muscle hampers 
the applicability of this target for neuroendocrine tumor imaging. Recently a 64Cu labeled 
VIP analogue has been developed, which is more stable and has been shown to have a 
higher tumor uptake then the 99mTc labeled VIP analogue. Therefore this analogue might 
become of interest to study over expression of VIP receptors17. Clinical application is 
however still limited. 
 
Bombesin receptor imaging 
Bombesin and gastrin releasing peptides (GRP) are members of the brain-gut peptides 
present in the nervous system, gastrointestinal tract and the pulmonary tract18. GRP 
regulates several physiologic processes in the central and enteric nerve systems. An 
autocrine feedback mechanism involving the expression of bombesin, GRP receptors and 
the production of peptides in tumor cells (i.e. small cell lung cancer or neuroblastoma), can 
stimulate growth of neighboring tumor cells16. 
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Figure 3. Forest plot analysis of SRS imaging per tumor type. Results of SRS imaging sorted per tumor type in a Forest plot 
analysis. On the left side of this plot the tumor type is given with the tracers used in the presented studies. On the right side 
sensitivities from literature data are given with their calculated confidence interval. The size of the solid black square represents the 
weight the corresponding study exerts in this analysis and is calculated using the number of patients included (Mantel-Haenszel 
weight). 
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Figure 4. Forest plot analysis of VIP, CCK and anti-body imaging per tumor type. Results of VIP, CCK and anti-body imaging 
sorted per tumor type in a Forest plot analysis. On the left side of this plot the tumor type is given with the tracers used in the 
presented studies. On the right side sensitivities from literature data are given with their calculated confidence interval. The size of 
the solid black square represents the weight the corresponding study exerts in this analysis and is calculated using the number of 
patients included (Mantel-Haenszel weight). 
 
The bombesin receptor family consists of four receptor subtypes; gastrin releasing peptide 
receptor (BB2), neuromedin B receptors (BB1 or NMB), and bombesin receptors BB3 and 
BB4. GRP receptor proteins are over expressed in tumors such as prostate, breast, renal cell 
and small cell lung cancer. The bombesin and GRP receptors are G protein coupled and can 
internalize after a receptor-agonist complex has been formed. In neuroendocrine tumors 
GRP receptors are preferentially expressed by gastrinomas. Ileal carcinoids express NMB 
receptors whereas small cell lung carcinomas and bronchial carcinoids express the BB3 
receptors19. Bombesin analogues for the GRP receptor have been successfully labeled and 
seem to be interesting candidates for tumor imaging, especially in prostate cancer imaging 
to possibly improve lymph node staging and recurrence detection20. 
 
CCK receptor imaging 
Cholecystokinin and gastrin, both members of the cholecystokinin peptide family, play an 
important role in the neurotransmission in the central nervous system as well as in the 
gastrointestinal physiology. In the gastrointestinal tract they play a role as a growth factor 
for physiologic processes, but also for several neoplasms, i.e. colon and brain tumors16. 
Three G protein-coupled CCK receptors have been identified, namely CCK1, CCK2 and 
CCKC. These CCK receptors have the same internalization mechanisms as somatostatin 
receptors. This internalization is limited to receptor ligands with agonistic activity21. CCK1 
receptors have been detected in i.e. meningioma and neuroblastoma. The CCK2 receptor 
was identified in medullary thyroid carcinoma, astrocytomas, and some neuroendocrine 
gastroenteropancreatic tumors (especially insulinomas) and several soft tissue tumors. In 
pheochromocytomas and paragangliomas CCK2 receptors are rarely expressed. This CCK2 
receptor can be targeted by radiolabeled CCK octapeptides21. The last family member, the 
CCKC receptor, seems to be mainly involved in gastrin mediated proliferation in tumors of 
the nervous system. 
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Only a few clinical studies with CCK imaging have been published. CCK-2 imaging is 
feasible with 111In-DTPA-D-GLU1-minigastrin in patients with metastatic medullary 
thyroid cancer. In 32 patients, the sensitivity for this tracer was 91%22. 
 
Metabolic imaging 
The production of different peptides distinguishes neuroendocrine tumors of other 
malignancies. Therefore the metabolic pathways by which neuroendocrine tumors 
synthesize these peptides and the intracellular processes which are essential to be able to 
sustain production of these peptides are ideal candidates for the development of tracers 
specific for neuroendocrine tumors. These pathways can be targeted at different levels. 
Tracers can be developed as a marker for the transporter proteins, which are necessary to 
supply the substrate into the cell (or intracellular vesicle), as a true substrate for the 
involved pathway, as a substrate which irreversibly binds to an enzyme involved in the 
pathway or as a marker for (re-)uptake of the end product.  
The thus far targeted metabolic pathways and the large amino acid transporter system 
(LAT, which is responsible for the uptake of precursors for both the serotonin and 
catecholamine pathway) will be described below in order of clinical importance. In figure 5 
literature results of metabolic imaging methods for PET are presented. 

 
 

Figure 5. Forest plot analysis of metabolic PET tracer imaging per tumor type. Results of 18F-FDG PET, 18F-DOPA PET, 18F-
Dopamine PET and 11C-5-HTP PET sorted per tumor type in a Forest plot analysis. On the left side of this plot the tumor type is 
given with the tracers used in the presented studies. On the right side sensitivities from literature data are given with their 
calculated confidence interval. The size of the solid black square represents the weight the corresponding study exerts in this 
analysis and is calculated using the number of patients included (Mantel-Haenszel weight). 
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Catecholamine pathway 
In the catecholamine pathway phenylalanine and intermediate products such as L-3,4 -

L-DOPA) are taken up via the LAT system into the cytoplasm of 

F-DOPA is an F labeled variant of L-DOPA used for PET imaging (figure 6). Although 
 18F atom in 18F -DOPA influences the metabolism, it has no or little 

g. In the proximal tubuli of the kidney 18F-DOPA is rapidly 

dihydroxyphenylalanine (
the cell23. Here these precursors can be metabolized to dopamine, which is transported into 
secretory vesicles via the vesicular monoamine transporter (VMAT) system24. In these 
vesicles dopamine can be further metabolized to noradrenalin and adrenalin. The secretory 
vesicles are responsible for the secretion of end products. Finally, these end products can be 
transported back via i.e. dopamine and noradrenalin transporters. Tracers developed for this 
pathway are the precursor 6-18F-L-3,4-dihydroxyphenylalanine (18F-DOPA), the end 
product 6-18F-dopamine and Metaiodobenzylguanidine (MIBG), which is a substrate for the 
noradrenalin transporter. 
 
