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MetaboHc PET tracers 

for neuroendocrine tumors 

Klaas Pieter Koopmans 



Stellingen behorende bij het proefschrift 

Metabolic PET tracers 

for neuroendocrine tumors 

1. Voor stadiering van een patient met een carcinoid is de 18F-DOPA PET scan de eerste keus voor 
beeldvorming. (dit proefschrift} 

2. Voor het stadieren van patienten met medullair schildkliercarcinoom en verhoogde tumormarkers 
is de 18FDOPA PET scan beter dan de 18F-FDG PET scan. (dit proefschrift) 

3. Het verschil in op name tussen 18F-DOPA en 11(-HTP bij carcinoiden en eilandjesceltumoren wordt 

verklaa rd door de verschillen in het intracellulai re tracermetabolisme en de traceropslag. 
( dit proefsch rift) 

4. Patienten met eilandjesceltumoren moeten gestadieerd warden middels een PET-CT met 11(-5-HTP 
als tracer. ( dit proefschrift) 

5. Alleen voor de diagnostiek van het medullair schildkliercarcinoom is er nag een beperkte plek 
voor de 99mrc-V-DMSA scan. (dit proefschrift) 

6. De MIBG scan heeft een beperkte waarde bij paragangliomen. (dit proefschrift) 

7. Oak bij de PET-CT machines heeft softwarematige beeldfusie middels elastische vervorming 
("warping") meerwaarde voor de thorax en lever. 

8. Om patienten met neuroendocriene tumoren optimaal te kunnen behandelen, moeten deze 
patienten uitsluitend in gespecialiseerde centra gestadieerd en behandeld warden. 

9. Juist voor astmatici is het van belang bij bergbeklimmingen tot >3200m acetazolamide te 
gebruiken om hunverhoogde risico op acute mountain sickness en/of High Altitude Pulmonary 
Edema te minimaliseren. 

10. Om hoogte acclimatisatie bij bergsporters goed in te kunnen schatten moeten zowel psychische 
als lichamelijke factoren warden afgewogen met bijvoorbeeld de DARIX index. 

11. Door het uitlogen van zware metalen uit vliegas (afvalproduct van de huisvuilverbranding) in 
de bodem wordt het milieu belast. De mate van uitlogen is te voorspellen middels complexe 
theoretische modellen. 

12. Nucleaire geneeskunde is als fotografie: de kwaliteit en beoordeling van de afbeeldingen is niet 
volledig afhankelijk van de prijs en complexiteit van de apparatuur, maar met name van de mensen 
die de apparatuur bedienen. 

13. "Oak het schrijven van een proefschrift begint met een enkel woord." (vrij naar Laozi, 
grondlegger van het Taoisme, 600 v Chr - 470 v Chr) 

14. De General Aviation ( oak wel kleine luchtvaart genoemd) is de kraamkamer voor de grate 
luchtvaart en dient meer door de lokale en landelijke overheden ondersteund tffi1J� .. ?5'1_ .. rrJ_�_.rr.�----, 
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INTRODUCTION 

Neuroendocrine tumors originate from the diffuse neuroendocrine system. 
Embryologically the diffuse neuroendocrine system is derived from the neuroectoderm and 
the endoderm (gut) . (1, 2l The function of diffuse neuroendocrine system cells is to regulate 
neighbouring cells (paracrine regulation) by the excretion of biologically active amines 
and hormones. For the production of these hormones, the diffuse neuroendocrine system 
cells are specialized to be able to take up amino acids precursors and decarboxylate them. 
This process, also known amino precursor uptake and decarboxylation (APUD) ,  is a common 
biochemical property of neuroendocrine (tumor-) cells. Neuroendocrine tissues and cells are 
involved in the regulation of numerous processes within the body and can be found in almost 
every organ. A large variety of biologically active substances can be produced depending 
on the required function. Important active pathways are the catecholamine and serotonin 
pathway. 

Neuroendocrine tumors are often slowly growing and well differentiated tumors 
that can produce a large variety of biologically active products. They are rare tumors, which 
form only approximately 0.49% of all malignancies.Pl Most neuroendocrine tumors arise in 
the gut (these are also known as carcinoids, of which approximately 60% have their primary 
localization in the intestine) , but all other organ sites are possible. Originally carcinoids 
were classified based on the embryologic origin of their 'parent tissue' and divided into 
three groups (table 1); foregut, midgut and hindgut. Each subgroup has a characteristic 
hormonal secretion pattern. Until recently there was no classification system for other 
neuroendocrine tumor types. However, the World Health Organization has proposed a 
new classification method for all neuroendocrine tumors. This classification 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 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 tumor. (4l 

Due to the slow growth and vague non-specific symptoms caused by carcinoids and 
many other neuroendocrine tumors, these tumors are frequently extensively metastasized at 
first presentation. The only curative treatment for most neuroendocrine tumors is surgery. 
There has been a trend to more aggressive surgical treatment including debulking and even 
liver transplantation. When cure is not possible, reducing tumor bulk can still be of interest 
for these patients.<5l Substances produced by carcinoid tumors can cause severe symptoms, 
such as diarrhea, flushing, hypo- or hypertensive crisis, etc. For curative treatment of 
carcinoids, no systemic treatment options are currently available. In these indolent tumors 



Table 1. Classical classification of carcinoids based on embryologic origin 

Embryologic origin Tumor types 

Foregut carcinoids Bronchopulmonary neuroendocrine tumor 
Thymic neuroendocrine tumor 
Esophageal carci noid 
Gastric carcinoid 
Duodenal carcinoid 
Pancreatic neuroendocrine tumor 

Midgut carcinoids Small intestine carcinoids 
Appendiceal carcinoids 
Carcinoids of ascending colon 
Liver 

Hindgut carcinoids Carcinoids of transverse and descending colon 
Rectal carci noids 

Secretion products 
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5-HTP, histamine, multiple peptides 

Serotonin (5-HT), catecholamines, 
bradykinin, prostaglandin, substance 
p, neurokinin A, other peptides 

Usually non-secretory 

somatostatin analogs and interferon can be used to control symptoms caused by hormone 
secretion and to slow down tumor growth. (6l For certain subtypes, such as pancreatic islet 
cell tumors, curative systemic treatment in the form of chemotherapy is available. <6l Currently 
several new targeted drugs are available and are expected to find their place in standard 
treatment in the future. 

For the right treatment choices optimal insight in the extent of the disease is of 
utmost importance. Morphologic imaging methods for assessing tumor spread, such as CT, 
MRI and ultrasound, are almost always used in conjunction with nuclear medicine imaging 
techniques. Several well-known tracers, such as 111In-octreotide (SRS), 123!-meta-iodo
benzylguanidine (MIBG), 18FDG and 99rnTc-V-Dimercapto succinyl acid (DMSA), are used for 
this purpose. However availability of 18F-dihydroxyphenylalanine (18F-DOPA) tracer(?) and 
development of the 11(-5-Hydroxy-tryptophan (HTP) tracer <5l in our center allowed us to 
study neuroendocrine tumors with these new tracers. The rationale for the use of these 
tracers is the biochemical activity of neuroendocrine tumors and their active production 
of catecholamines and serotonin. 18F-DOPA is used as a precursor for the catecholamine 
pathway <9>, whereas 11(-5-HTP (10> is used as a precursor for the serotonin pathway. Both 
tracers are taken up actively via large amino acid transporters and subsequently metabolized 
by their respective pathways to end products. These end products (such as noradrenalin 
and dopamine for the catecholamine pathway and serotonin for the serotonin pathway) 
are stored in vesicles, ready for secretion. This is in contrast to the receptor approach in 
which the overexpression of somatostatin receptors on the cellular membrane is exploited. 
'11l Somatostatin can be labeled with isotopes and these molecules will then bind to 
the extracellular receptors. (12J The thus formed complexes are taken up (interiorized) in 
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lysosomes where these receptor-tracer complexes are broken down.(13) However, the receptor 
density between tumor cells can vary within an individual, which can lead to false negative 
results. 
Accurate knowledge of biochemical behavior and tumor localization is of interest for patient 
tailored therapy. Since somatostatin receptor scintigraphy is unable to detect all tumor 
lesions, other imaging methods are warranted. Exploiting the metabolic properties by 
using precursors for the metabolic pathways as tracers seems to be a potential interesting 
approach. 

Aim of this thesis 

The aim of this thesis is to study the value of new tracers for scanning neuroendocrine 
tumors in comparison with established imaging methods with an emphasis on the metabolic 
PET tracers 6-[F-18]fluoro-L-dihydroxyphenylalanin (18F-DOPA) and �-[llC]-5-hydroxy
L-tryptophan (11(-5-HTP). For this purpose several neuroendocrine tumor subtypes were 
studied. 

Outline of this thesis 

Chapter 2 gives an extensive literature overview of tracers used in nuclear medicine to 
detect neuroendocrine tumors. First, it describes the mechanisms of tracer uptake in 
neuroendocrine tumors. Secondly, it gives an overview of the diagnostic value of these 
tracers for most neuroendocrine tumor subtypes. This review tries to position the currently 
used nuclear medicine techniques such as somatostatin receptor scintigraphy (SRS) with the 
newly available metabolic tracers. These data can potentially be used for better treatment 
choices in these patients. 
Chapter 3 describes the study which aims to compare the value of 18F-DOPA PET imaging 
in patients with carcinoid tumors with the results of morphological imaging using CT, and 
functional whole body imaging using SRS. A total of 53 patients were studied. These results 
were compared with biochemical parameters of the catecholamine and serotonin pathways. 
Chapter 3a . In this chapter a patient is described in which the intravenous injection of 18F

DOPA resulted in a carcinoid crisis. The implications of this finding are addressed. 
In Chapter 4 the study is described which aims to establish the diagnostic value of tracers 
18F-DOPA and 11(-5-HTP for patients with carcinoid disease and islet cell tumors. 
Patients with carcinoid (n=24) and patients with pancreatic islet cell tumors (n=23) all 
underwent PET imaging with the 18F-DOPA and 11(-5-HTP tracer as well as, CT and functional 
imaging with SRS Carcinoid tumors and pancreatic islet cell tumors differ in metabolic 
behavior. Carcinoid tumors are often biochemically active and can produce large amounts of 
serotonin and catecholamine metabolites. Of all pancreatic islet cell tumors, approximately 
60 % are hormonal active and can produce a variety of products. (t4J 
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Chapter 5 aims to detect the value of 18F-DOPA PET and FDG PET in 21 patients with recurrent 

medullary thyroid carcinoma as defined by rising tumor markers Results of morphologic 

imaging, 18F- FDG PET, 99mTc-V-DMSA scintigraphy and 18F-DOPA PET were compared. We 

hypothesized that tumor marker kinetics for medullary thyroid carcinoma and markers for 

the catecholamine and serotonin pathway might be useful to analyze whether the course of 

the disease progression can tailor imaging for individual patients. 

Chapter 6 focuses on the value of SRS and 123I-MIBG for the detection of paraganglioma. In 

29 patients SRS, MIBG and CT were compared. Biochemical markers for the catecholamine 

pathway were collected to establish any possible relationship between tracer uptake and 

hormone production by the tumor. 

Chapter 7 contains the summary and addresses future perspectives. 

In Chapter 8 an outline of this thesis is given in Dutch together with introductory information 

for those unfamiliar with nuclear medicine and neuroendocrine tumors. 
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ABSTRACT 

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 meta-iodo-benzylguanide (MIBG) and dimercapto-sulphuric 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. 

1. 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 type. (1l 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 secreted.(2,3l Neuroendocrine tumors arise in nearly 
every organ but primary sites in gastrointestinal (56%) and bronchopulmonary (12%) tracts 
are most frequent.(4l 
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 
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or flushing. Apart from clinical symptoms, determination of tumor secretory products using 

biochemical assays can assist in obtaining a diagnosis. 

A B 

Figure 1. 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 (arrows). 

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 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 tumor. 
(5) 

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. P alliative procedures 

include surgical debulking, correction of bowel obstruction, chemo-embolizations, or 

systemic treatment using interferon-a or somatostatin analoguesY> Other treatment options 
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are chemotherapy and radionuclide therapy. New targeted therapies such as anti-angiogenic 
therapies are currently being explored. (4•6•7l 
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 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. 

2. 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 
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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. 

3. 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. 
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Figure 2. 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. 
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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. 

3.1 Receptor based imaging methods 

3.1.1. Somatostatin receptor imaging 

Currently somatostatin receptor imaging is the method of choice for the staging of 
neuroendocrine tumors. (sJ Somatostatin is a small regulatory peptide, which is widely 
distributed in the human body. Besides its function as a n eurotransmitter in the 
hypothalamus, it has an inhibitory effect on the production of several exocrine hormones 
in the gastrointestinal tract and anti-proliferative effects. (9l 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 recyding.(10l Thus far, 6 different somatostatin receptors have been 
cloned, namely sst1-sst5 (sst2 can be alternately spliced to yield two products, sst2A and 
sst28) .  

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 injection. (nJ 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 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 imaging. (12 ,13l There are many new 
developments in newer better chelators (i.e. DOTA, EDDA or HYNIC) and analogues with more 
rapid internalization properties. (14l 
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Figure 3. Forest plot analysis of SRS imaging per tumor type. 
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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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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 avai lab le, and yie lds the best results in paragangliomas and neuroendocrine 

gastrointestinal tumors (87 and 88% sensitivity) . SRS is least suitable for medullary 

thyroid carcinoma (44% sensitivity) . In genera l the SRS whole body scan information is 

complementary to the more focal information given by CT or M RI .  In figure 3 literature 

results are summarized in a Forest p lot. 

The three imaging methods described below, namely VIP, bombesin and  CCK receptor imaging, 

are still experimental and are not yet avai lable for routine c li nical use.  In  figure 4 results for 

VIP, CCK and antibody imaging are presented.  

3 .1 .2 .  Vasoac6ve 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 VPAC
1 
and VPAC

2
, 

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 a lso be i nternalized. (t5l VPAC
1 

is 

expressed in most epithelial tissues and the brain ,  while VPAC2 is on ly present in smooth 

muscle. Subsequently, these receptors are expressed in tumors derived from these tissues. 
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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). 
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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 cancers·<16l 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 receptors. <17l Clinical application is 

however still limited. 

3.1 .3 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 tract. <1si 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 cells.<16l The bombesin receptor family consists of four receptor 

subtypes; gastrin releasing peptide receptor (B8
2

) ,  neuromedin B receptors (B8
1 

or NMB) , 

and bombesin receptors B83 and 8B4 • 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 883 receptors. <19l 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 detection. <20l 

3.1.4 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 tumors <16l. 

Three G protein-coupled CCK receptors have been identified, namely CCK
1

, CCK
2 

and CCKc 

These CCK receptors have the same internalization mechanisms as somatostatin receptors. 

This internalization is limited to receptor ligands with agonistic activity. <21l CCK
1 

receptors 

have been detected in i.e. meningioma and neuroblastoma. The CCK
2 

receptor was identified in 

medullary thyroid carcinoma, astrocytomas, and some neuroendocrine gastroenteropancreatic 

tumors (especially insulinomas) and several soft tissue tumors. In pheochromocytomas and 
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paragangliomas CCK2 receptors are rarely expressed. This CCK2 receptor can be targeted by 
radiolabeled CCK octapeptides.(21l The last family member, the CCKc receptor, seems to be 
mainly involved in gastrin mediated proliferation in tumors of the nervous system. 
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 % . (22l 

3 .2  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. 

3.2.1 .  Catecholam;ne pathway 

In the catecholamine pathway phenylalanine and intermediate products such as L-3,4 -
di-hydroxy-phenylalanine (L-DOPA) are taken up via the LAT system into the cytoplasm of 
the cell. (23l Here these precursors can be metabolized to dopamine, which is transported 
into secretory vesicles via the vesicular monoamine transporter (VMAT) system. (24l 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 -di-hydroxy-phenylalanine (18F-DOPA), the end 
product 6-18F-dopamine and Metaiodobenzylguanidine (MIBG) , which is a substrate for the 
noradrenalin transporter. 

3.2.1 . 1 .  18F-DOPA PET 

18F-DOPA is an 18F labeled variant of L-DOPA used for PET imaging (figure 6) . 
Although the presence of the 18F atom in 18F -DOPA influences the metabolism, it has no 
or little effect for the transport into the intracellular environment via the cell membrane 
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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 11(-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) . 