- 18F-DOPA PET - 

1818

the presence of the
effect for the transport into the intracellular environment via the cell membrane bound 
LAT2 transporter25. 18F -DOPA is decarboxylated to 18F-dopamine via the enzyme aromatic 
acid decarboxylase (AADC) at a faster rate then L-DOPA. The thus formed dopamine is 
then probably transported into secretory vesicles by VMAT transporters. Although the 
precise uptake mechanism is not fully understood, it appears that the high 18F-DOPA 
uptake in neuroendocrine tumors is the result of increased LAT2 transporter activity to 
satisfy a high precursor turnover due to an increased catecholamine pathway or at least 
increased AADC activity26. 
Somewhat paradoxically, the AADC inhibitor carbidopa is sometimes used in conjunction 
with 18F-DOPA PET imagin
converted by AADC to 18F-dopamine, which is then excreted. This leads to rapid loss of 
18F-DOPA and may generate renal, ureter or bladder artifacts in 18F-DOPA PET imaging.  
 
 

 
 
Figure 6. Patient with metastatic pancreatic islet cell tumor. 18F-DOPA PET (left) and 11C-5-HTP PET (right) in a patient with 

etastatic pancreatic islet cell tumor. m
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The use of oral carbidopa as pre-treatment for 18F-DOPA PET studies improves image 
quality by reducing the conversion of 18F-DOPA and the excretion of 18F-dopamine in the 
kidney in urine. The use of carbidopa also lowers physiological 18F-DOPA uptake in the 
pancreas. The combined effect is a higher availability of 18F-DOPA for tumor uptake27. 
Only a few studies with 18F-DOPA PET in neuroendocrine tumors have thus far been 
published. 18F-DOPA PET yields a very high sensitivity in the detection of carcinoid 
tumors, paragangliomas and pheochromocytomas. For example, in the detection of 
gastrointestinal neuroendocrine tumors, the average sensitivity of 18F-DOPA PET is very 
high (89%, figure 5), whereas in these studies the currently used standard methods (CT and 
SRS imaging) performed not nearly as good (sensitivities of 56% for CT versus 47% for 
SRS imaging)28,29,30. When comparing the thus far published results, 18F-DOPA PET 
enabled best localization of primary tumors and lymph node staging28,29,30. 
There is a very small risk that the use of a catecholamine precursor in patients with a 
carcinoid syndrome can lead to the development of a carcinoid crisis. Only one case has 
thus far been published. This complication can be prevented by a slow tracer injection and 
if necessary an intravenous injection of octreotide31. 
 
- 123I and 131I- Metaiodobenzylguanidine (MIBG) - 
The precise uptake and retention mechanism in neuroendocrine tumors for MIBG has not 
been clarified, but the noradrenalin transporter seems to play an important role for MIBG 
uptake (figure 3). Reports indicate that MIBG acts as an intracellular substrate for the 
vesicular monoamine transporters VMAT1 and VMAT2

32. These transporters are located on 
the membrane of secretory vesicles of neuroendocrine cells. It seems likely that, once 
MIBG has passed the cell membrane, the VMAT transporters transport MIBG into 
secretory chromaffin granules32. MIBG can be labeled with 123I and 131I. 123I labeled MIBG 
yields the best image quality, due to the superior physical qualities for imaging. It has high 
photon energy of 159 KeV, a half life of 13 hours and it can be administered in a higher 
dose then 131I-MIBG. These properties enable the use of 123I-MIBG for SPECT33. 
 

 
 
Figure 7. Double side pheochromocytoma. 18F-DOPA PET (left) and 123I-MIBG (right) of a patient with double-sided 
pheochromocytoma. 
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MIBG scintigraphy has become the imaging method of choice for neuroblastoma and 
pheochromocytomas (for an example see figure 7). MIBG scintigraphy has a lower 
sensitivity for the detection of other neuroendocrine tumors, such as carcinoid (averaging 
50%) (figure 8). Its specificity in detecting pheochromocytoma and neuroblastoma is 

 
Figure 8. Forest plot analysis of MIBG imaging per tumor type. Results of MIBG imaging sorted per tumor type in a Forest plot 
analysis. On the left side of this plot the tumor type is given with the tracers used in the presented studies. On the right side 
sensitivities from literature data are given with their calculated confidence interval. The size of the solid black square represents the 
weight the corresponding study exerts in this analysis and is calculated using the number of patients included (Mantel-Haenszel 
weight). 
 
- 6-18F-Dopamine PET - 
6-18F-Dopamine is a substrate for the monoamine transporters DAT (dopamine transporter) 
and the norepinephrine transporter. After this trans-membrane transport, 18F-dopamine is 
stored in cytoplasmatic secretory vesicles through the VMAT system. However, 18F-
dopamine plasma levels decline rapidly after injection due to me bolization35. 

18

ith a sympathetic innervation. 

superior to other imaging modalities. There is however no explanation for the variation in 
uptake of MIBG by the different neuroendocrine tumors (figure 4). Most studies report 
specificities for MIBG ranging from 80-100% for the detection of pheochromocytoma, but 
less then 80% for the detection its malignant variant. Specificity for neuroblastomas is 84%. 
But, since other neuroendocrine tumors in childhood are rare, a positive MIBG scan is 
nearly diagnostic for a neuroblastoma34. 
 

ta
The PET tracer 6- F-dopamine was developed to visualize sympathiconeuronal 
innervation. This tracer is actively taken up, stored and metabolized by cells from organs 
w
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Organs which have a high 18F-dopamine uptake are the heart, liver, spleen, salivary glands 
and chest wall. 18F-dopamine does not cross the blood-brain barrier, and therefore virtually 
no uptake is seen in the brain. 
18F-dopamine PET is a useful imaging method for the detection of pheochromocytomas36. 
These tumors have a high expression of monoamine transporters, which makes these 
tumors ideal candidates for 18F-dopamine imaging. Due to a low specific activity and the 
pharmacological activity of both labeled and unlabelled dopamine, the maximum injectable 
dose of 18F-dopamine is limited. 
 
Serotonin pathway 
The serotonin and catecholamine pathway have many common features. Precursors for the 
serotonin pathway (tryptophan and 5-hydroxytryptophan, 5-HTP) are taken up via the same 
LAT transport system as utilized by the catecholamine pathway. The conversion from 5-
HTP to serotonin is performed by the same enzyme, which decarboxylizes L-DOPA to 
dopamine, namely the AADC enzyme. The end product, serotonin, is also transported via 
the same VMAT transporter system into secretory vesicles. 
 