Figure 6. Patient with metastatic pancreatic islet cell tumor. 
18F-DOPA PET (left) and 11(-5-HTP PET (right) in  a patient with metastatic pancreatic islet cell tumor. 
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bound LAT2 transporter.<25l 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 high18F-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 activity. (26> 

Somewhat paradoxically, the AADC inhibitor carbidopa is sometimes used in conjunction 
with 18F-DOPA PET imaging. In the proximal tubuli of the kidney 18F-DOPA is rapidly 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. 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 uptake. (27> 

Only a few studies with 18F-DOPA PET in neuroendocrine tumors have thus far been 
published. 18F-DOPA P ET 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 staging. <28• 29•30l 
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 in jection and 
if necessary an intravenous in jection of octreotide.(31) 

3.2.1 .2. 1231 and 1311- Metafodobenzylguanidine (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 
granules. (32l MIBG can be labeled with 1231 and 1311. 1231 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 1311-MIBG. These 
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properties enable the use of 1231-MIBG for SP ECV33l 

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 neuroendocri ne tumors, 

such as carcinoid (averaging 50%) (figure 8) .Its specificity in detecting pheochromocytoma 

and neuroblastoma is 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 i ts 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 neuroblastoma. <34l 

3.2.1 .3. 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 i n jection due to metabolization . <35l 

The P ET tracer 6-18F-dopamine was developed to visualize sympathiconeuronal in nervation. 

This tracer is actively taken up, stored and metabolized by cells from organs with a 

sympathetic innervation . 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 n o  uptake is seen i n  the brain .  
18F-dopamine P ET is a useful imaging method for the detection of pheochromocytomas. 
(36l These tumors have a high expression of monoamine transporters, which makes these 

tumors ideal candidates for 18F-dopami ne imaging. Due to a low specific activity and the 

pharmacological activity of both labeled and unlabelled dopamine, the maximum in jectable 

dose of 18F-dopamine is limited. 

3.2.2. 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. 
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Figure 7. Double side pheochromocytoma. 

18F-DOPA PET (left) and 123!-MIBG (right) of a patient with double-sided pheochromocytoma. 

3.2.2.1 .  11C-5-Hydroxytryptophan (11C-5-HTP) PET 

Thus far, 11(-5-HTP PET is the only tracer for this pathway, which has reached clinical 

app lication (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 a llow for an excellent discrimination of these tumors with 11(-5-HTP 

and  18F-DOPA as compared with normal tissue. (37l Due to low organ uptake of 11(-5-HTP, 

scans are characterized by a low background activity. 11(-5-HTP uptake by the kidneys and 

metabolization to serotonin by the AADC enzyme followed by subsequent urinary excretion, 

resu lt in an intense signal in these organ systems. There is a lso some physiologic pancreatic 

u ptake noticeable. This can lead to difficulties in the i nterpretation 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 i ntensity in this area, thus 

improving image quality and interpretability. '38l 

There are however two draw-backs for this tracer. The tracer synthesis is very comp lex 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 faci lities. 

Nevertheless, the published results with this tracer justify the use of this tracer. 
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Figure 8. Forest plot analysis of MIBG imaging per tumor type. 
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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). 

3.3 .  Phosphate metabolism 

Inorganic phosphate (Pi) molecules and Na+ ions are taken up by cells via the Na+/Pi co

transporters.<39) _  Three different families of Na+/Pi co-transporters have been reported, type 

I, II and III. These transporters are involved in the inorganic phosphate transport in cells. 

Type II and III are regulated by extra cellular pH  whereas type I is indifferent to pH. Type 

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 are expressed differently in 

these organs and within the tissues of these organs. <39. 4o) . 
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Figure 9. Forest plot analysis of 99"'Tc- (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 p lot 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) .  

3.3.1. 99mTc -(V)-Dimercaptosuccinic acid (99mTc-(V)-DMSA) 
The uptake mechanism for 99mTc- (V)-DMSA is based on the resemblance between the TcOt 
complex in labeled DMSA and the phosphate molecule PO/ (40l .  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 metabolism (41l .  

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) 

3.4 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 
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CO2. Tumor cells rely mainly on the anaerobic glycolysis with its relatively low energy yield, and 

therefore require much more glucose. 

3.4. 1. 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 membrane poorly. The 

increased expression of the glucose transporter molecules and the hexokinase enzyme resu lt in 

an increased uptake and retention of FDG in tumor cells compared to normal cells . '44> In general, 

FDG uptake increases when tumors behave more aggressively.!45l 

However, neuroendocrine tumors do not have a high glycolysis rate. Results of FDG imaging 

in neuroendocrine tumors are inferior to these obtained for metabolically active tumors. 

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

characterized by a more aggressive behavior. !46l 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) . 

3.5 Large amino acid transport system 

To import large branched and aromatic neutral amino acids cells rely on the plasma membrane 

bound system L transporters . This system consists of two heterodimers composed of a large 

glycoprotein part and a variable light chain, thus forming the LAT 1 to 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 tumors.!46•47l 

3.5. 1. L-3-1231-alpha-methyl-tyrosine (1231-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-cellularly 

. !45> Therefore, it can be regarded as a true marker for transport capabilities of neuroendocrine 

tumor cells. A study in 22 carcinoid patients showed an overall lesion detection of 43% with 

a lower lesion contrast and image quality than 111In-octreotide.'49l 123I-IMT is not generally 

available. 
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3.6 Radio labeled 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 neuroblastoma. (49-52l 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. 

4. 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 PET 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 
and serotonin pathways. Different strategies in the development of tracers suitable to 
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 antibodies specific for neuroendocrine tumors, has thus far not been as successful 
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 and anatomic images 
give surgeons essential information to guide surgical decision-making. 
An enormous amount of expertise and knowledge has been gathered in the past years with 
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 
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acids for the incorporation in metabolic pathways, precursors (i.e. 18F-DOPA and 11(-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 P ET 

tracers, such as 18 F-DOPA on a P ET-CT machine. When this combination yields negative results, 

other techniques can be used for further analysis. 
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SUMMARY 

Background To assess individual treatment options for patients with carcinoid tumours, 

accurate knowledge of tumour localizations is essential . We aimed to test the diagnostic 

sensitivity of 18F-DOPA PET, compared with conventional methods methods, in  patients with 

carcinoid tumours. 

Methods In a prospective, sing le-centre, diagnostic accuracy study 18F-DOPA PET with 

carbidopa pre-treatment was compared with Somatostatin receptor scintigraphy (SRS) , CT 

and combined SRS and CT in 53 patients with a metastatic carcinoid tumour. The performance 

of a ll imaging modalities was analysed for individual patients, for eight body regions and 

for detection of individual lesions. PET and CT images were fused to improve localization .  

To produce a composite reference standard, we used cytological and histo logical findings; 

a ll imaging tests, including secondary assessments for newly found lesions; follow-up; and 

biochemical data Sensitivities were calculated and compared.  

Findings In a patient based analysis, we recorded sensitivities of 100% (95% CI 93-100) for 
18F-DOPA PET, 92% (82-98) for SRS, 87% (75-95) for CT, and 96% (87-100) for combined SRS 

and CT (p=0.45 for 18F-DOPA PET vs combined SRS and CT) . However, 18F-DOPA PET detected 

more lesions, more positive regions and  more lesions per region than combined SRS and CT. 

In region- based analysis, sensitivity of 18F- DOPA PET was 95% (90-98) versus 66% (57-74) 

for SRS, 57% (48-66) for CT and 79% (70-86) for combined SRS and CT (p<O · 001, PET vs 

combined SRS and CT) . In lesion ana lysis, corresponding sensitivities were 96% (95-98) , 

46% (43-50), 54% (51-58) and 65% (62-69;  p<0.0001 for PET vs combi ned SRS and CT) . 

Interpretation If the improved tumour  localisation seen with 18F-DOPA PET compared with 

conventional imaging is confirmed in future studies, this imaging method could rep lace use 

of SRS, help improve prediction of prognosis, and be used to assess patients' response to 

treatment for carcinoid tumours. 

INTRODUCTION 

Neuroendocrine tumours are a heterogeneous group of slowly growing lesions arising  from 

neuroendocrine cells, of which carcinoid tumours are the most common .  These tumours 

are often located in the abdomen and  can produce and secrete a large variety of products 

because of their intrinsic ability to take up, accumulate and decarboxylate amine precursors.1 

In metastatic disease these products, such as serotonin and catecholamines, can bypass 

the first-pass metabolization and inactivation by the liver and cause symptoms. Treatment 

options for carcinoid tumours include curative or debulking surgery, medical treatment with 

somatostatin analogues and i nterferonYl 

To assess individual treatment options, accurate knowledge of tumour localization, 



Staging of carcinoid tumours using 18F-D0PA positron emission tomography 45 

biochemical activity and the rate of progression is essential. The initial work-up for patients 
with carcinoid tumours consists of morphological imaging methods such as CT, combined 
with functional whole body imaging using somatostatin receptor scintigraphy (SRS) _ C3·5l 

However, CT and MR imaging of the abdomen have difficulties in correctly separating tumours 
and mesenterial metastases from intestinal structures. (6•8l Furthermore, SRS can produce 
false negative findings, due to variable affinity and expression of somatostatin receptors 
and the restricted resolution of gammacameras and single photon emission tomography 
(SPECT) methods. 9•10 

PET using the catecholamine precursor 6-[F-18]fluoro-L-DOPA {18F-DOPA) has 
recently emerged as a new imaging method for neuroendocrine tumours.6 By contrast with 
other methods, this procedure is based on the intrinsic property of neuroendocrine tumours 
to take up amine precursors, such as 18F-DOPA.(11·15l The combination of this specific tracer 
with the high resolution provided by PET, could lead to a clinically relevant improvement 
in detection and staging of neuroendocrine tumours. A few small studies have shown some 
potential of 18F-DOPA PET in small and heterogeneous groups of patients with neuroendocrine 
tumours. (6•16·11) 

Therefore, the aim of this study was to compare the diagnostic sensitivity of 18F

DOPA PET with that of conventional imaging methods, such as SRS and CT, in a large and 
homogeneous population of patients with carcinoid tumours. 

METHODS 

Patients 

Patients eligible for this prospective single-centre diagnostic accuracy study included: 
those who were newly referred to our centre (which serves the northern region of the 
Netherlands) with a carcinoid tumour, based on clinical or biochemical findings and at least 
one abnormal lesion detected on CT, MRI, sonography or on SRS, and those known to have 
a histopathologically proven carcinoid tumour, who had a clinical indication for restaging 
and who had at least one abnormal lesion on conventional imaging studies. We excluded 
patients younger than 18 years, those who were pregnant, and those in whom an additional 
non-carcinoid tumour had been diagnosed. Every consecutive patient underwent 18F-DOPA 
PET, SRS, CT scanning of the abdomen and (if needed) the chest and biochemical analysis. 
Imaging methods were undertaken in a random order. The local medical ethics committee 
approved the study and all patients gave written informed consent. 

Procedures 
18F-DOPA was produced in the radiochemical laboratory of our hospital as described 
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previously.18 Patients fasted for 6 h before the examination and were allowed to continue all 
medication. Whole-body two-dimensional PET images were acquired 60 min after intravenous 
use of 18F-DOPA (130-230 MBq, radiation dose 2.6-4.6 mSv) 19, on a Siemens ECAT HR+ (high
resolution) positron camera (Siemens, Knoxville, TN, USA) with attenuation correction (7-
10 bedpositions of 5 min emission and 3 min transmission scan). For the reduction of tracer 
decarboxylation and subsequent renal clearance, all patients received 2 mg/kg carbidopa 
orally as pretreatment, 1 h before the 18F-DOPA injection, to increase tracer uptake in 
tumour cells.19-21 

Two nuclear medicine physicians (KPK, PLJ) , who were masked to the results 
of other imaging examinations and to the extension of tumour spread in study patients, 
interpreted the 18F-DOPA PET images independently. Only Lesions in every body region that 
clearly showed more activity than that seen in patients and regions not known to contain 
tumours were regarded as abnormal. If discrepancies were found, a consensus reading was 
done. Since 18F-DOPA P ET is a new test, these physicians built expertise in the first 20 cases, 
and then reviewed these early cases again in the second half of 2004. 

According to Dutch standards, we obtained planar totalbody and SPECT images 
24 h after intravenous administration of 200 MBq indium-111-octreotide (Octreoscan; 
Mallinckrodt, Petten, Netherlands; radiation dose 10 mSv) 22, using standard methods 
(Siemens Multispect 2 gamma camera, medium-energy collimator, 10 min spotviews, 64 
projections of 30 s). If interfering bowel activity was seen, images were recorded again at 
48 h. 23 We withheld Laxatives only if patients presented with diarrhoea. ALL patients were 
allowed to continue their treatment. 

SRS scans were interpreted by dedicated specialists as part of routine care and 
independently reread by a nuclear medicine physician (PLJ),  who was masked to the results of 
other imaging examinations and to the extension of tumour spread in the study patients. 

CT (4-16 slice, Siemens Somatom Sensation, Siemens Medical Systems, Erlangen, 
Germany; radiation dose 8-20 mSv)24 was done with oral contrast and intravenous contrast 
enhancement (Visipaque 270, 120 ml, 2· 5 ml/s). The reconstruction interval was 3-8 mm. ALL 
patients underwent CT of the entire abdomen and pelvis. The CT imaging area was extended 
to include the chest in 26 patients, and the neck and chest in three patients because 
of clinical suspicion of tumours in those regions. CT scans were interpreted by dedicated 
specialists as part of routine care. At the time of image fusion, results were reviewed again 
by the investigators, and for discrepancies, consensus was reached after multidisciplinary 
discussion. 

As a composite reference standard for the presence of tumour Lesions, we used all 
available cytological, histological, follow-up, and imaging findings, because cytological 
or histological verification of every Lesion is not feasible and not justifiable ethically in 
all patients because of the tumour Load in many of these patients. If possible, new fi 
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ndings on PET were verifi ed by other investigations other than CT and PET-CT fusion. These 
were: MRI (n=8), bone scintigraphy (n=9), planar radiographs (n=13), sonography (n=4) ,  
surgery (n=lO), or  biopsy (n=5). These investigations included verification of  lesions in 
body regions that were outside the CT field. However, in many cases, the number of new 
and previously unknown lesions on PET imaging was high, which led to the analysis of every 
individual localisation. 

After images had been interpreted, CT and 18F-DOPA P ET images were fused 
automatically by use of threedimensional fusion software (Siemens Leonardo workstation) 
with manual fine adjustments. Experienced physicians compared the fusion images with the 
results of visual matching for the accuracy of lesion localisation. 

As markers for serotonin metabolism, we measured serotonin concentrations in 
platelets and urinary 5-hydroxyindole acetic acid (5-HIAA) in a 24-h urine sample (upper 
reference limits 5 · 4 nmol/109 platelets and 3 · 8 mmoljmol creatinine, respectively) . As 
markers of catecholamine metabolism, we measured urinary concentrations of metanephrine, 
normetanephrine, and 3-methoxytyramine in a 24-h urine collection (upper reference limits 
99, 260, and 197 µmoljmol creatinine, respectively) .14•25 Sampling procedures and analytical 
methods were done as previously described. 24-30 We measured serum concentrations of 
chromogranin A by use of a radioimmunoassay (Cga-React, Cis Bio International, Marcoule, 
France) as a marker for tumour volume (reference interval 20.0-100.0 mg/L). 

Statistical analysis 

Analysis was done at three levels. At the first level, individual patients were analysed. Image 
studies were regarded as positive if a patient had at least one lesion. The second level of 
analysis addressed body regions-head and neck, mediastinum, lungs, liver, abdomen and 
pelvis, bone, and soft tissue of the extremities. A region was regarded as positive, if at least 
one lesion was detected in that region. The third level analysed the individual lesions that 
were counted for all imaging methods. If the number of lesions in one region (eg,liver) was 
more than ten, the number of lesions was truncated at ten lesions for that region to avoid 
bias. 

SRS is a whole-body procedure, whereas CT covers only the most relevant parts of 
the body. To eliminate possible bias towards whole-body imaging methods, we only analysed 
regions for which all three imaging methods were available. 

Sensitivities were calculated with the composite reference standard and were 
compared with paired observations and McNemar's test. Patient-based sensitivity was 
calculated as the proportion of patients with at least one lesion detected. Regional sensitivity 
was calculated by dividing the number of patients with a positive region (detected with 
that particular method) by the total number of patients in whom that region was positive 
by any imaging method. We calculated lesion-based sensitivity by dividing the number of 
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lesions detected with a particular method by the total number of lesions detected by any 
method. Pitman's test for paired data was used to compare the number of lesions per region. 
Wilcoxon's test was used to compare the number of patients with five or fewer positive body 
regions detected by P ET and by combined SRS and CT. For correlations, Spearman's r test was 
calculated. Significance level was 0.05, twosided. We did statistical analysis by using the 
SPSS package version 12.0. 

Role of the funding source 

The sponsor of the study had no role in study design, data collection, data analysis, data 
interpretation, or writing of the report. The corresponding author had full access to all the 
data in the study and had final responsibility for the decision to submit for publication. 

RESULTS 

Between October, 2003, and February, 2006, we asked 68 consecutive patients to participate 
in the study (figure 1); however, three declined PET scanning, and we could not obtain all 
required information for 12, because of various logistical reasons (eg, no biochemistry 
or pathology findings, no SRS). Sensitivity was calculated in the remaining 53 patients 
assessed, of whom 25 were newly diagnosed with carcinoid disease (table 1). The median 
time between PET and CT was 59 days (range 1-191) and between PET and SRS was 47 days 
(1-206) . Mean values for these intervals were 25 days (SD 57) and 42 days (75) , respectively. 
In retrospect, the interval was short compared with disease progression in all patients. One 
patient developed a carcinoid crisis after intravenous administration of 18F-DOPA, which 
was treated success fully. 31 

18F-DOPA P ET produced high-quality tomographical images that were easily 
interpretable (figure 2). More patients had positive Lesions detected by 18F-DOPA PET than 
by SRS or by combined SRS and CT (table 2; 18F-DOPA P ET vs combined SRS and CT, p=0.45). 
Four patients were recorded as negative on SRS, seven on CT, and two on combined SRS and 
CT (both of whom were shown to have tumours when assessed 6 months Later with SRS). 

Table 3 shows region-based and Lesion-based sensitivities. Of 326 regions that 
were assessable, 122 (37%) were judged as positive for tumour. 18 F-DOPA PET detected 117 
of these positive regions (sensitivity 95%), whereas SRS only detected 80 (sensitivity 66%; 
table 3). When data from SRS and CT were combined, sensitivity 
reached 79% but was substantially Lower than that for 18F-DOPA PET (18F-DOPA P ET vs 

combined SRS and CT, p=0.0001). 
687 Lesions were regarded as positive for tumour (table 3) . 18F-DOPA PET detected 

658 Lesions (sensitivity 96%), and SRS detected 315 (sensitivity 46%). Combined SRS and 
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Figure 1 .  Patient with carcinoid disease with bone, mediastinal, liver and abdominal metastases. 
Panel A shows a 18F-0OPA PET image. Red arrows indicate areas with physiological 18F-00PA uptake (striatum, 
kidneys, ureter, bladder) whereas all other black spots are tumour lesions. Panel B shows the planar somatostatin  
receptor scintigraphic i mages, arrowheads indicate mediastinal tumour lesions. Panel C shows a CT-PET fusion 
image, al l  coloured areas denote tumour lesions. In this patient both planar and SPECT somatostatin receptor 
scintigraphy missed most lesions found with 18F-00PA PET imaging. The abdominal and femoral lesions were not 
observed on CT 
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Table 1. Characteristics of the 53 patients included 
---- ----
Characteristics 

Sex (no of patients) Male/Female 

Median age in years (Range) 

New patients vs patients with known disease (no of patients) 

Histological vs biochemical diagnosis 
---

Primary localization of carcinoid tumour 

Lung 

Duodenum/ Jejunum/ Ileum 
----

Colon 

Unknown 

Patients with carcinoid syndrome 
---

Treatment during scan 
----

Somatostatin analogues (n) 

Somatostatin analogues + interferon (n) -

-
Value 

25/28 

59 (35-77) 
--

25/28 

52/1 
-f- -

5 -
3/ 3/ 25 

1 
----

16 

21 -

15 

1 
-� -

Biochemical parameters (elevated in n patients/total number of patients) ---
Platelet serotonin 

---

Urinary 5-hydroxyindolacetic acid 

Urinary metanephrine 
---

Urinary normetanephrine 
--- ---

Urinary 3-methoxytyramine ---
Serum chromogranin A 

-· -- -----

Table 2. Patient based analysis 

Imaging modality 

18F-DOPA PET 

SRS a lone 

CT alone 

SRS + CT 

Number patients with positive lesions 

53 

49 

46 

51 

42/51 

35/51 

5/48 

7/48 

16/48 

21/31 
-

Sensitivity Average number of lesions per patient 

100% 

92 - 5% 

86 - 8% 

96 - 2% 

12 · 4  

6 · 4  

8 - 1  

8 · 8  

- --------
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CT detected 450 lesions (sensitivity 65%; 18F-DOPA P ET vs combined SRS and CT, p<0.0001). 
Most positive lesions were found in the liver and abdominopelvic regions. 18F-DOPA P ET 
showed more lesions in these two regions than did combined SRS and CT ( liver, 348 vs 261, 
p<0.0001; abdomen/pelvis, 203 vs 135, p<0.0001, respectively). 

18F-DOPA PET detected a mean of 2.2 (SD 0.93) positive regions per patient, versus 
1.8 (0.81) detected by combined SRS and CT (p=0.0007). Based on our reference standard 
and follow-up, we could not record any false-positive lesions. The median number of lesions 
per patient was 12 for 18F-DOPA PET and ten for combined SRS and CT (table 2). A mean of 

Table 3. Sensitivities of imaging modalities in patients with carcinoid tumours. 

-, 
PET SRS 

I 
CT SRS+CT 

Sensitivity (95%CI} Sensitivity (95%CI} Sensitivity (95%CI} Sensitivity (95%CI} 
Number of positive I 
regions or lesions I __ ....._ __ 

Region based analysis -
Mediastinal* 92(74-99) 69(38-91) 15(1-46) 69(38-91) 13 

Lung* 60(13-96) 80(27-99) 40(40-87) 80(27-99) 5 
- -

Liver 98(88-100) 77(62-89) 75(60-87) 89(75-96) 44 ---
Pancreas 100(26-100) 0(0-74) 67(7-100) 67(7-100) 3 

-
Abdomen / pelvis 97(86-100) 72(55-85) 62(44-77) 87(72-96) 39 

Bone 92(63-100) 31(1-62) 46(19-75) 54(25-81) 13 -
Extremities 100(45-100) 20(0-73) 20(0-73) 20(0-73) 5 

Total 9 5 * * (90-98) 66(57-74} 57 (48-66} 79(70-86} 122 

Lesion based analysis 

t
•diastiaal • 95(82-100) 41(25-58) 8(1-21) 44(28-60) 39 

ung* 55(23-84) 53(16-77) 36(10-70) 64(30-90) 1 1  ----
Liver 97** (95-94) 53(48-59) 66(61-71) 73(68-78) 360 

>-- ---
Pancreas 100(26-100) 0(0-74) 67(7-100) 67(7-100) 3 --
Abdomen / pelvis 96** (93-98) 41(35-48) 49(42-56) 64(57-71) 208 
- -
Bone 97(88-100) 31(20-44) 41(29-54) 48(35-61) 61 

-
Extremities 100(45-100) 20(0-73) 20(0-73) 20(0-73) 5 

Total 96** (95-98) 46(43-50} 54(51-58) 65(62-69} 687 

In  the head and neck region no lesions were found with either imaging modality. Therefore, this region has been 
omitted from this table. *Only regions in  the field of view of al l  modalities were compared. * *  p<0.001 for the  
comparison of  18F-DOPA PET with  the combination SRS and CT. 
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13.5 lesions (SD 7.9) per patient were found overall (18F-DOPA PET, 12.4 [7.4]; SRS, 6.2 [5.6]; 
combined SRS and CT, 8.8 [6.4]; 18F-DOPA PET vs combined SRS and CT, p<0.0001). Thus, 18F
DOPA P ET detects an additional tumourpositive region in  one of three patients, and detects 
four additional lesions per patient. 

Urinary 5-HIAA excretion correlated with the number of tumour lesions detected 
by 18F-DOPA PET (r=0.41, p=0.003), by CT (r=0.40, p=0.003), and by combined SRS and CT 
(r=0.38, p=0.006). Platelet serotonin concentrations correlated only with the number of 
tumour lesions detected by 18F-DOPA PET (r=0.45, p=0.001). We recorded no correlation 
between the total number of tumours detected by any imaging method and concentrations 
of serum chromogranin A, urinary metanephrine, normetanephrine, or 3-methoxytyramine. 

DISCUSSION 

We showed improved diagnostic sensitivity of 18 F-DOPA PET in staging and identifi cation 
of carcinoid tumours, compared with currently applied, standard whole-body imaging with 
SRS. Compared with the combination of SRS with CT, 18F-DOPA P ET P ET detected substantially 
more individual tumour lesions, more affected body regions, and more lesions per region. 
The improved lesion detection of carcinoid tumours with 18F-DOPA PET provides a better 
understanding of the true extent of tumour spread in patients. 

The precise mechanisms that determine the uptake of 18F-DOPA in neuroendocrine 
tissues are not yet fully elucidated. The increased demand for aminoacids, precursors in the 
overactive secretory pathways in neuroendocrine tumours,14 probably induces high uptake of 
this aminoacid tracer in tumours by upregulation of transmembrane aminoacid transporters. 
However, intracellular mechanisms, such as the highly active aminoacid decarboxylase 
enzyme that is specifically active in neuroendocrine tumours, probably contribute to 
tracer uptake.11

•
13 Overactivity of the catecholamine pathway could induce uptake of the 

catecholamine precursor tracer 18F-DOPA, but 18F-DOPA uptake was also present in the 
absence of increased urinary catecholamine metabolite secretion. 

Only two small studies6•17 have been reported on 18 F-DOPA PET scanning in patients 
with carcinoid tumours. Hoegerle and colleagues6 did a lesion-based analysis (n=17) and 
found that 18F-DOPA PET was more sensitive than SRS, CT, and MRI in detecting primary 
tumours and lymph-node metastases.6 However, the performance of 18F-DOPA PET for the 
detection of organ metastases was similar to that of SRS and worse than that of CT and MRI 
combined. Our improved results might be due to the use of oral carbidopa pretreatment, 
which increases the concentration and availability of 18F-DOPA, thereby improving lesion 
detectability.32 Hoegerle and co-workers6 also used either CT or MRI, and studied fewer 
patients than we did. Becherer and colleagues17 studied 23 patients, in whom 18 carcinoid 
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tumours had been detected. 18F-DOPA PET yielded high sensitivities in a regionbased analysis 
similar to that used in our study. However, they detected fewer lesions in the lung (one of 
fi ve patients who had lung tumours) than that seen in our study (three of five patients 
with lung tumours) , although the numbers for this region were low in both studies. In the 
Becherer study,17 CT was the gold standard, and only lesions visible on 18F-DOPA P ET were 
regarded as false-positive. 

A notable alternative for the imaging of neuroendocrine tumours is the use of 
a direct precursor for the serotonin pathway, 11(-5-hydroxytryptophan (11(-5-HTP). This 
tracer has been investigated in 42 patients with various neuroendocrine tumours, after 
pretreatment with carbidopa.33 11(-5-HTP PET detected carcinoid tumours in 13 of these 
patients, which was similar to our results with 18F-DOPA. General applicability was limited 
by the difficult tracer synthesis of 11(-5-HTP and the short halflife of a 11(-based tracer of 
20 min (half-life of an 18F-based tracer is 110 min) . Other developments include the search 
for new radiolabelled somatostatin analogues for improved SRS SPECT imaging and SRS PET 
imaging. 34-36 

A perfect gold standard is difficult to establish in any diagnostic accuracy 
study. In our study, new diagnostic methods might have been much better than current 
standard methods and might detect many unknown lesions that can never all be verifi ed 
by cytological or histological analysis. Where possible, new findings were verified but we 
also assumed that when several lesions were verified by one technique, other lesions with 
identical and unequivocal uptake of this same tracer in the same patient could also be 
regarded as true tumours. The composite reference standard depended to some extent on the 
18 F-DOPA P ET results, and also on the CT and SRS results. Thus, our sensitivity values should 
be interpreted with caution. 

In view of the many new lesions detected by 18 F-DOPA PET and the fact that 
cytological and histological verification has a risk of bleeding complications in these highly 
vascularised lesions, we did not consider the undertaking of ten biopsies in one patient as 
feasible. 

Enhanced detection of lesions with 18F-DOPA PET can lead to improvements in 
patients' care. In particular, the imaging method's excellent detection properties for liver, 
bone, and abdominal lesions could lead to alterations in surgery, medical treatment, and 
radiotherapy plans. Neuroendocrine tumours are currently classified by the WHO framework, 
which is based on morphological, clinical, and functional aspects of the tumour and its 
metastases. Treatment options depend on the tumour mass, functional activity, and 
growth behaviour of these tumours.37•38 18F-DOPA PET could add important infor mation on 
tumour localisations and prognosis and be used to aid research in the response to new 
molecular-targeted drugs, possibly even replacing SRS. However, we did not aim to record 
how use of this technique could change manag�ment, since we included patients with at 
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least one histologically confirmed lesion or with known extensive disease. Furthermore, 
image interpreters need to develop experience with the technique before being completely 
accurate. With the excellent sensitivity of 18F-DOPA P ET recorded in patients with proven 
tumours, future studies are under way to measure the technique's detection capability in 
patients suspected of having a neuroendocrine tumour. 

In summary, 18F-DOPA P ET significantly improves the detection of carcinoid tumours 
and their metastases compared with conventional techniques, and detects an additional 
tumour-positive region in one of three patients, and a mean of four additional lesions per 
patient. This technique might also contribute greatly to the staging of these patients. 
With the rapidly expanding availability of P ET and increasing commercial production and 
distribution of radiotracers, the availability of tracers such as 18F-DOPA will probably also 
increase. Furthermore, treatment of these patients is often centralised in well-equipped 
hospitals. Although 18 F-DOPA PET is almost sufficient for staging, addition of CT improves 
the localisation of lesions, which is relevant to guide surgical and radiotherapeutical 
procedures. The new trend of combined PET-CT scan ning could therefore become a one-stop 
procedure in the staging of carcinoid tumours. 
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ABSTRACT 

A carcinoid crisis is a severe complication of the carcinoid syndrome that can arise in patients 
with advanced metastatic neuroendocrine tumors. It can be initiated by stress, catecholamines 
and tumor manipulation. In this report we present a case in which an injection with the 
catecholamine tracer 18F-DOPA, used for PET imaging, induced a carcinoid crisis. Octreotide can 
be used for treatment and should be available. Tracer injection should be slow. 
Key words: 18F-DOPA; carcinoid syndrome; carcinoid crisis; neuroendocrine tumors 

INTRODUCTION 

The carcinoid syndrome can occur in  patients with a metastasized midgut carcinoid. This syndrome 
is characterized by episodes of flushing, diarrhea, abdominal pain and wheezing_ (l-3l A carcinoid 
crisis is a serious complication of the carcinoid syndrome. A crisis is characterised by a sudden 
onset of different symptoms at once which can consist of prolonged cutaneous flushing, severe 
dyspnea, peripheral cyanosis, tachycardia and sometimes hemodynamic instability, which can be 
fataL.t4-6l 

In recent years, PET scanning using 6-(18F]-fluoro-dihydroxy-phenylalanine (18F-DOPA) 
has emerged as a new and accurate modality to image neuroendocrine tumorsY·8l 18F-DOPA is 
an amino acid, but also an important precursor in catecholamine metabolism. In this paper, we 
report a case in which the rapid intravenous administration of a bolus of 18F-DOPA, used for a PET 
imaging study, initiated a carcinoid crisis. 

CASE REPORT 

A 61 year old woman with extensive liver metastases from a carcinoid tumor was referred 
to our PET center for a 18F-DOPA PET scan. She participated in a diagnostic research project that 
was approved by the local institutional review board, and had given informed consent. One and 
a half year earlier she was diagnosed with carcinoid disease and elevated 5-hydroxy indol acetic 
acid (5-HIAA) excretion based on a primary tumor in the ileum and extensive liver metastases. 
To alleviate symptoms of diarrhea she received 20 mg slow-release octreotide intramuscularly 
every 4 weeks. Despite this treatment she still experienced episodes of diarrhea and flushing at 
the time of referral for the PET scan. During the last two visits to the outpatient clinic her blood 
pressure was 190/100 mmHg. In the last month her urine 5-hydroxy indol acetic acid (5-HIAA) 
level had slightly risen from 102 to 124 mmoljmmol creatinine. Since 8 years she had type 2 
diabetes for which she received glibenclamide. 