- 11C-5-Hydroxytryptophan (11C-5-HTP) PET - 
Thus far, 11C-5-HTP PET is the only tracer for this pathway, which has reached clinical 
application (figure 6). In neuroendocrine tumors, the high uptake via the over expressed 
system L transporter, the rapid decarboxylation by AADC and the subsequent storage in 
secretory granules allow for an excellent discrimination of these tumors with 11C-5-HTP 
and 18F-DOPA as compared with normal tissue37. Due to low organ uptake of 11C-5-HTP, 
scans are characterized by a low background activity. 11C-5-HTP uptake by the kidneys and 
metabolization to serotonin by the AADC enzyme followed by subsequent urinary 
excretion, result in an intense signal in these organ systems. There is also some physiologic 
pancreatic uptake noticeable. This can lead to difficulties in the interpretation of lesions in 
the direct vicinity of these organs. However, the oral pre-medication with carbidopa lowers 
the metabolization to serotonin thereby reducing the signal intensity in this area, thus 
improving image quality and interpretability38. 
There are however two draw-backs for this tracer. The tracer synthesis is very complex 
since it relies on two complex multi-enzyme steps. Also the short half life of 20 min for 
11Carbon limits the use of this tracer to specialized centers with their own cyclotron 

cilities. Nevertheless, the published results with this tracer justify the use of this tracer. 

. Three different families of Na /Pi co-transporters have been reported, type I, 
 involved in the inorganic phosphate transport in cells. 

ted by extra cellular pH whereas type I is indifferent to pH. Type 

e expressed 

fa
 
Phosphate metabolism 
Inorganic phosphate (Pi) molecules and Na+ ions are taken up by cells via the Na+/Pi co-
transporters39 +

II and III. These transporters are
Type II and III are regula
II activity is decreased by acidic pH and increased with an alkaline pH. Type III functions 
in the opposite way, i.e. acidic pH increases its activity. The physiologic function of the 
Na+/Pi transporters is still not entirely clear. These transporters are predominantly 
expressed in kidney, liver and brain. The three families of this transporter ar
differently in these organs and within the tissues of these organs39,40. 
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99mTc -(V)-Dimercaptosuccinic a
99m

cid (99mTc-(V)-DMSA) 
The uptake mechanism for Tc-(V)-DMSA is based on the resemblance between the 
TcO4

3- complex in labeled DMSA and the phosphate molecule PO4
3- 40. Due to the over 

expression of type III Na+/Pi transporters, lack of Type II Na+/Pi transporters and a more 
acidic extra cellular pH in tumor cells than normal tissue, tumor cells have a higher 
phosphate uptake. As 99mTc (V)-DMSA resembles the phosphate molecule, it is also 
actively taken up. 99mTc-(V)-DMSA is therefore a marker for the phosphate metabolism41. 
This tracer has thus far mainly been used for imaging medullary thyroid tumors. For the 
detection of this tumor type, 99mTc-(V)-DMSA is the routinely used tracer with the best 
results (figure 3). It has an average sensitivity of 76 % for medullary thyroid tumors (figure 
9). In these tumors, morphological imaging (CT/MRI) performs equally (sensitivity ranging 
from 67% to 87%)42,43. 
 

 
Figure 9. Forest plot analysis of 99mTc-(V)-DMSA imaging for medullary thyroid tumors. Results of DMSA imaging for medullary 
thyroid carcinoma in a Forest plot analysis. On the left side of this plot the tumor type is given with the tracers used in the 
presented studies. On the right side sensitivities from literature data are given with their calculated confidence interval. The size of 
the solid black square represents the weight the corresponding study exerts in this analysis and is calculated using the number of 
patients included (Mantel-Haenszel weight). 
 
Glucose metabolism 
Cells rely mostly on their glucose metabolism to obtain ATP as their energy source. After 
uptake by glucose transporters, glucose is phosphorylated by the hexokinase enzyme to a 
phosphorylated intermediate, which is eventually metabolized to pyruvate and lactate. This 
step does not require oxygen (anaerobic glycolysis). The next step, the citric acid cycle, 
requires oxygen (aerobic) and produces most of the ATP molecules. In the citric cycle, 
pyruvate is eventually metabolized to CO2. Tumor cells rely mainly on the anaerobic 
glycolysis with its relatively low energy yield, and therefore require much more glucose. 
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18F-Fluor-2-deoxy-D-Glucose PET 
18F-2-deoxy-D-glucose (FDG) is transported into the cells and then phosphorylated by 
hexokinase. This results in a polar intermediate (FDG-6p), which crosses the cell 

not have a high glycolysis rate. Results of FDG 
aging in neuroendocrine tumors are inferior to these obtained for metabolically active 

rine tumors which have a high uptake, such as small cell lung cancer, 

cids cells rely on the plasma 
embrane bound system L transporters. This system consists of two heterodimers 

able light chain, thus forming the LAT 1 to 

rt 
apabilities of neuroendocrine tumor cells. A study in 22 carcinoid patients showed an 

of 43% with a lower lesion contrast and image quality than 111In-

membrane poorly. The increased expression of the glucose transporter molecules and the 
hexokinase enzyme result in an increased uptake and retention of FDG in tumor cells 
compared to normal cells44. In general, FDG uptake increases when tumors behave more 
aggressively45. 
However, neuroendocrine tumors do 
im
tumors. Neuroendoc
are characterized by a more aggressive behavior46. The use of the FDG PET scan in 
neuroendocrine tumors is therefore more or less limited to imaging small cell lung cancer 
(with approximately 93% sensitivity) and medullary thyroid carcinoma (76% sensitivity). 
 
Large amino acid transport system 
To import large branched and aromatic neutral amino a
m
composed of a large glycoprotein part and a vari
5. System L transporters, which are amino acid transporters, are obligatory exchange 
transporters which can only function by exchanging an intracellular amino acid for an 
extra-cellular one. In combination with other unidirectional transporters with overlapping 
amino acid sensitivities, cells can control the activity of the system L transport. Over 
expression of amino acid transporters helps to satisfy the metabolic needs, but tumor cells 
can consume more nutrients than required for the metabolic needs. In neuroendocrine 
tumors the LAT2 transporters play an important role, due to their ability to take up large 
neutral amino acids such as phenylalanine and tryptophan. Thus far only L-3-123I-alpha-
methyl-tyrosine (123I-IMT) has been developed to exploit the over expression of the LAT 
system for imaging purposes in neuroendocrine tumors46,47. 
 
L-3-123I-alpha-methyl-tyrosine (123I-IMT) 
123I-IMT, an artificial amino acid derived from tyrosine, was initially developed as a 
functional imaging agent for neutral amino acid transport in brain tumors. 123I-IMT 
accumulates fast in neuroendocrine tumor cells due to uptake via LAT1, but is not further 
metabolized intra-cellularly48. Therefore, it can be regarded as a true marker for transpo
c
overall lesion detection 
octreotide49. 123I-IMT is not generally available. 
 
Radiolabeled monoclonal antibodies 
Only a few reports of patient studies with radio labeled monoclonal antibodies against 
antigens expressed on neuroendocrine tumors used for nuclear medicine imaging are 
available. Described applications are anti-CEA for paragangliomas, anti CgA for medullary 
thyroid carcinoma and anti- UJ13A and anti GD2 for neuroblastoma49-52. These reports 
should be seen as experimental, due to the limited data available and the fact that these 
methods have not yet been adapted for clinical use. 

 21 



Chapter 1 

111

123I and 131I-MIBG 63% (54, 72) 

11C-5-HTP 95% (78, 99) 

18F-DOPA 89% (81, 94,) 

123I-VIP 70% (65, 76) 

99mTc EDDA 90% (85, 94) 

111In-DOTA-TOC 87% (72, 96) 

 

T 
imaging. For SRS, different somatostatin analogues are investigated which are more stable 
and bind more receptor subtypes with a higher affinity. 
Most neuroendocrine tumors share common metabolic pathways, such as the catecholamine 

Figure 10. Summary of results. Results of all described imaging methods sorted per tumor type in a Forest plot analysis. On the left 
side of this plot the tumor type is given with the tracers used in the presented studies. On the right side sensitivities from literature 
data are given with their calculated confidence interval. The size of the solid black square represents the weight the corresponding 
study exerts in this analysis and is calculated using the number of patients included (Mantel-Haenszel weight). 

 
Conclusion 
Most receptor-based tracers have been developed for scintigraphic use, and changing to 
positron emitting labels (i.e. 18F, 64Cu, 68Ga) could make these tracers suitable for PE

0 20 40 60 80 100

18FDG 95% (88, 98) 

111In-Octreotide 56% (38, 71) 

111In-Octreotide 71% (52, 86) 

123I and 131I-MIBG 81% (69, 91) 

18F-DOPA 100% (76, 100) 

111In-Octreotide 97% (86, 100) 

123I and 131I-MIBG 84% (79, 89) 

111In-Octreotide 64% (53, 72) 

18FDG 79% (70, 86) 

99mTc-V-DMSA 55% (47, 64) 

18F-DOPA 63% (42, 81) 

111In-Cg-3S-ISG 100% (68, 100) 

111In Minigastrin 91% (70, 99) 

123I-VIP 0% (0, 28) 

111In-DOTA TOC 95% (76, 100) 

111In-Octreotide 49% (42, 57) 

111In-Octreotide 78% (51, 92) 

18FDG 72% (53, 87) 

123I and 131I-MIBG 79% (68, 82) 

18F-dopamine 98% (88, 100) 

18F-DOPA 100% (76, 100) 

111In-Octreotide 63% (51, 73) 

111In-Cg-3S-ISG 96% (81, 100) 

111In-Octreotide 74% (63, 83) 

123IMT 43% (35, 52) 

18FDG 35% (26, 45) 

In-Octreotide 79% (76, 82) Abdominal carcinoids 

Pancreatic neuro-endocrine  
tumours 

Pheochromocytoma 

Merkel cell tumours 

Medullary thyroid  
carcinoma 

Neuroblastoma 

Paraganglioma 

Sensitivity (%) 

Bronchial carcinoids 
Small cell lung cancer 

 22



Molecular imaging in neuroendocrine tumors: molecular uptake mechanisms and  
clinical results 

and serotonin pathways. Different strategies in the development of tracers suitable to 

odies specific for neuroendocrine tumors has thus far not been as successful 

d 
natomic images give surgeons essential information to guide surgical decision-making. 

d knowledge has been gathered in the past years with 

 analysis. 

m
o id) tumours and related lesions. World J 

-S114. 

visualize the metabolic pathways are possible. For example, three different tracers for the 
catecholamine pathway have been developed: the tracer 18FM-6-FmT is an aromatic L-
AADC inhibitor, 18F-DOPA is a substrate in the catecholamine synthesis, 18F-dopamine is 
stored in vesicles where it is metabolized to 18F-norepinephrin and 18F-epinephrin. Several 
other tracers, which exploit the metabolic characteristics, are in development.  
The use of antib
as the receptor and metabolic based imaging methods. It has been troubled by the high 
background uptake. 
The developments in the area of image fusion are also of great interest for neuroendocrine 
tumors. Nuclear medicine techniques lack anatomical information, whereas morphological 
imaging lacks functional information. Co-registration of these modalities, either by 
software or by hardware, assists in tumor localization. The combined functional an
a
An enormous amount of expertise an
somatostatin analogues, both for diagnostic and treatment purposes. It is more or less clear 
which tumor types can be visualized to what extend with this tracer. It can be expected that 
combining somatostatin analogues with positron emitting labels will secure its position 
within both diagnostic and therapeutic procedures in nuclear medicine in the near future. 
However, somatostatin receptors are not expressed evenly both in receptor subtypes and 
quantity of expressed receptors on the cellular membrane. Therefore other techniques will 
improve diagnostic imaging. Due to their common capability for the uptake of large amino 
acids for the incorporation in metabolic pathways, precursors (i.e. 18F-DOPA and 11C-5-
HTP) for these pathways are interesting candidates for diagnostic and therapeutic purposes.  
Although results are promising, experience with these PET tracers is still limited. It is 
foreseeable that in the future the first step in neuroendocrine tumor imaging will be with the 
use of PET tracers, such as 18F-DOPA on a PET-CT machine. When this combination 
yields negative results, other techniques can be used for further
 
References 
 

1. Reubi JC. Neuropeptide receptors in health and disease: the molecular basis for in 
vivo imaging. J Nucl Med 1995; 36: 1825-1835. 

2. Schnirer LL, Yao JC, Ajani JA. Carcinoid - a comprehensive review. Acta Oncol 
2003; 42: 672-692. 

3. Kloppel G, Heitz PU, Capella C, Solcia E. Pathology and nomenclature of hu an 
gastr intestinal neuroendocrine (carcino
Surg 1996; 20: 132-141.  