Conform our scan protocol she received 150 mg carbidopa orally after 6 hours of 
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fasting. One hour later a bolus of 160 MBq 18F-DOPA with a specific activity of 6 GBq/mmol was 

administered intravenously in a few seconds. Total injected volume was 8 ml consisting of 5.63 

mg 18F-DOPA and 6 ml NaCl 0.9%. Radiosynthesis of 18F-DOPA had been performed according to the 

method described by De Vries et al. and was no different from previous syntheses.(9l Approximately 

3 minutes after i njection she complained about a strange feeling in the abdomen, extending to 

her chest, shortness of breath, and nausea, but no itching. This was followed by severe vomiting. 

Physical examination revealed facial flushing with facial edema, peripheral cyanosis and thoracic 

erythema. Her blood pressure was 185/90 mmHg, with a regular heart rate of 72/min .  Her ECG 

was normal. Blood glucose was 8.6 mmoljl. She was given 2 mg of the antihistamine clemastine 

(Tavegil ®, Novartis, Switzerland) intravenously. Approximately 10 minutes after this injection 

her vomiting had stopped and her other complaints slowly diminished in the next 30 minutes. 

She felt herself fit to be scanned and one hour after injection of FDOPA the scan procedure was 

started(Fig. 1 ) .  When the scan was fi nished, blood and urine samples were collected to evaluate 

for histamine, catecholamine and serotonin metabolites. These data could be compared with 

measurements that had been performed in the morning before the PET scan.  Finally she went 

home in a good condition, approximately 2 hours after the injection . 

Two weeks later she told us that she had experienced similar, but less severe, episodes (without 

vomiting and peripheral cyanosis) spontaneously before. Based on these symptoms and an 

increase in urinary 5-HIAAs her octreotide slow-release dose was increased from 20 mg to 30 

mg monthly. 

• 

Figure 1. Anterior projection image from a 18F-DOPA PET scan showing extensive liver metastases and a 

supraclavicular lesion. Note physiological uptake in the striatum, kidneys and bladder. 
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DISCUSSION 

Initially we ascribed the symptoms of this patient to an anaphylactic reaction caused 
by the injection of tsF_DOPA. We treated her as such by giving an antihistamine. However, based 
on additional clinical and biochemical information it appears that this incident was a carcinoid 
crisis induced by the injection of 18F-DOPA. 

Laboratory parameters are important to determine the nature of such incidents. During 
anaphylaxis mast cells and basophils degranulate upon activation by cross-linking of mast cell
bound lgE with antigen or complement components. Products released during this degranulation 
include histamine, prostaglandins, leukotrienes, platelet activating factor and tryptase. Supportive 
for a diagnosis of anaphylaxis are increased serum tryptase levels and increased urine N-methyl
histamine, a histamine metabolite, that remains elevated for several hours.(10•11l In our patient 
tryptase and urine N-methyl-histamine were within normal range (Table 1), which virtually excludes 
an anafylactic reaction as the cause for the incident. A carcinoid crisis is the result of a massive 
release of serotonin and other products, such as histamine, kallikreins P2l or catecholamines.(13l 
Especially levels of serotonin and its metabolites (5-HIAA) are elevated and remain so for several 
hours.(14-15l In our patient, urine 5-HIAA had doubled within a few hours. In addition, serum 
tryptophan was lowered by 50% (Table l).(17l From these values it can be concluded that there 
has been a period of massive serotonin production and release which together with her symptoms 
and history, is diagnostic for a carcinoid crisis. The low tryptophan level, the first precursor in the 
serotonin pathway, confirms the increased activity of this pathway. 

Various causes for the carcinoid crisis have been reported. Besides mechanical 
stimulation of the tumor and triggering by catecholamines (especially noradrenalin), a carcinoid 
crisis can also be triggered by stress, hypercapnia, hypothermia, hypotension, hypertension, 
initiation of chemotherapy or drugs that cause release of histamine.(5•12•15•18-20l In our case the 
rapid injection with the catecholamine tracer isF -DOPA triggered the release of serotonin by the 
tumor cells, thus initiating the carcinoid crisis. 

Possible mechanisms for the initiation of a carcinoid crisis by 18F-DOPA can be local 
conversion in tumor tissue of 18F-DOPA to noradrenaline, induced by the enzymes aromatic acid 
decarboxylase (AADC) and dopamine beta-hydroxylase (DBH). These enzymes, especially AADC, 
can be abundantly present in carcinoids and remain active even in the presence of carbidopa. 
(21•22l Noradrenaline could then stimulate the tumor cells to release serotonin. This mechanism 
seems most likely, because the amount of the injected tracer is relatively high (5.6 mg), due to 
the low specific activity. Another mechanism might be local irritation by 18F-DQPA in the vessel 
walls of the adrenal gland. The adrenergic system would then release noradrenalin which in turn 
stimulates the tumor cells to release serotonin. Also for 1231-MIBG it has been proposed that 
rapid uptake of 123I-MIBG in chromaffin granules, either in the normal adrenal gland, or in tumor 
tissue, might cause rapid noradrenalin secretion. Every neuroendocrine tumor which produces and 
stores serotonin and catecholamines in secretory granules could react with massive outpouring 
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Table 1. Blood and urine measurements before and after scan procedure. 

Unit After t 
values latert 
Reference Before* 1 month 

Plasma 

noradrenalin < 4.31 nmol/1 3.34 

adrenalin < 0.22 nmol/1 0.11 

dopamine I § nmol/1 0.11 

serotonin 2.8-5.4 nmoV109 thrombocytes 26 27 21 

tryptophan 40 - 70 µmol/1 45.1 25.7 . 26.4 

5-HIAA § nmol/1 3939.0 3407.0 3502.0 

tryptase < 11.4 I µg/l 4.72 

Urine 

creatinine 7.1 - 13.5 mmol/1 6.6 3.9 6.4 

5-HIAA 0.8-3.8 mmoVmol creatinine 124.2 247.3 101.1 

noradrenalin < 30 µmoV mol creatinine 17 

adrenalin < 10 µmoV mol creatinine 2.1 
- - ------� 

dopamine < 300 µmoV mol creatinine 41 

POHPAA 10.0 - 20.0 mmoV mol creatinine - -
HVA 1.1 - 5.5 mmoV mol creatinine 4.1 3.7 

VA 5.0 - 15.0 mmoV mol creatinine 1.3 11.0 

MOPEG 0.4 - 1.5 mmoV mol creatinine 1.1 0.8 

VMA 0.5 - 2.5 mmoV mol creatinine 2.2 1.4 

OOPAC < 2.0 mmoV mol creatinine 0.5 0.8 
-· 
Metanephrine 33.0 - 99.0 mmoV mol creatinine 96 91 

Normetanephrine 64.0 - 260.0 µmoV mol creatinine 181 221 

3-MT 45.0 - 197.0 µmoV mol creatinine 444 519 --·- - -
M-histamine < 150 µmoV mol creatinine 52 50 

MIMA 0.9 - 1.9 mmoV mol creatinine 2.1 

serotonin 0 - 66 µmoV mol creatinine 274 271 294 
-- � - ---

* Blood and urine samples routinely taken 5 hours before 18F-DOPA injection. 
t Blood and urine samples taken directly after PET scanning, 2.5 hours after 18F-DOPA injection. 
t One month after the 18F-DOPA PET scan blood and urine samples were taken to obtain an i ndividual baseline reference. 
§ In the normal subject not detectable. 
Abbreviations: POHPAA, p-hydroxyphenylacetic acid ;  HVA: homovanillic acid; VA, vanillic acid, MOPEG, 
3-methyl-4-hydroxyphenylethylene glycol; VMA, vanillylmandelic acid; DOPA(, 3,4-dihydroxyphenylacetic acid ;  3-MT, 
3-methoxytyramine; M-histamine, 1-methyl-histamine; MIMA, methyl-imidazol-acetic acid 

of hormones, thus initiating the carcinoid crisis. However, patients most at risk are probably the 

patients with pre-existing carcinoid syndrome and the existence of extensive liver metastasesor 

the existence of metastases in another part of the body where the venous blood flow directly 

enters the systemic circulation . There are currently no risk-factors known that can indicate which 
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of these patients develop a carcinoid crisis.(1l 
The difference between a carcinoid crisis and a severe episode of the carcinoid syndrome 

can be difficult to make and there is a gradual transition. However, the hallmark of a carcinoid 
crisis is the sudden (violent) onset of different symptoms at once. Our patient developed much 
more severe and diverse symptoms shortly after injection of 18F-DOPA than the symptoms she 
usually experienced during an episode of her carcinoid syndrome. Also her biochemical findings 
suggest that she had gone through an episode with massive release of serotonin. Therefore it 
seems more likely that our patient experienced a carcinoid crisis instead of a severe episode of 
her carcinoid syndrome. 

Considering the severity of a carcinoid crisis, preventive measures should be taken 
and nuclear medicine workers must be aware of this risk and its treatment. This becomes more 
relevant since the application of 18F-DOPA PET seems more and more valuable for patient care. A 
preventive measure could be to administer 18F-DOPA slowly instead of a bolus. By avoiding rapidly 
building peak first-pass concentrations, slow injection can most likely prevent a rapid secretion of 
noradrenalin by tumor cells. This strategy is similar to the advise given for the administration of 
1231-MIBG by the manufacturer. Treatment of a carcinoid crisis should consist of blocking the release 
of the mediators from tumor tissue by giving somatostati n analogs, such as octreotide. (20,23l In the 
acute situation 100-500 µg octreotide can be safely administered intravenously.(6l Ketanserin has 
been used successfully in patients with a carcinoid crisis to block the actions of mediators. It is 
a selective antagonist of the 5-HT

2 receptor, alpha-1-adrenoreceptor, H
1
-histamine receptor and 

it decreases the central sympathetic outflow.(23l Ketanserin can be given as a 10 mg intravenous 
bolus injection. To treat hypotension, catecholamines should never be used, as they may stimulate 
the tumor to release even more serotonin. 

CONCLUSION 

We present a case of a patient with a carcinoid tumor with extensive liver metastases 
who developed a carcinoid crisis upon injection with isF_DOPA. As a carcinoid crisis can be fatal, 
PET centers using 18F-DQPA for imaging patients with biochemically active and metastasized 
carcinoid disease should be aware of this rare syndrome. The tracer must be administered slowly 
and intravenous somatostatin analogs and perhaps also ketanserin should be at hand to treat 
this condition. 
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SUMMARY 

Background To evaluate and compare diagnostic sensitivity of P ET scanning in carcinoid and 
islet cell tumour patients with a serotonin and a catecholamine precursor as tracers. 
Methods Carcinoid (n=24) or pancreatic islet cell tumour (n=23) patients with at least one 
lesion on conventional imaging including somatostatin receptor scintigraphy (SRS) and CT 
scan underwent 11C-5-hydroxytryptophan (11C-5-HTP) PET and 6-[F-18]fluoro-L-dihydroxy
phenylalanin (18F-DOPA) P ET. P ET findings were compared with a composite reference standard 
derived from all available imaging, clinical and cytological/histological information. 
Findings In carcinoid tumour patients per patient analysis showed sensitivities for 
11C-5-HTP PET, 18F-DOPA PET, SRS and CT of 100, 96, 86, 96 % respectively and in islet cell 
tumours of 100, 89, 78, 87%. In carcinoid patients per-lesion analysis revealed sensitivities 
for 11C-5-HTP PET, 11C-5-HTP PET/CT, 18F-DOPA P ET, 18F-D0PA P ET/CT, SRS, SRS/CT and CT alone 
of respectively 78, 89, 87, 98, 49, 73 and 63% and in islet cell tumours of 67, 96, 41, 80, 
46, 77 and 68%. In all carcinoid patients 18 F-DOPA PET and 11C-5-HTP PET detected more 
lesions than SRS (p <0 • 001). 11C-5-HTP PET was superior to 18F-DOPA PET in islet cell tumours 
(p <0 • 0001). In all cases CT improved the sensitivity of the nuclear scans. 
Interpretation 18F-DOPA P ET/CT is the optimal imaging modality for staging in carcinoid 
patients and 11C-5-HTP PET/CT in islet cell tumour patients. 

INTRODUCTION 

Carcinoid tumours and pancreatic islet cell tumours are relatively indolent tumours. They 
belong to the group of neuroendocrine tumours that arise from neuroendocrine cells. These 
tumours can produce and secrete a Large variety of products because of their intrinsic 
ability to take up, accumulate and decarboxylate amine precursors. (1l Treatment options for 
these tumours include curative or debulking surgery, systemic treatment treatment with 
somatostatin analogues, interferon and chemotherapy. 2 

To assess individual treatment options, accurate knowledge of tumour localisation, biochemical 
activity and rate of progression is essential. The initial work-up for patients with carcinoid 
and islet cell tumours consists of morphological imaging methods such as CT, combined with 
functional whole body imaging using somatostatin receptor scintigraphy (SRS).3

•
4 However, 

on CT and MR imaging of the abdomen it can be difficult to correctly distinguish tumours 
and mesenterial metastases from intestinal structures. In addition, CT and MR lesions cannot 
always be perfectly characterized as being malignant, especially in the pancreas, as frequently 
benign Lesions or cysts may have rather similar or a mixed appearance.5-1 

Apart from the advantage of covering the whole body in a single investigation, 
functional imaging methods also allow characterization of lesions on CT or MR. SRS is often 
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used for this purpose. However, it may produce fa lse negative findings, due to variab le 

affinity and expression levels of somatostatin receptors or small size of lesions because of 

the limited resolution of the gammacamera and single photon emission tomography (SPECT) 

methods. 8•9 

Recently, two positron emission tomography ( PET) tracers have emerged as 

potential functional imaging modalities in neuroendocrine tumours. In combination with 

the high resolution of PET this may lead to a clinically relevant improvement in detection, 

characterization and staging of these tumours. The first new tracer method is 18F-DOPA 

PET, employing the catecholamine precursor 6 - [ F-18] fluoro-L-dihydroxyphenylalanin 

(18F-DOPA) 5•6•10 whose uptake is based on the property of neuroendocrine tumours to take up 

amine precursors.1•1 1  For the detection of carcinoid disease, its superiority over presently 

used modalities h as been shown, but this advantage is less clear for islet cell tumours. 5•6 The 

second metabolic PET tracer 11C-5-hydroxytryptophan (11C-5-HTP) is a direct precursor for the 

serotonin pathway and therefore a potentially sensitive universal method for neuroendocrine 

tumour detection.  However, availability and experience with 11C-5-HTP is limited due to its 

complex production .12•14 Currently, there are no head-to-head studies available in which 
18F-DOPA is compared to 11C-5-HTP PET in their ability to detect neuroendocrine tumours. 

Therefore, the aim of this study was to evaluate the diagnostic sensitivity of 11C-5-HTP in 

comparison with 18F-DOPA PET in a large population of patients with a carcinoid or islet cell 

tumour. 

METHODS 

Patients 

Patients eligible for this prospective single-centre diagnostic accuracy study were: new 

patients referred to our centre with a carcinoid or pancreatic islet cell tumour, based on 

clinical, histological and/ or biochemical findings and at least one abnormal lesion detected 

on CT, MRI, sonography or SRS, and patients known to have a histopathologically proven 

neuroendocrine tumour, who had a clinical indication for (re)staging and who had at least 

one abnormal lesion on conventional imaging studies. We excluded patients under 18 years 

of age, pregnant patients and those with an additional non-neuroendocrine tumour. Each 

consecutive patient underwent 11C-5-HTP PET, 18F-DOPA PET, SRS, CT of the abdomen and a lso 

the chest, when i ndicated, within a short interval, and in random order. Biochemical analysis 

for relevant tumour markers in blood and urine was performed. All patients were allowed to 

continue their medication. 

The local medical ethics committee approved the study and a ll patients gave written 

informed consent. 
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PROCEDURES 
11(-5-HTP PET and 18F-DOPA PET 

For the reduction of tracer decarboxylation a nd subsequent renal clearance all patients 
received 2 mg/kg carbidopa orally as pre-treatment 1 h prior to the 11(-5-HTP and 18 F-DOPA 
injection to increase tracer uptake in tumour cells.16•17 11(-5-HTP was produced using a multi
enzymatic synthesis of enantiomerically pure 11(-5-HTP on a Zymark robotic system.13•15 

Patients fasted for 2 h before the examination. Whole body 2D-PET images were acquired 10 
min after the intravenous (IV) administration of 11(-5-HTP (200 ± 50 MBq, with an estimated 
mean radiation dose of O • 67 mSv) on a Siemens ECAT HR+ positron camera (Siemens, 
Knoxville, TN, USA) with attenuation correction (7-10 bed positions of 5 min emission and 3 
min transmission scan). 