4. Modlin IM, Lye KD, Kidd M. A 5-decade analysis of 13,715 carcinoid tumours. 
Cancer 2003; 97: 934-959.  

5. Solcia E, Kloppel G, Sobin LH et al. Histologic typing of endocrine tumours. 
WHO International Histological Classification of Tumours. 2nd ed. Heidelberg: 
Springer Verlag; 2000. 

6. Öberg K. Chemotherapy and biotherapy in the treatment of neuroendocrine 
tumours. Ann Oncol 2001; 12 Suppl 2: S111

 23 



Chapter 1 

7. Warner RR, O'dorisio TM. Radiolabeled peptides in diagnosis and tumour 
imaging: clinical overview. Semin Nucl Med 2002; 32: 79-83.  

8. Plockinger U, Rindi G, Arnold R et al. Guidelines for the diagnosis and treatment 
of neuroendocrine gastrointestinal tumours. A consensus statement on behalf of 
the European Neuroendocrine Tumour Society (ENETS). Neuroendocrinology 
2004; 80: 394-424.  

9. Lamberts SW, de Herder WW, Hofland LJ. Somatostatin analogs in the diagnosis 
and treatment of cancer. Trends Endocrinol Metab 2002; 13: 451-457. 

10. Hofland LJ, Lamberts SW. The pathophysiological consequences of somatostatin 
receptor internalization and resistance. Endocr Rev 2003; 24: 28-47. 

11. Krenning EP, Kwekkeboom DJ, Bakker WH et al. Somatostatin receptor 
scintigraphy with [111In-DTPA-D-Phe1]- and [123I-Tyr3]-octreotide: the Rotterdam 
experience with more than 1000 patients. Eur J Nucl Med 1993; 20: 716-731. 

12. Schottelius M, Poethko T, Herz M et al. First 18F-labeled tracer suitable for routine 
clinical imaging of sst receptor-expressing tumours using positron emission 
tomography. Clin Cancer Res 2004; 10: 3593-3606. 

13. Lewis JS, Srinivasan A, Schmidt MA, Anderson CJ. In vitro and in vivo 
evaluation of 64Cu-TETA-Tyr3-octreotate. A new somatostatin analog with 
improved target tissue uptake. Nucl Med Biol 1999; 26: 267-273. 

14. Ginj M, Chen J, Walter MA, Eltschinger V, Reubi JC, Maecke HR. Preclinical 
evaluation of new and highly potent analogues of octreotide for predictive imaging 
and targeted radiotherapy. Clin Cancer Res 2005; 11: 1136-1145. 

15. Shetzline MA, Walker JK, Valenzano KJ, Premont RT. Vasoactive intestinal 
polypeptide type-1 receptor regulation. Desensitization, phosphorylation, and 
sequestration. J Biol Chem 2002; 277: 25519-25526. 

16. Reubi JC. Peptide receptors as molecular targets for cancer diagnosis and therapy. 
Endocr Rev 2003; 24: 389-427. 

17. Thakur ML, Aruva MR, Gariepy J et al. PET imaging of oncogene overexpression 
using 64Cu-vasoactive intestinal peptide (VIP) analog: comparison with 99mTc-
VIP analog. J Nucl Med 2004; 45: 1381-1389. 

18. Seretis E, Gavrill A, Agnantis N, Golematis V, Voloudakis-Baltatzis IE. 
Comparative study of serotonin and bombesin in adenocarcinomas and 
neuroendocrine tumours of t on. Ultrastruct Pathol 2001; 25: 445-454. 

19. Reubi JC, Wenger S, Schmuckli-Maurer J, Schaer JC, Gugger M. Bombesin 
receptor subtypes in human cancers: detection with the universal radioligand 125I-

receptors in 
neuroendocrine tumours: molecular basis for in vivo multireceptor tumour 

. Eur J Nucl Med Mol Imaging 2003; 30: 781-793. 

he col

[D-TYR(6)], beta-ALA(11), PHE(13), NLE(14)] bombesin(6-14). Clin Cancer 
Res 2002; 8: 1139-1146. 

20. Reubi JC, Waser B. Concomitant expression of several peptide 

targeting
21. Behe M, Behr TM. Cholecystokinin-B (CCK-B)/gastrin receptor targeting 

peptides for staging and therapy of medullary thyroid cancer and other CCK-B 
receptor expressing malignancies. Biopolymers 2002; 66: 399-418. 

 
 

 24



Molecular imaging in neuroendocrine tumors: molecular uptake mechanisms and  
clinical results 

22. Behr TM, Behe MP. Cholecystokinin-B/Gastrin receptor-targeting peptides for 
staging and therapy of medullary thyroid cancer and other cholecystokinin-B 
receptor-expressing malignancies. Semin Nucl Med 2002; 32: 97-109. 

23. Soares-da-Silva P, Serrao MP. High- and low-affinity transport of L-leucine and 
L-DOPA by the hetero amino acid exchangers LAT1 and LAT2 in LLC-PK1 renal 
cells. Am J Physiol Renal Physiol 2004; 2: F252-261. 

24. Ericksson JD, Schafer MK, Bonner TI, Eiden LE, Weihe E. Distinct 
pharmacological properties and distribution in neurons and endocrine cells of two 
isoforms of the human vesicular monoamine transporter. Proc Natl Acad Sci U.S.A 

32. Kolby L, Bernhardt P, Levin-Jakobsen AM et al. Uptake of meta-
lguanidine in neuroendocrine tumours is mediated by vesicular 

ine transporters. Br J Cancer 2003; 89: 1383-1388. 

18

1996; 93: 5166-5171. 
25. Uchino H, Kanai Y, Kim DK et al. Transport of amino acid-related compounds 

mediated by L-type amino acid transporter 1 (LAT1): insights into the mechanisms 
of substrate recognition. Mol Pharmacol 2002; 61: 729-737. 

26. Firnau G, Sood S, Chirakal R, Nahmias C, Garnett ES. Metabolites of 6-
[18F]fluoro-L-dopa in human blood. J Nucl Med 1988; 29: 363-369. 

27. Hoffman JM, Melega WP, Hawk TC et al. The effects of carbidopa administration 
on 6-[18F]fluoro-L-dopa kinetics in positron emission tomography. J Nucl Med 
1992; 33: 1472-1477. 

28. Hoegerle S, Altehoefer C, Ghanem N et al. Whole-body 18F dopa PET for 
detection of gastrointestinal carcinoid tumours. Radiology 2001; 220: 373-380. 

29. Becherer A, Szabo M, Karanikas G et al. Imaging of advanced neuroendocrine 
tumours with 18F-FDOPA PET. J Nucl Med 2004; 45: 1161-1167. 

30. Koopmans KP, de Vries EG, Kema IP et al. Staging of carcinoid tumours using 
18F-DOPA positron emission tomography: a diagnostic accuracy study. Lancet 
Oncol 2006; 7: 728-734. 

31. Koopmans KP, Brouwers AH, De Hooge MN et al. Carcinoid crisis after injection 
of 6-18F-fluorodihydroxyphenylalanine in a patient with metastatic carcinoid. J 
Nucl Med 2005; 46: 1240-1243.  

iodobenzy
monoam

33. Furuta N, Kiyota H, Yoshigoe F, Hasegawa N, Ohishi Y. Diagnosis of 
pheochromocytoma using [123I]-compared with [131I]-metaiodobenzylguanidine 
scintigraphy. Int J Urol 1999; 6: 119-1124. 

34. Hiorns MP, Owens CM. Radiology of neuroblastoma in children. Eur Radiol 
2001; 11: 2071-2081. 

35. Goldstein DS, Holmes C. Metabolic fate of the sympathoneural imaging agent 6-
[18F]fluorodopamine in humans. Clin Exp Hypertens 1997; 19: 155-161.  

36. Ilias I, Yu J, Carrasquillo JA et al. Superiority of 6-[ F]-fluorodopamine positron 
emission tomography versus [131I]-metaiodobenzylguanidine scintigraphy in the 
localization of metastatic pheochromocytoma. J Clin Endocrinol Metab 2003; 88: 
4083-4087. 

37. Bergström M, Lu L, Eriksson B et al. Modulation of organ uptake of 11C-labelled 
5-hydroxytryptophan. Biog Amines 1996; 12: 477-485. 

 

 25 



Chapter 1 

38. Örlefors H, Sundin A, Lu L et al. Carbidopa pretreatment improves image 
interpretation and visualisation of carcinoid tumou 11rs with C-5-

. J Exp Biol 1998; 201: 3135-3142. 

75-1582. 

ell lines. Eur 

with 

orine-18 fluorodeoxyglucose 

ogy. Semin Nucl 

ography for the 

bo J 2002; 21: 580-589. 

cintigraphy in carcinoid tumours: correlation with 

m selectivity of 3- I-iodo-alpha-

omus 

rs by three-step monoclonal antibody targeting. Eur J 

13A. J Pediatr 1984; 

mmunotherapy 
in a child with neuroblastoma. J Nucl Med 1992; 33: 2020-2023. 

 

hydroxytryptophan positron emission tomography. Eur J Nucl Med Mol Imaging 
2006; 33: 60-65. 

39. Werner A, Dehmelt L, Nalbant P. Na+-dependent phosphate cotransporters: the 
NaPi protein families

40. Lam AS, Puncher MR, Blower PJ. In vitro and in vivo studies with pentavalent 
technetium-99m dimercaptosuccinic acid. Eur J Nucl Med 1996; 23: 15

41. Denoyer D, Perek N, Le Jeune N, Frere D, Dubois F. Evidence that 99mTc-(V)-
DMSA uptake is mediated by NaPi cotransporter type III in tumour c
J Nucl Med Mol Imaging 2004; 31: 77-84. 

42. De Groot JW, Links TP, Jager PL, Kahraman T, Plukker JT. Impact of 18F-fluoro-
2-deoxy-D-glucose positron emission tomography (FDG-PET) in patients 
biochemical evidence of recurrent or residual medullary thyroid cancer. Ann Surg 
Oncol 2004; 11: 786-794. 

43. Diehl M, Risse JH, Brandt-Mainz K et al. Flu
positron emission tomography in medullary thyroid cancer: results of a multicentre 
study. Eur J Nucl Med 2001; 28: 1671-1676. 

44. Bar-Shalom R, Valdivia AY, Blaufox MD. PET imaging in oncol
Med 2000; 30: 150-185. 

45. Adams S, Baum R, Rink T, Schumm-Drager PM, Usadel KH, Hor G. Limited 
value of fluorine-18 fluorodeoxyglucose positron emission tom
imaging of neuroendocrine tumours. Eur J Nucl Med 1998; 25: 79-83. 

46. Meier C, Ristic Z, KLauser S, Verrey F. Activation of system L heterodimeric 
amino acid exchangers by intracellular substrates. Em

47. Jager PL, Meijer WG, Kema IP, Willemse PH, Piers DA, de Vries EG. L-3-
[123I]Iodo-alpha-methyltyrosine s
biochemical activity and comparison with [111In-DTPA-D-Phe1]-octreotide 
imaging. J Nucl Med 2000; 41: 1793-1800. 

48. Shikano N, Kanai Y, Kawai K et al. Isofor 125

methyl-L-tyrosine membrane transport in human L-type amino acid transporters. J 
Nucl Med 2003; 44: 244-246. 

49. Kairemo KJ, Himi T, Hopsu EV, Ramsay HA. Radioimmunoimaging of gl
tympanicum tumours by In-111 labeled monoclonal antibody using single photon 
emission computed tomography. Am J Otol 1997; 18: 750-753. 

50. Siccardi AG, Paganelli G, Pontiroli AE et al. In vivo imaging of chromogranin A-
positive endocrine tumou
Nucl Med 1996; 23: 1455-1459. 

51. Goldman A, Vivian G, Gordon I, Pritchard J, Kemshead J. Immunolocalization of 
neuroblastoma using radiolabeled monoclonal antibody UJ
105: 252-256. 

52. Larson SM, Pentlow KS, Volkow ND et al. PET scanning of iodine-124-3F9 as an 
approach to tumour dosimetry during treatment planning for radioi

 26



Molecular imaging in neuroendocrine tumors: molecular uptake mechanisms and  
clinical results 

53. Hoegerle S, Altehoefer C, Ghanem N, Brink I, Moser E, Nitzsche E. 18F-DOPA 
positron emission tomography for tumour detection in patients with medullary 
thyroid carcinoma and elevated calcitonin levels. Eur J Nucl Med 2001; 28: 64-71. 

ndexes p53 and Ki-67. Nucl 

ero-pancreatic tumours. Eur J Nucl Med 1998; 25: 1396-

enterol 1998; 93: 66-

lalanine PET 

, Huglo D, Carnaille B, Proye C, Marchandise X. 

 16: 2534-2541. 

a University Experience, 1993 to 1998. J Clin Oncol 

tigraphy (Octreoscan): a comparative study with 

OTA-Tyr3-octreotide 

et al. Tc-EDDA/HYNIC-Tyr(3)-

ucl Med Mol Imaging 2005; 49: 237-244. 

tion and 

nd meta-iodobenzylguanidine (MIBG) scintigraphy in malignant 

54. Belhocine T, Foidart J, Rigo P et al. Fluorodeoxyglucose positron emission 
tomography and somatostatin receptor scintigraphy for diagnosing and staging 
carcinoid tumours: correlations with the pathological i
Med Commun 2002; 23: 727-734. 