18F-DOPA was produced as described earlier.17 Patients fasted for 6 h before the 
examination. Whole body 20-PET images were acquired as described for 11(-5-HTP PET 60 
min after the IV administration of 18F-DOPA {180 ± 50 MBq, with mean radiation dose of 4 
mSv18) .  

Two nuclear medicine physicians ( KPK, PLJ) blinded for the results of other imaging 
examinations and clinical information interpreted the sets of 11C-HTP and 18F-DOPA PET images 
independently. Discrepant cases were reviewed in a multidisciplinary team and a consensus 
was reached. Only lesions with an unequivocal visibility clearly above normal activity in that 
body region were considered abnormal. 

Somatostatin receptor scintigraphy 

According to Dutch standards, 24 h after IV administration of 200 MBq 111In-octreotide 
(Octreoscan; Mallinckrodt, Petten, The Netherlands - with an estimated mean radiation 
dose of 10 mSv19) ,  planar total-body and SPECT images were obtained using standard 
methods. (Siemens Multispect 2 gammacamera, medium energy collimator, 10 min spotviews, 
64 projections of 30 s). If interfering bowel activity was observed, 48 h images were 
recorded. 20 

SRS scans were interpreted by dedicated specialists as part of routine patient care 
and subsequently independently reread by a nuclear medicine physician (PLJ) blinded for the 
results of other imaging examinations and clinical information. 

CT 
CT (4-16 slice, Siemens Somatom Sensation, Siemens Medical Systems, Erlangen, Germany 
- with an estimated mean radiation dose of 8-20 mSv21) was performed using oral contrast 
and IV contrast (Visipaque 270, 120 ml, 2· 5 ml/s) enhancement. The reconstruction interval 
was O • 75-5 mm. All patients underwent an abdominal CT, 42 patients also a chest CT. CT scans 
were interpreted as part of routine patient care and were reread by an experienced radiologist 
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( KV) blinded for the clinical information. In discrepant cases consensus was reached after 

multidisciplinary discussion. 

Composite Reference standard 

As a composite reference standard for presence of tumour Lesions, all available cytological, 

histological, follow-up findings and all imaging findings were used. This is considered the 

optimal gold standard, as cytological or histological verification of every Lesion is not feasible 

and not justifiable in these patients. 5 

Whenever possible, new findings on P ET were verified with additional 

investigations. 

Biochemical analysis 

As markers for serotonin metabolism we measured serotonin Levels in platelets and urinary 

5-hydroxy indol acetic acid ( 5-HIAA) in a 24 h urine collection (upper reference Limits 5 · 4 

nmol /109 platelets and 3 • 8 mmoljmol creatinine, respectively) . 22•25 Serum chromogranin A 

was determined using a radioimmunoassay (Cga-React, Cis Bio International, Gif-sur-Yvette, 

France) as a marker for general neuroendocrine tumour activity (reference interval 20-100 

mg/L) . 

Data and statistical analysis 

The STARD checklist was used during design and writing of this report.26 Based on earlier 

studies, 18F-DOPA P ET and 11(-5-HTP P ET are both accurate techniques for staging of 

neuroendocrine tumours, but results may differ in subgroups.5•6•14 Therefore we aimed to 

study approximately 25 carcinoid and 25 islet cell tumour patients to make a statistically 

meaningful comparison between both diagnostic methods. We wanted to be able to 

document an increase in sensitivity from 65% (average value, for islet cell tumour patients 

for conventional imaging) to 9 0% with 11(-5-HTP P ET, using McNemar's test for comparison 

with 80% power and 5% two-sided significance Levels. Analyses were performed at the level 

of individual patients and individual lesions. When the number of Lesions in one organ (e.g. 

Liver) was higher than 10, the number of Lesions was truncated at 10 for that region to avoid 

bias. 

P ET and SRS are whole body modalities, while CT only covers the most relevant 

parts of the body. In order to eliminate bias towards total body imaging methods, only body 

areas for which all four imaging modalities were available have been evaluated. 

Sensitivffies were calculated using the composite reference standard, and were 

compared using paired observations and McNemar's test. Patient based sensitivity was calculated 

as number of patients with a positive test (at least one lesion detected) by total number of 

patients. Per lesfon sensitivity of a modality was calculated by dividing the number of positive 
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lesions detected with that modality by the total number of positive lesions. Significance level was 

• 05, two-sided. The statistical tests were carried out using the SPSS package version 12 • 0. 

Role of the funding source 

The funding source the Dutch Cancer Society played no role in the conduct of the study, 
the collection and interpretation of the data, or in the drafting of the report. All authors 
had full access to all the data of the study and agreed to submit the final manuscript for 
submission. 

RESULTS 

Patients 

Between February 2005 and February 2007, 50 consecutive patients were recruited, of which 
3 patients declined one or more of the imaging procedures leaving full data of 24 patients 
with a carcinoid tumour and 23 patients with an islet cell tumour for analysis, as presented 
in the flow diagram (figure 1). Patient characteristics are presented in table 1. All carcinoid 
patients and 39% of islet cell tumour patients had biochemical proof of increased serotonin 
metabolism. CT, SRS, 11(-5-HTP PET, 18F-DOPA PET were carried out within a median of 55 
days. In 29 patients both PET scans were performed on the same day. The mean interval 
between both PET scans was 18 days. Newly detected lesions were confirmed with MRI 
(n=2), bone scintigraphy (n=2), planar X-ray (n=3) and sonography (n=3) ,  surgery (n=3) or 
biopsy (n=l). Results in a representive patient are shown in figure 2. 

Patient based analysis 

Based on our selection criteria, all patients were considered positive for tumour. In a per 
patient analysis in carcinoid tumour patients, 11(-5-HTP PET detected one or more tumour 
lesions in all 24 patients (sensitivity 100%, table 2), whereas 18 F-DOPA PET and CT detected 
one or more tumour Lesions in 23 of 24 patients (sensitivity 96%) and SRS detected one or 
more tumour lesions in 18 of 21 patients (sensitivity 86%). 
In a per patient analysis in patients with islet cell tumours, 11(-5-HTP detected one or 
more tumour lesions in 23 of a total of 23 patients (sensitivity 100%) CT detected one 
or more tumour lesions in 20 of 23 patients (sensitivity 87%), SRS in 14 of 19 patients 
(sensitivity 78%) and 18 F-DOPA PET 16 of 23 patients (sensitivity 89). However, there were 
no statistically significant differences. 

Lesion based analysis. 

In patients with a carcinoid tumour, 371 tumour lesions were detected based on the composite 
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reference standard (table 3) . The largest number of lesions was present in liver and abdomen 
(75% of all) . 18F-D0PA PET and 11(-5-HTP PET had the highest sensitivity for the detection of 
these lesions compared to the other imaging modalities. The smallest lesion size that could 
be detected with 18F-D0PA PET and 11C-5-HTP PET was approximately 5 mm, as measured and 
confirmed on the PET-CT fused images. 0verall 18F-DOPA P ET found most lesions, followed by 
11C-5-HTP PET. However, this difference was not statistically significant. 18F-DOPA P ET and 
11C-5-HTP PET were both significantly better in detecting tumour lesions than SRS (18F-DOPA 
PET: p= 0 · 001 for 11C-5-HTP PET: p=0 · 008). The combination 18F-DOPA PET with CT had the 
highest sensitivity for detection of carcinoid lesions (98%), as CT detected lesions missed 
by nuclear medicine techniques, and vice versa. Therefore, combining nuclear medicine 
techniques with CT yielded more lesions. When SRS would have been left out, not a single 
lesion would have been missed. 

In patients with islet cell tumours, a total of 294 tumour lesions were detected. 
Most lesions (71%) were found in the liver and abdomen. In these patients 11C-5-HTP P ET and 
CT performed equally well, and were both better than the other imaging modalities, although 

Table 1. Patient characteristics. 
--- --- --
Characteristics Value 

Sex (n of patients) Male/Female 29/18 

Median age in years (range) 56 (18-79) 

New patients vs patients with known disease (no patients) 11/36 

Patients with abdominal carcinoid (n patients) 24 

Patients with carcinoid syndrome 12 

/ Treatment during scan 

Somatostatin analogues (n) 17 
Somatostatin analogues + 
interferon f n' 

2 

Patients with islet cell tumours (n patients) 23 

/ Treatment during scan 

Somatostatin analogues (n) 4 
Somatostatin analogues + 

1 
interferon In) 

Chemotherapy 1 

Radiotherapy on bone metastases 1 

The results for the patient based analysis are presented with the number of tumour positive patients, patient based 

sensitivity with 95%CI and the mean and median number of lesions per patient. 
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Table 2. Patient based analysis. 

Imagfog modality 

Carcinoid tumour (n=24) 

CT 

SRS 

18f -DOPA PET 

11C-5-HTP PET 

Islet cell tumour (n=23) 

CT 

SRS 

18f-DOPA PET 

11C-5-HTP PET 

Number of patients with I Sensitivity (gs%CI) 
positive lesions 

23 96% (78 -100) 

18 86% (62 - 95) 

23 96% (73 - 100) 

24 100% (85 - 100) 

20 87% (66 - 97) 

14 78% (56 - 97) 

16 89% (66 - 97) 

23 100% (84 - 100) 

L SO patients 7 

47 patients 

24 patients with cardnoid tumour I 

Mean and median number of 
lesions per patient (range) 

7 · 5; 9 · 7 (0 - 30) 

5 - 5; 6 · 9  (0 - 30) 

11 • 0; 13 . 4 (0 - 33) 

10 - 0; 12 · 1  (0 - 33) 

7 - 0; 8 - 7  (0 - 41) 

1 · O; 5 · 1 (0 - 40) 

1.0; 5 .2 (0 - 40) 

3 · O; 8 · 7 (1 - 40) 

Figure 1. In this flow diagram a schematically view of the recruited patients is given .  

not statistically significant. Both SRS and 18F-DOPA PET had a relatively poor performance 
for islet cell tumour detection. Again, combining SRS and PET with CT Led to an increased 
number of detected islet cell tumour lesions and therefore increased sensitivity (table 3} 
The combination of 11(-5-HTP PET with CT had the highest sensitivity. When SRS would have 
been left out, only 8% of all lesions would have been missed. These PET negative lesions 
were found in two patients. 
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7 

2B  

2D  

Figure 2. Fused 11F-DOPA - PET CT  scan (A), SRS (B), 18F-DOPA PET (C) and 11(-5-HTP PET (D) of a 80  year old male 

patient with metastatic carcinoid tumour. 

The CT scan shows a mesenterial mass and two smaller lesions in the upper mediastinum. On SRS (both planar and SPECT, 
not shown here) only the larger mediastinal mass, the large mesenterial mass and a small lesion on the left cranial side 
of the urinary bladder could be found. Both 18F-DOPA PET and 11(-5-HTP PET showed a number of smaller lesions in the 
upper mediastinum and upper lobes of both right and left lung, with 18F-DOPA yielding the best contrast. Note that the 
small lung lesions show less 11(-5-HTP uptake than 18F -DOPA uptake. 
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There was no statistical relationship between elevation of biochemical parameters and 
imaging results of 18 F-DOPA PET, 11(-5-HTP PET, SRS, or CT. 

DISCUSSION 

This study demonstrates that both 11C-5-HTP PET and 18F-DOPA P ET have excellent sensitivity 
to detect carcinoid and islet cell tumours lesions. 11C-5-HTP PET was the only imaging method, 
which was able to detect tumour lesions in all carcinoid and islet cell tumour patients. In 
carcinoid patients 18F-DOPA PET was the best modality as it detected more lesions compared 
to all other modalities including 11C-5-HTP PET, CT and SRS. In islet cells tumours 11(-5-HTP 
PET detected more tumour positive patients and lesions than 18 F-DOPA PET and SRS (figure 3). 
Adding CT to both PET techniques resulted in a slight further improvement in sensitivity (table 
3). Therefore 18F-DOPA PET-CT is considered the optimal technique for staging of patients 
with carcinoid tumours, and 11(-5-HTP P ET-CT for islet cell tumour patients. In patients with 
carcinoid tumours, SRS scanning can be omitted without missing any lesions. 

For islet cell tumours, this is less clear-cut. nc-5-HTP PET combined with CT gives 
the best tumour detection for most patients. However, in a minority, namely 8% of patients, 
SRS performs equal or better then metabolic PET imaging methods. Therefore, in patients 
with islet cell tumours SRS remains of additional value. 

Overactivity of the serotonin and most likely also the catecholamine pathway 
appears to be the key factor that determines the intracellular tracer concentration. Increased 
activity of transmembrane amino acid transporters results in high entry of both tracers in 
cells. In the tu moral cytoplasm 11C-5-HTP and 18 F-DOPA PET are metabolized via the abundantly 
present enzyme aromatic amino acid decarboxylase (AADC) to hormonal products which can 
be stored in pathway specific secretory vesicles. In contrast to islet cell tumors,most patients 
with carcinoid tumours the serotonin pathway is highly active. In these cells, the storage 
capability for the 11(-5-HTP metabolites is relatively saturated by endogeneous serotonin. The 
11(-5-HTP metabolites are therefore rapidly degraded via mono amino oxidase activity and 
subsequently excreted from the cell. This may explain the superior diagnostic performance 
for 18F-DOPA PET in carcinoid and 11C-5-HTP in islet cell tumors.27 

The intracellular tracer concentration is directly related to the probability of visualisation 
using the PET scanner. These high tracer concentrations allow the detection of smaller 
lesions, up to 5 mm in diameter. 

In both patient groups CT detected additional lesions and was therefore 
complementary to the PET techniques. The combination of 11(-5-HTP PET with CT proved 
to be the best method to detect islet cell tumour lesions, whereas the combination 18F

DOPA P ET with CT detected most tumour lesions in patients with carcinoid disease. Both PET 
combinations performed better then the combination of SRS with CT in both tumour types. 
Although difficult to quantify, another advantage of combining CT with 11C-5-HTP or 18F-DOPA 
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PET is the ability to characterise neuroendocrine origin of Lesions of lesions found on CT. 
Both PET methods allow better staging and estimation of the total body tumour 

Load. The addition of 11(-5-HTP PET to CT in islet cell tumour patients clearly helps to provide 
a better understanding of the number of lesions and their distribution. This will support 
treatment decisions. In addition, better estimation of the total body tumour Load and the 
detection of metastases in unknown regions may refine clinical management. Finally, the 
recent development of combined PET-CT scanning gives superior diagnostic information 
in a single session, largely obviates the need for SRS, and reduces the burden of multiple 
diagnostic tests. 

Table 3. Lesion based analysis. 

,-
CT SRS SRS + CT '"F -DOPA PET "F -DOPA PET + CT 11C-5-HTP PET HTP PET + CT 

Sensitivity Sensttfvlty Sensitivity Sensitivity Sensitivity Sensitivity Sensitivity Number of positive 
(95"!.CI) (95%0) (95%CI) (95"!.CI) (95%CI) (95"!.0) (95"!.CI) regions 

I Cardnoid tumours 

I Head and neck 46% (19-75) 

Mediastinal• I 75% (53-90) 

Lung* 60'1, (34-84) 

Liver 67'1, (59-74) 

� �ncreas 50% (0-100) 

Abdomen / pelvis 
I 68% (59-76) 

Bone 28"/o (14-45) 

Exbemities 0 

Total 63% (58-68) 

Islet cell tumours 

Head and neck 0% (0-63) 

Mediastinal • 61'1, (40-79) 

Lung* 0 

Liver 77% (69-84) 

�ncreas 50'1, (26-74) 

Abdomen / pelvis 80"/o (6-89) 

32'fo (17-51) 

I 50% co-100> 

31% (87-62) 

25"!. (10-47} 

50'1, (21-74) 

62% (54-70)" 
--

O'la (0-88) 

50% (41-59) 

69% (52-84) 

100 

49% (44-54)1 

69'1, (38-91) 

91% (67-98) 

90'1, (59-99) 

78% (71-85) - ----
50% (0-100) 

83"/o (75-89) 

69"/o (52-84) 

100 

73°/o (68-78) 

85% (54-99) 92% (63-100) 

58% (36-78) 100% (84-100) 

40% (16-68) 73% (44-93) 

93'1, (88-96) 100% (98-100) 
�-- ·----

50% (0-100) 100% (12-100) 

87'1, (79-92) 99"/o (95-100) 

100% (89-100) 100% (89-100) 

0 0 

87% (84-91) 98% (96-99) 
--- -- --- -

100% (36-100) 

37% (18-56) 

0 

57% (48-65) 

50% (26-74) 

31% (20-42) 

46% (27-62) 

O'lo (0-89) 

100'1, (36-100) 

63'fo (40-79) 

0 

85% (78-91) 

86"/o (58-97) 

81% (69-89) 

46¾ (27-62) 

O"fo (0-89) 

25% (0-82) 25'1, (0-82) 

43'1, (24-63) 68% (47-84) 

0 0 

39'1, (31-48) 86"/o ( 79-92) 

56% (30-79) 83'1, (58-97) 

29% (19-41) 83'fo (72-91} 

68% (49-83) 68'1, (49-83) 

50'1, (0-100) lOO'lo (12-100) 

85% (54-99) 

54'1, (32-75) 

13'1, (1-41) 

84% (78-90) 

50% (0-100) 

81'1o (73-87) 

92% (77-98) 

0 

78% (74-83) 

50'fo (5-95) 

79% (59-92) 

0 

67% (59-75) 

79"/o (52-94) 

50% (38-62) 

97% (84-100) 

50% (0-100) 
-

92'1, ( 63-100) 

54'1, (32-75) 

73'1, (44-93) 

91% (86-95) 

100'1, (12-100) 

95"/o (89-98) 

92'1, (77-98) 

0 

89% (86-92) -

50'fo (5-94} 

93% (76-99) 

0 

96% (91-99) 

94'1, (72-100) 

lOO'lo (95-100) 

97% (84-100) 

50'1, (0-100) 

13 

24 

15 

158 

2 

122 

36 

1 

371 

4 

28 

0 

132 

18 

76 

34 

2 

-- -

� _j l 68% (63-74) 46% (40-52) I 11'/o c12-82) 41'/o (36-47) 80'/o (75-85) 67'/o (62-73) 96'/o (93-98) 294 - -- -- ---

Table 3. The sensitivities for the combination SRS with CT, 18F-DOPA PET with CT and llC-5-HTP PET with CT are shown. 
To illustrate the additional value of combining these scans with each other, the results for the combination of nuclear 
imaging methods with CT are shown. * p = 0 • 007 for the comparison of SRS with 18F -DOPA PET; § p=0 - 001  for the 
comparison of SRS with 18F-DOPA PET and p=O • 008 for the comparison of SRS with 11(-5-HTP PET. 
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ALL other published data regarding 11C-S-HTP are from the group of Uppsala, Sweden. 
They studied 42 patients with a mixture of neuroendocrine and non-endocrine tumour 
patients. They concluded that 11C-5-HTP PET was superior to SRS and CT for neuroendocrine 
tumour Lesions and could be regarded as a universal imaging agent for these tumours.13 No 
head to head comparison of 18F-DOPA and 11C-5-HTP versus CT and SRS was performed. Recent 
data also point to the utility of 18F-D0PA PET in assessing pancreatic Lesions in infants and 
adults with hyperinsulinism. 28 

In our study in both patient groups 11C-S-HTP PET was far superior to SRS and in islet cell 
tumour patients 11C-5-HTP PET performed even better than 18F-D0PA PET. Therefore, 11C-S-HTP 
PET could indeed be seen as a universal imaging agent for carcinoid and islet cell tumours. 
However, the synthesis of 11C-S-HTP PET is complex. For efficient use of available resources 
and time it seems Logical to use 18F-D0PA PET for all patients with non-islet cell tumours and 
11C-5-HTP PET only for those with a proven or a suspected islet cell tumour. As P ET is now in 
general performed in combination with CT, this even further improves the Lesion detection 
and characterization properties of both PET scans and provides anatomical information all in 
a single and rapid session. 
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and 11(-5-Hydroxy-tryptophan {llC-5-HTP) positron emission tomography 

3 D  

Figure 3 .  C T  scan (A) , SRS (B), 18F-DOPA PET (C) a n d  11(-5-HTP PET (D) o f  a 54  year old male patient with 

metastatic islet cell tumour. 

The CT scan shows a large mass in the pancreatic head region (arrow), SRS shows equivocal (arrow) and 18F-DOPA 

PET shows low uptake in the pancreatic region and minor uptake in the upper chest and in two thoracic vertebrae. 
11(-5-HTP PET, however, shows numerous bone, liver and abdominal lesions, including the pancreatic region with 

much higher contrast. 
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ABSTRACT 

Introduction Curative treatment for recurrent medullary thyroid cancer (MTC) , diagnosed by 

rising  serum calcitonin is surgery, but tumor localization is diffi cult. Therefore the value of 
18F-dihydroxyphenylanaline positron emission tomography (18F-DOPA PET) , 18F-deoxyg lucose 

PET (18FDG PET) , 99mTc-V-di-mercapto-sulph uricacid ( DMSA) scintigraphy and MRI and/or CT 

was studied.  

Methods 21 patients with biochemical recurrent/residual MTC underwent 18F-DOPA PET, 
18FDG PET, DMSA scintigraphy and MRI or CT. Patient- and lesion based sensitivities were 

calculated using a composite referen ce consisting of all imaging modalities. 

Resu lts In 76% of a ll patients with MTC one or more imaging modalities was positive for 

MTC lesions. In 6 out of 8 patients with a calcitonin level < 500 ng/L imaging resu lts were 

negative. In 15 patients with positive imaging results, 18F-DOPA PET detected 13 (sensitivity 

62%,  with 4.6 lesions per patient [ lpp] ) .  Morphologic imaging  (n=19) was positive in 7 

(sensitivity 37%, 4.7 lpp) , DMSA (n =18) in 5 (sensitivity 28%, 1 .1  lpp) and 18FDG PET (n=17) 

in 4 (sensitivity 24%, 1 .6 lpp) . In a lesion based analysis 18F-DOPA PET detected 95  of 134 

lesions (sensitivity 71%) , morphologic imaging 80 of 126 (sensitivity 64%) , DMSA 20 of 

108 (sensitivity 19%) and 18FDG PET 48 of 102 (sensitivity 30%) . In 2 of 3 patients with a 

ca lcitonin/CEA doubling time of �12 months 18FDG PET performed better than 18FDOPA PET, 

in the third patient 18FDG PET was not performed . 

Conclusion MTC lesions are best detectable when serum calcitonin was >500 ng/L. Then, 18F

DOPA PET is superior to 18FDG PET, DMSA-V and morphologic imaging. With short calcitonin 

doubling times (� 12 months), 18FDG PET may be superior. 

INTRODUCTION 

Medullary thyroid carcinoma (MTC) originates from the parafollicular (-cells of the 

thyroid .  It accounts for 3% to 10% of all thyroid malignancies. (t l  Because (-cells produce 

ca lcitonin, this hormone serves as a reliable tumor marker for MTC. Another frequently used 

marker is carcino-embryonic antigen (CEA) . (1,2J Calcitonin doubling  time can be helpful in 

the judgment of the clinical course (3,4J a lthough the transition to progressive disease with 

overt metastases is often unpredictable. 

Thus far, surgery consisting of a total thyroidectomy and extensive lymph node 

dissection is the only effective curative treatment (5•7l in  p rimary MTC.  However, after 

clinical curative surgery, biochemical cure rates vary from 34% to 44% . Again, the only 

curative treatment option in these patients with residual or recurrent disease after initial 

treatment is re-operation.  But, surgery can only be successful when the surgeon is accurately 

informed about the location of local and distant metastases and usually only when residual 
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or recurrent MTC is confined to the neck. 
Therefore it is important to identify the source of the increased calcitonine as 

early as possible. However, the source of calcitonin production is hard to identify with 
conventional medical imaging and therefore distant metastases cannot be reliably ruled out. 
18F-fluoro-2-deoxy-D-glucose positron emission tomography (18F-FDG PET) and 99mTc(V) dimer 
captosuccinic acid scintigraphy (DMSA) have reasonable sensitivity for the detection of MTC 
metastases. However, in about half of the patients persistent MTC cannot be detected with 
any morphological (computed tomography [CT] or magnetic resonance imaging [MRI]) or 
functional imaging (18F-FDG PET, DMSA or 111In-octreotide scintigraphy).(4,9-10> 

Apart from the problematic restaging, another clinical problem is the unpredictable 
clinical course in patients with persistent disease. Although the overall survival of patients 
with biochemical detectable disease is relative long, the transition to progressive disease 
is often unpredictable.!Jl Early detection of such an accelerated phase might lead to better 
treatment, and for this purpose serum calcitonin doubling time has proven to be valuable. 
(3 ,4) 

18F-dihydroxyphenylanaline (18F-DOPA) PET is a new functional nuclear medicine 
procedure that enables metabolic imaging of MTC. This approach is based on the increased 
activity of large amino acid transporter (LAT) systems in neuroendocrine tumors such as 
MTC.(11) The first reports of the use of 18F-DOPA PET in patients with MTC are promising, 
but included only a very small number of patients.(12,13> The aim of the present study was 
to assess the value 18F-DOPA PET in patients with elevated calcitonin and CEA levels in 
comparison with the results with 18F-FDG PET, DMSA and morphological imaging (CT and/or 
MRI) . The secondary aim was to evaluate whether there was a relation between the level and 
the course of tumor markers and imaging results. 

METHODS 

Patients 

Patients who had histologically proven MTC and elevated serum calcitonin levels 
after initial surgical treatment were eligible for this prospective single center study. They 
were included between January 2003 and March 2007. The local medical ethics committee 
approved the study and all patients gave written informed consent. 

Imaging protocol 

According to our protocol, all patients with recurrent or residual MTC, diagnosed by 
elevated serum calcitonin and/or CEA and/or chromogranin A levels, underwent 18F-DOPA 
PET, DMSA scintigraphy, 18F-FDG PET scanning and morphologic imaging with CT or MRI. 
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DMSA and 18F-FDG PET were not performed when such scans had been made repeatedly with 
negative results in the previous two years. The regions of metastasis or recurrence were 
divided into five areas: regional, Lung, Liver abdomen and bone. 

18F-FDG P ET, DMSA scintigraphy and morphological imaging were performed as 
described previously. (9J These scans were interpreted by dedicated specialists as part of 
routine patient care and subsequently independently reread. 

18F-DOPA PET 
18F-DOPA was locally produced as described earlier. (14l Patients fasted for 6 hours 

before the examination and were allowed to continue all medication. Whole body 2D- PET 
images were acquired 60 minutes after the intravenous administration of 18F-DOPA (180 ± 
50 MBq) , on a Siemens ECAT HR+ positron camera (Siemens, Knoxville, TN) with attenuation 
correction (7-10 bed positions of 5 minutes emission and 3 minutes transmission scan, total 
scanning time approximately 60 minutes) . For the reduction of tracer decarboxylation and 
subsequent renal clearance all patients received 2 mg/kg carbidopa orally as pre-treatment 
1 hour prior to the 18F-DOPA injection to increase tracer uptake in tumor cells. (15•17l 

Two nuclear medicine physicians interpreted the 18F-DOPA PET images independently. 
These readers were unaware of calcitonin, CEA, and chromogranin A Levels and the results of 
other imaging examinations. Only Lesions in each body region with an unequivocal visibility 
clearly above normal activity, known from patients and regions without tumors, were 
considered abnormal. 

Composite reference standard 

As a composite reference standard for the presence of tumor lesions all available 
cytological, histological, follow-up findings and all imaging findings were used. (laJ In these 
patients, cytological or histological verification of every Lesion is neither feasible nor 
justifiable. Histological confirmation of disease would be the ideal verification of tumor 
activity, but for obvious reasons surgery or biopsy of all lesions on the combined imaging 
methods is not feasible. Whenever possible, new findings were verified with additional other 
investigations, such as 111In-octreotide scintigraphy (n=3) , meta-iodobenzylguanidine 
(MIBG) (n=3) , bone scintigraphy (n=l) and surgical findings (n= 5).  

Biochemical analysis 

As markers for tumor activity we measured serum calcitonin Levels (reference 
values 0.3-12 ng/L) by enzyme-Linked immunosorbent assay (Sangui Biotech Inc., Santa 
Ana, CA) and plasma CEA Levels (reference values 0.5-5.0 µg/L), which were measured by 
chemilumnescent microparticle immunoassay (Abbott Laboratories, Abbott Park, IL).  Serum 
chromogranin A was determined using a radioimmunoassay (Cga-React, Cis Bio International, 
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Gif-sur-Yvette, France) as a marker for tumor volume (reference values 20.0-100.0 mg/L) . The 
formula log2 x dT/(logB - LogA) was used to estimate the calcitonin and the CEA doubling 
time. In this formula, A is the initial and B is the following calcitonin or CEA concentration. 
dT is the time difference between the measurements of A and B in months. !19l 

Data and statistical analysis 

Because all patients presented with elevated serum calcitonin levels, any imaging 
study not showing a clear abnormality was classified as false-negative in the patient based 
analysis. In addition, region and lesion-based sensitivities were calculated using the 
composite reference standard described above, and were compared using paired observations 
and McNemar's test. Patient-based sensitivity was calculated as the number of patients with 
a positive test (at least one Lesion detected) by the total number of patients in whom the 
test was performed. Regional sensitivity was calculated by dividing the number of regions 
positive for tumor detected by that modality by the total number of tumor positive regions 
(composite reference) , and the lesion based sensitivity by dividing the number of detected 
lesions by the total number of lesions (composite reference). For the patient based analysis, 
McNemar's test was used to compare 18F-DOPA PET findings with those from 18F-FDG PET, 
99mTc(V) DMSA and morphological imaging. To compare the number of patients with 0, 1, 2, 3 
or more positive regions between 18F-DOPA PET and the other imaging modalities, Pitman's 
test was used. These tests were not corrected for multiple testing. For the comparison of 
number of Lesions per region, Wilcoxon's test was used. The Chi2 test was used to to compare 
proportions of abnormal biochemical markers in positive and negative imaging. Significance 
level was 0.05, two sided. Confidence intervals are mentioned in the tables. The statistical 
tests were carried out using the SPSS package 12.0. 

RESULTS 

Twenty-one consecutive patients (10 men and 11 women) were included. Twelve patients 
had sporadic MTC, 8 had multiple endocrine neoplasia (MEN) syndrome type 2A and 1 had 
MEN 28. All diagnostic imaging examinations of the same patient were completed within a 
9-month interval, which was always relatively short in comparison with the rate of disease 
progression, They were performed at least 4 months after any therapy. 18F-FDG P ET was 
obtained in 18 patients, DMSA scintigraphy in 19 patients, and MRI or CT of the neck and 
mediastinum in 18 patients. In the other patients such scans had been made repetitively 
in the previous two years with negative results. All these patients underwent the imaging 
procedures after initial total thyroidectomy with central compartment dissection and 
additional neck dissection on indication. Laparoscopy for detection of minimal, capsular 
liver diseas was not part of the standard dissemination strategy. Median age was 52 years 
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Table 2. Patient based analysis. 

Imaging modality � Number of patients with 
(performed in n patients) positive lesions 

CT/MR (18) 

DMSA (18) 

18FDG PET (17) 

18F-DOPA PET (21) 

7 � 
5 

-
4 

13 

medullary thyroid cancer: relation with tumor differentiation 

Sensitivity 
(95% 0) 

39% (17-65) 

28% {9-54) 

24% (6-50) 

62% (38-82) 

Mean number of lesions per patient 
(range) 

4.7 (0-18) 

1.1 {0-13) 

1.6 (0-18) 

4.6 (0-21) 

Based on the i nclusion criteria, all patients were considered positive for tumor. Sensitivities for the patient based 
analysis were calculated using the total number of patients scanned per imaging modality as reference. 

(range 19-75) . Cli nical characteristics of the individual patients are listed in tablel . 

Imaging results 

Patient based analysis 
18F-DOPA PET produced high quality tomographic images that were easily 

interpretable ( Figure 1) . In 6 patients {29%) n o  lesions could be detected with either of 

the imaging methods used, and these were therefore classified as false-negative. Table 2 

summarizes the imaging results per patient. Although morpho logic imaging methods were 

able to detect a slightly larger number of tumor lesions per positive patient (patient based 

sensitivity 39%, 4.7 lesions per patient [lpp] ) ,  18F-DOPA PET was able to detect 13 tumor 

positive patients (patient based sensitivity 62%, 4.6 lpp) . DMSA and 18F-FDG PET performed 

considerably less. DMSA detected five and 18F-FDG PET detected four tumor positive patients 

(sensitivity of 26% for DMSA vs 22% for 18F-FDGPET , 1.1 lpp vs 1.6 lpp) . DMSA and 18F-FDG 

PET were both positive in one patient, but detected different lesions. However, due to the 

small number of patients, no statistical significant difference in the patient based ana lysis 

could be reached between the described imaging methods. In four patients surge ry was 

performed as a result of 18F-DOPA PET findings. In these patients the lesions detected with 
18F-DOPA PET were resected and proven tumor positive with pathologic analysis. 