55. Chiti A, Fanti S, Savelli G et al. Comparison of somatostatin receptor imaging, 
computed tomography and ultrasound in the clinical management of 
neuroendocrine gastro-ent
1403. 

56. Krausz Y, Bar-Ziv J, de Jong RB et al. Somatostatin-receptor scintigraphy in the 
management of gastroenteropancreatic tumours. Am J Gastro
70. 

57. Montravers F, Grahek D, Kerrou K. Can fluorodihydroxypheny
replace somatostatin receptor scintigraphy in patients with digestive endocrine 
tumors? J Nucl Med 2006; 47: 1455-1466. 

58. Nocaudie-Calzada M
Comparison of somatostatin analogue and metaiodobenzylguanidine scintigraphy 
for the detection of carcinoid tumours. Eur J Nucl Med 1996; 23: 448-454. 

59. Örlefors H, Sundin A, Ahlstrom H et al. Positron emission tomography with 5-
hydroxytryprophan in neuroendocrine tumours. J Clin Oncol 1998;

60. Raderer M, Kurtaran A, Leimer M et al. Value of peptide receptor scintigraphy 
using 123I-vasoactive intestinal peptide and 111In-DTPA-D-Phe1-octreotide in 194 
carcinoid patients: Vienn
2000; 18: 1331-1336. 

61. Shi W, Johnston CF, Buchanan KD et al. Localization of neuroendocrine tumours 
with [111In] DTPA-octreotide scin
CT and MR imaging. QJM 1998; 91: 295-301. 

62. Virgolini I, Patri P, Novotny C et al. Comparative somatostatin receptor 
scintigraphy using In-111-DOTA-lanreotide and In-111-D
versus F-18-FDG-PET for evaluation of somatostatin receptor-mediated 
radionuclide therapy. Ann Oncol 2001;12 Suppl 2: S41-S45. 

63. Gabriel M, Muehllechner P, Decristoforo C 99m

octreotide for staging and follow-up of patients with neuroendocrine gastro-entero-
pancreatic tumours. J N

64. Hubalewska-Dydejczyk A, Fross-Baron K, Mikolajczak R et al. 99mTc-
EDDA/HYNIC-octreotate scintigraphy, an efficient method for the detec
staging of carcinoid tumours: results of 3 years' experience. Eur J Nucl Med Mol 
Imaging 2006; 33: 1123-1133. 

65. Tenenbaum F, Lumbroso J, Schlumberger M et al. Comparison of radiolabeled 
octreotide a
pheochromocytoma. J Nucl Med 1995; 36: 1-6. 

 
 

 27 



Chapter 1 

66. Gibril F, Reynolds JC, Lubensky IA et al. Ability of somatostatin receptor 
scintigraphy to identify patients with gastric carcinoids: a prospective study. J 
Nucl Med 2000; 41: 1646-1656. 

67. Briganti V, Matteini M, Ferri P, Vaggelli L, Castagnoli A, Pieroni C. Octreoscan 

e 

rs. Br J Dermatol 2003;148:135-140. 

rtel A, Schumm-Draeger PM, Usadel KH, Hor G. 

on of In-111 octreotide and Tc-99m 

els of tumour markers after surgery. Clin Nucl Med 2001; 

 Nucl Med 

t al. 

arison of MIBG and pentetreotide 

obsson H et al. Combined In-pentetreotide 

tor localization of 

ther pancreatic lesions by echo-enhanced power 

aget E, Petelle B et al. Clinical impact of somatostatin receptor 

 

SPECT evaluation in the diagnosis of pancreas neuroendocrine tumours. Cancer 
Biother Radiopharm 2001; 16: 515-524. 

68. Schillaci O, Spanu A, Scopinaro F et al. Somatostatin receptor scintigraphy with 
111In-pentetreotide in non-functioning gastroenteropancreatic neuroendocrin
tumours. Int J Oncol 2003; 23: 1687-1695. 

69. Durani BK, Klein A, Henze M, Haberkorn U, Hartschuh W. Somatostatin 
analogue scintigraphy in Merkel cell tumou

70. Guitera-Rovel P, Lumbroso J, Gautier-Gougis MS, et al. Indium-111 octreotide 
scintigraphy of Merkel cell carcinomas and their metastases. Ann Oncol 2001; 12: 
807-811. 

71. Adams S, Baum RP, He
Comparison of metabolic and receptor imaging in recurrent medullary thyroid 
carcinoma with histopathological findings. Eur J Nucl Med 1998; 25: 277-283. 

72. Arslan N, Ilgan S, Yuksel D et al. Comparis
(V) DMSA scintigraphy in the detection of medullary thyroid tumour foci in 
patients with elevated lev
26: 683-688. 

73. Berna L, Chico A, Matias-Guiu X et al. Use of somatostatin analogue scintigraphy 
in the localization of recurrent medullary thyroid carcinoma. Eur J
1998; 25: 1482-1488. 

74. Kurtaran A, Scheuba C, Kaserer K, Schima W, Czerny C, Angelberger P e
Indium-111-DTPA-D-Phe-1-octreotide and technetium-99m-(V)-
dimercaptosuccinic acid scanning in the preoperative staging of medullary thyroid 
carcinoma. J Nucl Med 1998; 39: 1907-1909. 

75. Kropp J, Hofmann M, Bihl H. Comp
scintigraphy in children with neuroblastoma. Is the expression of somatostatin 
receptors a prognostic factor? Anticancer Res 1997; 17: 1583-1588. 

76. Schilling FH, Bihl H, Jac 111

scintigraphy and 123I-MIBG scintigraphy in neuroblastoma provides prognostic 
information. Med Pediatr Oncol 2000; 35: 688-691. 

77. Corleto VD, Scopinaro F, Angeletti S et al. Somatostatin recep
pancreatic endocrine tumours. World J Surg 1996; 20: 241-244. 

78. Rickes S, Unkrodt K, Ocran K, Neye H, Wermke W. Differentiation of 
neuroendocrine tumours from o
Doppler sonography and somatostatin receptor scintigraphy. Pancreas 2003; 26: 
76-81. 