Region based analysis 

Table 3 describes the region-based analysis. Of the 126 regions evaluated, 37 

{29%) were considered positive for tumor. 18F-DOPA PET detected 33 of these positive 

regions (sensitivity 89%) , whereas morphological imaging detected 17 positive regions 

(sensitivity 52%) , DMSA scintigraphy 9 positive regions (sensitivity 33%) and 18F-FDG PET 

12 (sensitivity 48%) . 
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Figure 1. Patient 5: 68 year old female patient with a MEN 2a related metastasized recurrent medullary thyroid 
cancer. 
Her calcitonin doubling time was 91 months (calcitonin 27,190 n g/Ll) and her CEA doubling time  151 months (CEA 
1,460 µg/L). 18F-DOPA PET (figure 1A) showed the largest n umber of lesions, located in the neck, 
upper mediastinum, left thorax, live rand skeleton. 18FDG PET ( Figure 1B) only showed physiological uptake, but no 
tumor lesions. DMSA (Figure lC) showed lesions in  the upper mediastinum, left thorax, liver and skeleton, although 
with a m uch smaller number of lesions. In Figure 1D an 18F-DOPA PET - CT fusion slice is presented, showing liver 
lesions. 

Lesion based analysis 

A total of 134 lesions were considered positive for tumor based on the composite 

reference standard .  18F-DOPA PET detected 95 of 134 (sensitivity 71 %) Lesions. The 

sensitivity of 18F-DOPA PET was higher than that of morpho logic imaging in which both were 

performed ( p=0.019) . Morphologic imaging detected 80 of 126 lesions (sensitivity 64%) . 

DMSA and FDG were inferior to 18F-DOPA PET, as DMSA detected on ly 20 of 108 (sensitivity 

19%, p =0.031 for the paired comparison of 18F-DOPA PET with DMSA) and 18F-FDG PET on ly 

48 of 102 (sensitivity 30%, p=0.123 for the paired comparison of 18F-DOPA PET with 18F-FDG 

PET) (Table 3) . Most lesions were present in the liver and bone ( liver 41, bone 27) . 18F-DOPA 

PET showed more lesions in the liver region (47 for 18F-DOPA PET, vs 28 for CT/MRI) ,  however, 

morphologic imaging methods were able to detect more bone Lesions (27 for CT/MRI vs 8 

for 18F-DOPA PET) . The combination  of CT/MRI, DMSA and 18F-FDG P ET results in a total of 90 

lesions (sensitivity 71%) , which is  sti ll slightly less than the number of lesions detected by 
18F-DOPA PET a lone. 
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Table 3. Region and lesion based analysis. 

I 

I 
er/MRI DMSA 
(sens%, 95% CT) (sens%, 95% CT) 

Region analysis, positive regions 

Head 3 (50%, 10-90%) 2 (50%, 5-95%) 

Neck 4 (44%, 5-79%) 3 (50%, 0-93%) -
Thorax 2 (44%, 4-87%) 0 (0%, 0-63%} 

Liver 4 (57%, 27-100%} 1 (17%, 0-66%) 

Abdomen 0 (0%, 0-88%) 1 (33%, 0-93%) 
-

Bone 4 (100%, 31-100%) 2 (50%, 5-95%) 

Total 17 (52%, 33-69%} 9 (33%, 16-54%) 

Lesion analysis, positive lesions 

Head 3 (38%, 8-76%) 4 (67%, 24-92%} 
- -

Neck 7 (47%, 19-70%} 6 (55%, 24-76%} -
Thorax 15 (65%, 44-83%} 0 (0%, 0-14%} - -
Liver 28 (55%, 39-68%) 4 (9%, 2-19%} 

Abdomen 0 (0%, 0-55%) 1 (20%, 0-73%} 

Bone 27 (100%, 86-100%} 5 (19%, 6-38%} 

Total 80 (64%, 55-72%) 20 (19%, 12-26%) 

medullary thyroid cancer: relation with tumor differentiation 

11FDG PET (sens%, 95% CT) 

0 (0%, 0-63%} 

4 (67%, 21-97%} 

2 (67%, 3-78%0 

3 (60%, 13-96%} 

1 (33%, 0-93%} 

2 (50%, 5-95%} 

12 (48%, 28-69%) 

0 (0%, 0-38%} 

7 (70%, 41-89%} 

9 (82%, 60-94%) 

10 (23%, 12-37%} 

2 (40%, 4-89%) 

3 (11%, 2-29%) 

31 (30%, 23-39%) 

11F-D0PA PET (sens%, 95% CT) 

4 (66%, 1-89%} 

8 (80%, 43-98%} 

6 (100%, 52-100%) 

8 (100%, 61-100%) 

3 (100%, 26-100%} 

4 (100%, 37-100%} 

33 (89%, 74-97%) 

4 (50%, 15-85%} 

13 (814%, 54-96%) 

18 (69%, 48-86%) 

47 (90%, 84-99%} 

5 (100%, 45-100%} 

8 (30%, 14-50%} 

95 (71%, 62-78%) 

Number of positive regions and lesions per modality are given with sensitivity (%} and 95% confidence interval. 

Sensitivities were calcu lated using the composite reference data limited to the patients scanned with the involved 

imaging modality. 

Comparison of imaging with calcitonin 

ALL patients had elevated serum calcitonin Levels (median 1,064 ng/L; range, 
24-120,000 ng/L). Using an arbitrary calcitonin threshold of 500 ng/L (4), 12 of the 13 
patients with serum calcitonin Levels higher than 500 ng/L had positive 18F-DOPA PET scans 
(p=0.002 for the comparison of positive of scan results versus calcitonin > 50 ng/L). Of the 
8 patients with a serum calcitonin Level below 500 ng/L, 6 had negative imaging results. One 
patient (patient 10) showed a Lesion Lateral of the right side of the urinary bladderlesion 
which was only present on 18F-DOPA PET. This patient had normal CEA Levels and the median 
calcitonin doubling time was 27 months (range 4-108 months) . 

I 
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After combining a calcitonin level of >500 ng/L with calcitonin doubling time >12 
months as classification of biochemically active but slowly progressive MTC, we evaluated 
10 patients. 18F-DOPA PET was positive in 9 patients. In 7 of these 10 patients 18F-DOPA 
PET detected more lesions than the other imaging modalities, in 3 patients 18F-DOPA PET 
detected the same lesions as the other imaging modalities and in patient 21 (with doubling 
time just over 12 months) 18 F-DOPA PET revealed an additional abdominal lesion that did 
not show up on all other imaging modalities but failed to identify a thoracic lesion which 
was identified by 18F-FDG P ET. In contrast, 18F-FDG P ET was negative in 6 of 7 patients 
with a calcitonin level of >500 ng/L and a calcitonin doubling time > 12  months. In one 
patient (patient 21) 18F-FDG P ET detected an additional thoracic lesion but failed to identify 
one abdominal lesion which was detected by 18F-DOPA PET. Two patients, #4 and #5, were 
exceptional: they had very high CgA and Calcitonin levels, but a long doubling time for both. 
18F-FDG PET was, in contrary to 18F-DOPA PET and CT, negative in these two patients. These 
doubling times and the clinical behaviour suggest a slow growing tumor with a low glucose 
need in these patients. 

A calcitonin level of >500 ng/L and a calcitonin doubling time < 12 months as 
characterization of biochemically active and a rapidly progressing tumor was present 3 
patients. These 3 patients (#2, #12 and #18) have died since entering the study. Patients 
#2 and #18 had more 18F-FDG PET positive lesions then 18F-DOPA P ET positive lesions. 
Unfortunately, due to progressive disease, patient  #12 did not undergo a 18F-FDG PET scan. 
These findings suggest better tumoral 18F-FDG than 18F-DOPA uptake in this subgroup with 
rapidly growing tumors. 

Comparison of imaging with CEA 

CEA levels (median 11.9 µg/L; range 0.5-2209.5 µg/L) were elevated in 14 patients 
(68%). In these patients, 18F-DOPA P ET was positive in 11 patients (two sided p= 0.0176 
for the comparison of positive 18F-DOPA PET results and elevated CEA) , CT/MR in 6 patients 
(two sided p= 0.064 for the comparison of positive CT/MR results and elevated CEA), DMSA 
in 3 patients and 18F-FDG P ET in 3 patients. In 2 patients with elevated CEA (#1 and #15) ,  
imaging yielded no positive scan results. Of the 7 patients with normal CEA, 1 patient 
( #14) had numerous lesions (and an elevated calcitonin) and 1 patient (# 10) showed 1 
tumor positive lesion on 18 F-DOPA PET imaging. CEA doubling time was generally in agreement 
with calcitonin doubling time. 

Clinical outcome 

The 3 patients( #2, #12  and #18) that died since entering the study were characterized by 
a short calcitonin (<12 months) and CEA doubling time (<15 months) .  From our imaging 
results, these patients had extensively metastasised disease. 
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In 4 patients surgery was performed based on 18F-DOPA P ET findings. Pr ior to 

surgery, 18F-DOPA P ET images were fused with MR images for optimal anatomic 

Localization. 18F-DOPA P ET findings were histopathologically confirmed in 4 cases. In all 

patients calcitonin and CEA Levels dropped after surgery but did not return to within normal 

range. However, in 3 of these patients these markers are rising again and in 1 of these 3 

patients the calcitonin doubling time is now < 12 months. 

DISCUSSION 

Our results show that 18F-DOPA P ET improves staging in patients with biochemical 

suspected relapse or residual MTC. 18F-DOPA P ET detects more tumor positive regions and 

Lesions then CT/MRI, DMSA and 18F-FDG P ET separately. Even when the results of CT/MRI, 

DMSA and 18F-FDG P ET are pooled, 18F-DOPA P ET detects a slightly Larger number of Lesions. In 

addition this study shows that chances of obtaining a positive 18F-DOPA P ET and a negative 
18F-FDG P ET are higher in those with a more indolent course of disease, while FDG is more 

frequently positive as well when clinical course is more aggressive, reflected by a r apid 

tumor marker increase. In addition ,  our data indicate that morphological imaging methods 

sometimes are complementary to the other imaging methods used in our study. 

Two small studies, a retrospective study of Beuthien-Baumann (20l and a prospective 

study of Hoegerle (12l ,  suggested a role for 18F-DOPA P ET in MTCs. In both studies only a 

Lesion-based analysis was performed. Whereas Beuthien-Baumann et al. only had written 

results of morphological imaging at their disposal (t9l , Hoegerle et al. were able to use 

morphological data for their analysis (13l _  Both studies have used biochemical data, but did 

not use these to establish a measure for biologic tumor behavior tumor progression. 

In our study calcitonin and CEA doubling times improved our understanding of the 

conflicting results of FDG and 18F-DOPA P ET that are sometimes encountered. It seems that 

shorter calcitonin and CEA doubling times are associated with increased tumoral glucose 

metabolism and a decreased tumoral 18F-DOPA metabolism (figure 2) . This is in Line with 

findings in other aggressive (dedifferentiated?) neuroendocrine tumors, such as small cell 

Lung cancer and metastatic paraganglioma from patients with a SDHB gene mutation , in 

which FDG P ET has a very high sensitivity for the detection of tumor Lesions, whereas 

more 'specialized' tracers, such as 18F-DOPA and 18F-dopamine only show marginally tumoral 

uptakeY1•2 2l It is important to distinguish between Local disease recurrence, which may be 

surgically curable, and systemic disease, in which case the aim is palliation . Therefore, 

it is important to adequately stage patients with MTC. 18F-DOPA P ET can provide a better 

understanding of tumor Load, Local as well a systemic disease and can support the clinical 

decision in these patients with often slowly progressive tumors. For the control of 
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Figure 2 Patient 18: 65 year old female patient with sporadic medullary thyroid cancer. 

Her calcitonin doubling time was 4 months (calcitonin  1160 ng/L) and her CEA doubli ng time 7 months (CEA 41.9 
µg/L). I n  Figure 2A a tBF-DOPA PET projection image is presented, showing lesions with vague uptake in the s kull, 
neck, liver and spine, but also lesions with intense uptake. The tBFDG PET (Figure 2B) showed many more lesions with 
intense uptake in the neck, mediastinum, liver and spine. The DMSA scan ( Figure 2C) showed no lesions at all. In Figure 
2Dl a tBFDG PET - MR fusion  slice is presented, showing 3 lesions in th e neck. However, on th e 1BF-DOPA PET - MR fusion 
(figure 2D2), only 2 lesions show vague uptake. Th e different lesional uptake within one patient i llustrates most likely 
different degrees of tumor dedifferentiation within one patient. 

local recurrent disease clearance of lymph node metastases by systematic dissection may 
provide local control in the neck and mediastinum (5•6•7•23•24> and may prevent tracheal and 
esophageal invasion because of tumor infiltration.(25,25l Local recurrent disease indisputably 
requires systematic lymph node dissection. (5•7,27> There is still controversy on the treatment 
of metastasized disease. After apparent curative surgery for primary tumors, patients with 
persistenthypercalcitoninemia may have a 10-year survival of around 65%. (3,25> _  However, for 
local disease control, dissection of the central and both lateral lymph node compartments 
of the neck may still have a role, but more accurate knowledge of both the number and 
localization of the metastases can be helpful in the decision whether or not to perform 
surgery. When only one distant lymph node compartment (either the contralateral side of 
the neck or the mediastinum) is involved, there is 10% chance of cure. (29> 

Defining the gold standard for imaging studies in which new tracers may yield 
better results than the commonly used imaging methods is a difficult problem. Therefore, we 
choose to use a gold standard consisting of the combined data from all imaging modalities 
together. (15> Since patients with MTC have a good life expectancy and undergo regular 
imaging to assess possible tumor growth, it was ethically not justifiable to try to verify all 
newly detected lesions. However, in four patients who did undergo surgery as a consequence 
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of positive 18F-DOPA PET findings, the detected lesions were resected and histologically 
confirmed to be tumor positive. 

Combining multiple imaging modalities yields the best results for the detection 
of recurrent MTC. Morphologic imaging is important for accurate anatomic localization of 
MTC lesions. In our study, we did not have combined PET-CT available, and therefore we 
performed software based rigid fusion of conventional imaging methods with PET to achieve 
a more accurate localization. Also in this study CT/MRI had excellent lesion visualisation 
properties, and often demonstrated lesions less evident on PET and vice versa. In addition, 
combined PET-CT decreased reader uncertainties in deciding whether a lesion is real or not 
in this study, although it is difficult to catch that effect in numbers. Combined PET-CT will 
offer the best of both worlds and may become the diagnostic imaging procedure of choice in 
MTC (one-stop shop). 
Establishing a perfect gold standard is difficult in every diagnostic accuracy study. As 
in our case, newer diagnostic methods can be far better than current standard methods 
and detect many unknown lesions, that can never all be verified using cytological or 
histological analysis. Whenever possible we verified new findings, but also used common 
sense, and assumed that, when several lesions were verified, other lesions with identical 
and unequivocal uptake of this specific tracer in the same patient could also be regarded 
as true tumour lesions. Some dependency of P ET results and our composite reference 
standard is present in this study. However, this dependency is also present for CT and SRS. 
Still, our sensitivity values should be regarded with some caution. (la, 30l 

There is an ongoing search for new tracers for MTC, as the problem of increased 
tumor marker and negative imaging is felt in many centers. Even in this study with 
extensive diagnostic tests 5/21 (24%) of the patients remained negative on all performed 
tests. For not all imaging modalities were available in the patients the value of FDG PET in 
progressive disease has been underexposed, so more data about difference in FDOPA and 
FDG PET uptake are necessary to proven the value in progressive MTC patients. 
New approaches such as gastrin receptor scintigraphy are promising owing to the high 
expression of the cholecystokinin 2 receptor in MTCs. (31,32l However, due to the variation in 
biologic behaviour of MTC, the future will learn what the best imaging approach for these 
tumors will be. Very likely individual tailoring with different imaging methods based on 
biologic behavior will be necessary for optimal staging of MTC in patients 

In conclusion, 18F-DOPA PET is superior to 18F-FDG PET and DMSA scintigraphy in 
staging of MTC and probably the best non-invasive staging method yet available. A decrease 
in serum calcitonin doubling time and a shift from 18F-DOPA PET positivity to more 18F-FDG 
PET indicates aggressive tumor behavior and may support the choice for systemic therapy. 
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ABSTRACT 

Aim of this study is to evaluate the value of somatostatin receptor scintigraphy (SRS) , I

meta-iodo-benzylguainidine scintigraphy (MIBG) and morphologic imaging (CT or MRI) for 
the detection of head and neck paragangliomas. 