79. Duet M, Sauv
scintigraphy in the management of paragangliomas of the head and neck. J Nucl 
Med 2003; 44: 1767-1774. 

 

 28



Molecular imaging in neuroendocrine tumors: molecular uptake mechanisms and  
clinical results 

80. Muros MA, Llamas-Elvira JM, Rodriguez A et al. 111In-pentetreotide scintigraphy 
is superior to 123I-MIBG scintigraphy in the diagnosis and location of 
chemodectoma. Nucl Med Commun 1998; 19: 735-742. 

81. Bohuslavizki KH, Brenner W, Gunther M et al. Somatostatin receptor scintigraphy 
in the staging of small cell lung cancer. Nucl Med Commun 1996; 17: 191-196. 

82. Bombardieri E, Crippa F, Cataldo I et al. Somatostatin receptor imaging of small 
cell lung cancer (SCLC) by means of 111In-DTPA octreotide scintigraphy. Eur J 

n A, Scheuba C, Kaserer K et al. Indium-111-DTPA-D-Phe-1-octreotide 

rer M, Kurtaran A, Leimer M et al. Value of peptide receptor scintigraphy 

n with 

maging with 2-[fluorine-18]fluoro-2-deoxy-D-glucose PET. 

Lung Cancer 2002; 37: 

 for the staging and 

ed Mol Imaging 

 evaluation for localization of 
phaeochromocytomas. J Intern Med 2001; 249: 247-251. 

 

Cancer 1995; 31A: 184-188. 
83. Fanti S, Farsad M, Battista G et al. Somatostatin receptor scintigraphy for 

bronchial carcinoid follow-up. Clin Nucl Med 2003; 28: 548-552. 
84. Kurtara

and technetium-99m-(V)-dimercaptosuccinic acid scanning in the preoperative 
staging of medullary thyroid carcinoma. J Nucl Med 1998; 39: 1907-1909. 

85. Rade
using 123I-vasoactive intestinal peptide and 111In-DTPA-D-Phe1-octreotide in 194 
carcinoid patients: Vienna University Experience, 1993 to 1998. J Clin Oncol 
2000; 18: 1331-1336. 

86. Örlefors H, Sundin A, Ahlstrom H et al. Positron emission tomography with 5-
hydroxytryprophan in neuroendocrine tumours. J Clin Oncol 1998; 16: 2534-2541. 

87. Hoegerle S, Nitzsche E, Altehoefer C et al. Pheochromocytomas: detectio
18F DOPA whole body PET--initial results. Radiology 2002; 222: 507-512. 

88. Pacak K, Eisenhofer G, Carrasquillo JA, Chen CC, Li ST, Goldstein DS. 6-
[18F]fluorodopamine positron emission tomographic (PET) scanning for diagnostic 
localization of pheochromocytoma. Hypertension 2001; 38: 6-8. 

89. Shulkin BL, Thompson NW, Shapiro B, Francis IR, Sisson JC. 
Pheochromocytomas: i
Radiology 1999; 212: 35-41. 

90. Chin R Jr, McCain TW, Miller AA et al. Whole body FDG-PET for the evaluation 
and staging of small cell lung cancer: a preliminary study. 
1-6. 

91. Pandit N, Gonen M, Krug L, Larson SM. Prognostic value of [18F]FDG-PET 
imaging in small cell lung cancer. Eur J Nucl Med Mol Imaging 2003; 30: 78-84. 

92. Schumacher T, Brink I, Mix M et al. FDG-PET imaging
follow-up of small cell lung cancer. Eur J Nucl Med 2001; 28: 483-488. 

93. Hoegerle S, Ghanem N, Altehoefer C et al. 18F-DOPA positron emission 
tomography for the detection of glomus tumours. Eur J Nucl M
2003; 30: 689-694. 

94. Hoefnagel CA, Taal BG, Valdes Olmos RA. Role of 
[131I]metaiodobenzylguanidine therapy in carcinoids. J Nucl Biol Med 1991; 35: 
346-348. 

95. Berglund AS, Hulthen UL, Manhem P, Thorsson O, Wollmer P, Tornquist C. 
Metaiodobenzylguanidine (MIBG) scintigraphy and computed tomography (CT) 
in clinical practice. Primary and secondary

 29 



Chapter 1 

96. De Graaf JS, Dullaart RP, Kok T, Piers DA, Zwierstra RP. Limited role of meta-
iodobenzylguanidine scintigraphy in imaging phaeochromocytoma in patients with 
multiple endocrine neoplasia type II. Eur J Surg 2000; 166: 289-292. 

docrinol Metab 2001; 86: 685-693. 

ce of histology. Eur J Nucl Med 1995; 

-

, Schmied C, Porn U et al. Integrated imaging using MRI and I 

dolago G, Zappone C et al. Meta-[ I]iodobenzylguanidine single 

guz H, Alagol F, Cantez S. Determination of medullary 

ts with medullary carcinoma of the 

97. van der Harst E, de Herder WW, Bruining HA et al. 
[123I]metaiodobenzylguanidine and [111In]octreotide uptake in benign and 
malignant pheochromocytomas. J Clin En

98. Hadj-Djilani NL, Lebtahi NE, Delaloye AB, Laurini R, Beck D. Diagnosis and 
follow-up of neuroblastoma by means of iodine-123 metaiodobenzylguanidine 
scintigraphy and bone scan, and the influen
22: 322-329. 

99. Hashimoto T, Koizumi K, Nishina T, Abe K. Clinical usefulness of iodine-123
MIBG scintigraphy for patients with neuroblastoma detected by a mass screening 
survey. Ann Nucl Med 2003; 17: 633-640. 

100. Pfluger T 123

metaiodobenzylguanidine scintigraphy to improve sensitivity and specificity in the 
diagnosis of pediatric neuroblastoma. AJR Am J Roentgenol 2003; 181: 1115-
1124. 

101. Erickson D, Kudva YC, Ebersold MJ et al. Benign paragangliomas: clinical 
presentation and treatment outcomes in 236 patients. J Clin Endocrinol Metab 
2001; 86: 5210-5216. 

102. Virotta G, Me 123

photon emission computed tomography in chemodectomas. J Nucl Med 1995; 39: 
9-12. 

103. Adalet I, Kocak M, O
thyroid carcinoma metastases by 201Tl, 99mTc (V)DMSA, 99mTc-MIBI and 99mTc-
tetrofosmin. Nucl Med Commun 1999; 20: 353-359. 

104. Ugur O, Kostakglu L, Guler N et al. Comparison of 99mTc(V)-DMSA, 201Tl and 
99mTc-MIBI imaging in the follow-up of patien
thyroid. Eur J Nucl Med 1996; 23: 1367-1371. 

 30



31 



 

 32