Methods 

Patients underwent CT and/or MRI, SRS and MIBG imaging. A composite reference standard 
was used, consisting of clinical and histological data and CT/MRI, with which all imaging 
modalities were compared. Urinary metanephrine and normetanephrine measurements 
were also obtained. 

Results 

Twenty nine consecutive patients (F:17; M:12) with suspected head and neck paraganglioma 
were included. Both morphologic and SRS imaging were positive in 27 patients (sensitivity 
of 93%, 95% CI 77-98%), MIBG only in 13 patients (44%, 95% CI 23-61%) (p < 0.001 
compared to SRS) . On a lesion-based analysis, morphologic imaging detected 31 lesions 
(sensitivity 82%, 95% CI 65-92%), SRS 34 (89%, 95% CI 75-97%) and MIBG 15 lesions 
(42%, 95% CI 26-59%). SRS was superior to MIBG (p=0.001) . SRS detected an unknown 
carcinoid tumor in 2 patients; MIBG detected an additional adrenal pheochromocytoma in 
1 patient. Elevated urinary metanephrine and/or normetanephrines excretion was found in 
6 patients. The number of lesions on SRS and MIBG correlated with abnormal metanephrine 
and/or normetanephrine excretion (p=0.005 and p=0.02, respectively). 

Conclusions 

SRS is superior to MIBG, but equal to morphologic imaging for the detection of head and 
neck paraganglioma. SRS is of clinical significance for a better characterization of head 
and neck paraganglioma and can detect additional neuroendocrine tumors. MIBG imaging 
is useful when a concomitant (adrenal) pheochromocytoma is suspected. 

INTRODUCTION 

Paragangliomas are rare tumors that stem from cells of the diffuse neuroendocrine system 
in the paraganglia of the parasympathetic nervous system. Paragangliomas constitute 
approximately 0.6% of the head and neck tumors. (tl Usually these tumors of the head and 
neck are located in close association with the parasympathetic nervous system along the 
cranial nerves and the arterial vasculature and can be present from the skull base to the aortic 
arch. (2l Approximately 90% of paragangliomas are benign. Furthermore paragangliomas 
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can arise in multiple locations in patients with succinate dehydrogenase subunit B, C or 

D germline mutations (SDHB, SDHC and SDHD) . <3-5l In most cases conventional imaging 

methods, such as computed tomography (CT) and magnetic resonance imaging ( MRI) , 

combined with arteriography can confirm the diagnosis of a paraganglioma. Nevertheless, 

radiological data may not be sufficient to characterize lesions. Not all tumors are accessible 

for biopsy due to the risk of neurologic complications and the highly vascularized nature 

of paragangliomas. <6l Thus, other techniques may be helpful to confirm a diagnosis of a 

paraganglioma and to disclose multifocality of paragangliomas. 

Given the overexpression of somatostatin receptors in paragangliomas, as in most 

other neuroendocrine tumors, somatostatin receptor scintigraphy (SRS) can be used for 

visualization of these tumors. <1> In addition ,  these tumors have the basic capacity to take 

up and decarboxylize amino acid precursors.<8> In approximately 30% of all paragangliomas, 

the catecholamine pathway is active. <9l In this catecholamine pathway the amino acid 

phenylalanine is metabolized to dopamine, adrenalin and noradrenalin. As a noradrenalin 

analogue, metaiodobenzylguanidine ( MIBG) , which is most commonly labeled with either 
123I or 131I is a radiopharmaceutical that is taken up by the noradrenalin transporter. The 

combination of active catecholamine pathway and the presence of uptake mechanisms for 

catecholamine metabolites enables the use of MIBG for visualizing paragangliomas.<10l 

The diagnostic yield of SRS and MIBG for the visualization of head and neck 

paragangliomas has been determined in several studies, but a direct comparison has 

been made in only few patients. <11•15l The present study was initiated to evaluate the 

diagnostic sensitivities of SRS, MIBG scintigraphy and CT or MRI in a group of consecutive 

patients with head and neck paragangliomas, and to compare these imaging results with 

a composite reference standard, consisting of clinical findings, histological data and 

morphologic imaging results. The secondary aim of this study was to assess if there is a 

relation between catecholamine production of paragangliomas and tracer uptake, which 

could lead to better selection of patients for optimal imaging protocols. 

Patients and methods 

P atients seen at the outpatient endocrinology clinic between January 1993 and January 

2007 were included in this study. All patients included were referred from the department 

of ear, nose and throat diseases because of a strong suspicion of a head and neck 

paraganglioma based on complaints, localization and radiographic appearance of the tumor 

or had a histopathologically proven head and neck paraganglioma with a clinical indication 

for restaging. We excluded patien ts younger than 18 years and those who were pregnant. 

Every patient underwent SRS, MIBG and CT/MRI scanning of the head and neck region, and 

biochemical analysis. Imaging methods were undertaken in random order. 
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SRS imaging 

Twenty-four hours after administration of 200 MBq 111In-octreotide (Octreoscan, Mallinckrodt, 

Petten, The Netherlands) planar total body scans (4 spotviews of 10 min in a 1 28 matrix and 

side views of the head and neck) were obtained using a large-field-of-view double headed 

gamma camera (MULTISPECT 2, Siemens Inc, Hoffman Estates, IL) with a medium energy 

all purpose collimator. System resolution was 12 mm FWH M at 10 cm distance. Both 173 

and 247 keV photopeaks of 111In were used (1 5% windows for each). In addition, in some 

patients single photon emission computed tomography (SPECT) acquisition and processing 

was performed by taking 64 projections (2x 32; 5.6
° / step of 30 seconds duration each in 

a 128 x 128 matrix format. Total scan procedure took ~60 min. Transaxial tomograms were 

reconstructed without prefiltering with a Butterworth cutoff filter frequency of 0.35. When 

necessary because of interfering bowel activity, additional 48 hour images were recorded. 

This scanning protocol was performed conform Dutch guidelines. 

MIBG imaging 

Fifteen min after administration of 10 drops Lugol's solution (to prevent thyroid uptake 

of possibly formed free 123Iodine) 200 MBq 123I-MIBG was administered. Twenty four hours 

later, planar total body scans (4 spotviews of 10 min in a 256 matrix) were acquired using 

the same gamma camera as for the SRS scan. A medium energy all purpose collimator 

was used and the 158  KeV photopeak was registered using a 15% window. In addition, 

SPECT acquisition was done using the same specifications as described in the section SRS 

imaging. Transaxial tomograms were reconstructed without prefiltering with a Butterworth 

cutoff filter frequency of 0.2 - 0.4 and attenuation correction was a Chang's attenuation 

coefficient of 0.11 cm-1• Due to the interval of at least one week between the scans, no 

interference between the tracers should be expected. This scanning protocol was performed 

conform Dutch guidelines. 

CT scan 

CT (1-1 6 slice, Siemens Medical Systems, Erlangen, Germany) was performed before and 

during intravenous contrast enhancement using 3-10 mm slice thickness increments. 

Patients underwent a CT scan always covering the head and neck area and if there was 

suspicion of lesions elsewhere, the involved body region was also covered. These CT scans 

were interpreted by dedicated specialists as part of routine patient care. At the time of data 

analysis, the investigators again reviewed results and in discrepant cases consensus was 

reached after multidisciplinary discussion. 
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MRI 
MRI was carried with a 1. 5 T scanner (Vision, Siemens, Erlangen, Germany) .  The imaging 

protocol included standard spin-echo Tl-weighted (TR/TE = 700/14 ms) , proton-density 

and T2-weighted scans (TR/TE/TE2  = 2500/20/90 ms) A spin echo technique was used 

to obtain 5 mm contiguous 3-dimensional sections of the abdomen. Tl-weighted images 

(TR/TE= 600/15 ms) and T2-weighted images (TR/TE= 2000/15-90 ms) were obtained. Tl

weighted images were also acquired after the intravenous administration of gadolinium 

- DTPA (0. 2  ml/kg of weight body, Magnevist, Schering, Berlin, Germany) . 

Image interpretation 

As this study ran for a considerable period, improvements in diagnostic equipment came 

up for all modalities during the course of the study. Basic detection principles did not 

change and in general the equipment was always relatively modern for the time period 

used. Therefore, this potential bias was assumed to be small. All SRS and MIBG scans were 

read twice. The first assessment was directly after the image reconstruction as part of 

patient care and the second interpretation was done at the time of data analysis, blinded 

for other imaging and biochemical information. For both tracers the number and location 

of lesions were scored. In addition, for each lesion an uptake score was established grading 

uptake intensity: 0: no uptake, 1: uptake lesion equals background uptake, 2: uptake lesion 

> background uptake, 3: uptake lesion » background uptake. Background was defined 

as uptake in normal neck musculature. In this way a semi-quantitative uptake score was 

established grading the amount of whole body tumor uptake for both tracers. 

Composite reference 

As a composite reference standard for the presence of tumor lesions, morphologic imaging 

data, clinical findings and histological data were use. Cytological confirmation was neither 

feasible nor justifiable for all lesions in these patients. In case of additional findings on SRS 

or MIBG imaging, these were verified with CT, MRI, 18F-DOPA P ET, bone scintigraphy, surgery, 

biopsy or follow-up whenever possible. 

Biochemical measurements 

In each patient 3 24 hour urine collections were obtained to document metanephrine and 

normetanephrine excretion. Biochemical results were classified as abnormal when the 

average value of these 3 measurements was elevated. Metanephrine levels of > 99 µmol/mol 

creatinine and metanephrine levels of >260 µmoljmol creatinine were considered abnormal. 

Biochemical analysis was performed using methods described earlier. <16•18> 
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Data and statistical analysis 

Analysis was performed at two Levels. At the first Level individual patients were analyzed. 
Image studies were considered positive when at Least one Lesion in a patient was considered 
positive. The second Level was the Level of the individual Lesions that were counted for all 
imaging modalities. 

Sensitivities were calculated using the composite reference standard described 
above, and were compared using paired observations and McNemar's test. Patient based 
sensitivity was calculated as the number of patients with a positive test (at Least one Lesion 
detected) divided by the total number of patients. For the comparison of number of Lesions 
per region, Wilcoxon's rank test was used. For correlations between biochemical parameters 
and scan results, Spearman's correlation coefficient (Rs) was calculated. A two-sided p

value < 0.05 was considered significant. The statistical tests were carried out using the 
SPSS package version 12.0. 

RESULTS 

Patients 

29 consecutive patients (F: M  17:12) participated in this study (table 1). The median time 
between SRS and MIBG scintigraphy was 7 days and the median time between SRS/MIBG and 
CT or MR was 78 days. In all patients conventional imaging was performed with either CT of 
the head and neck region (14 patients) or MRI of the head and neck region (15 patients). 
Patient-based analysis 

All 29 patients were considered positive for paragangliomas based on the composite 
reference standard and histological data (table 2). Morphological imaging as well as SRS 
correctly identified 27 of 29 patients (sensitivity 93%, 95 CI 77 - 98%), whereas MIBG 
correctly identified 13 patients (sensitivity 44% ,  95 CI 23-61 %) . In our study group, SRS 
detected a significant Larger number of tumor positive patients than MIBG (p< 0.001). We 
found that SRS uptake was more intense than MIBG uptake in 7 patients, equal to MIBG 
uptake in 3 patients and Less intense than MIBG uptake in 2 patients. 
Lesion-based analysis 

A total of 38 Lesions were identified using the composite reference standard. Morphologic 
imaging detected 31 of these Lesions (sensitivity 82%, 95% CI 65-92%) with an average 
of 1.07 Lesions per patient (Lpp) , SRS detected 34 (sensitivity 89% ,  95 CI 75-98, 1.17 Lpp) 
and MIBG detected 15 Lesions correctly (sensitivity 42%, 95% CI 26-59% and 0.52 Lpp). SRS 
detected more Lesions than MIBG (p=0.0001, an example is shown in Figure 1). In 6 patients 
> 1 Lesion was present in the head and neck region (table 1). 
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Glomus caroticum L 

Glomus vagale L 
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Figure 1. MIBG negative paraganglioma. 
In panel A the SRS image is shown with pathologic uptake in the right jaw, whereas in panel B, this lesion was not seen 
on the MIBG scan . In panel C a  MRI coronal slice is shown for the lesion in the right jaw. 

TABLE 2. Patient and region based analysis of patients with paraganglioma 

k. d 1 ·  Patient ase ana ys1s 

N positive patients 

Sensitivity (95% CI) 

Mean number of lesions (range) 

Lesion based analysis 

N positive lesions 

G;nsitivity (95% CI) 

I CT/MRI 

27* 

93% (77-98) 

1.07 (0 - 3) 

31 ** 

1 82% (65-92) -

l SRS MIBG 

27* 13 

93% (77-98) 44% (23-61) 

1 . 17 (0 - 3) 0.52 (0 - 3) 

34* *  15 

89% (75-97) 42% (26-59) 

In this table sensitivities for head and neck paraganglioma of CT, SRS and MIBG, are presented based on a patient 
and lesion based analysis in 29  tumor positive patients. * SRS and CT were significantly better than MIBG (p<0.001). 
* *  SRS and CT were better than MIBG (p=0.001) .  
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Secondary tumors and discrepant cases 

In 3 patients (10%) , previously unknown neuroendocrine tumors were found outside the 

head and neck region. In 1 patient, SRS showed a Lung carcinoid (patient 13) and in another 

patient (patient 26) SRS detected a carcinoid Lesion in the abdomen ( Figure 2) . These 

tumors did not show MIBG uptake. However, MIBG scintigraphy Led to the detection of a 

Left sided adrenal pheochromocytoma, which was not detected on the SRS scan (patient 3) . 

This patient was found to have a SOHO gene mutation. 

Biochemical results 

Four patients had elevated urinary metanephrine excretion, whereas one patient (the case 

with adrenal pheochromocytoma) had elevated urinary normetanephrine excretion (table 

1) . On a Lesion-based analysis, elevated urinary meta- and/or normetanephrine excretion 

was correlated with the number of SRS Lesions (Rs= 0. 51, p= 0. 005) and the number of 

MIBG Lesions (Rs= 0. 47, p= 0.02) . These relationships were not significant on a patient

based analysis. The correlation between the presence of hypertension and abnormal urinary 

metanephrine and/or normetanephrine excretion was not significant. 

7 
✓ 

C 

Figure 2. unexpected abdominal carcinoid lesion. 

Panel A shows the SRS image with a lesion in the left neck (red arrow) and a lesion in the abdomen (blue arrow) .  
Panel B :  although visible o n  t h e  MIBG scan, t h e  neck lesion appears much smaller o n  t h e  MIBG scan (red arrow) and 
the abdominal lesion showed no  MIBG uptake. In panel C a SRS and MRI fusion image is shown for the neck lesion.  
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DISCUSSION 

In our cohort of 29 consecutive patients with head and neck paraganglioma, it is evident 

that SRS is superior in  the detection of head and neck paragangliomas compared to MIBG 

imaging.  SRS performed equa lly well as  morphologic imagin g  methods for detection of head 

and neck paraganglioma on  a patient-based analysis, and detected some additional lesions 

in the head and neck region com pared to CT/MRI. Thus,  SRS imaging is li kely to contribute 

to optimal lesion characterization in this patient category. Furthermore, in view of the 

low yield of MIBG imaging, we suggest that this scan should n ot be routinely used in  the 

evaluation of head and neck paragang lioma.  

The main differen ce between the present report and  previous studies con cerning 

the performance characteristics of SRS and MIBG imaging is that most other studies a lso 

included paragangliomas o utside the head and neck region .  (19-21l Nonetheless, our present 

results are in li ne with these other studies. Muros et. al showed that in  a study with 8 

patients, that SRS had a sensitivity of 100% versus 56% for MIBG(22> .  In retrospective 

study from Erickson et al. (23> the clinical records of 236 benign paragang lioma patients, 

including those with tumors outside the head and neck region,  were eva luated. In  25  of 

these patients, in whom MIBG imagin g  was performed, it was found  that this technique was 

able to detect on ly 62% of the paragangliomas, but no comparison could be made with SRS. 

In a study in  34 patients, Kwekkeboom et al. (24> showed that SRS has high sensitivity of 94% 

for the detection  of paragangliomas. Importantly, that study showed that the use of whole 

body imaging revealed additional  paraganglioma lesions in 9 patients. 

A potentially important clinical fi ndi ng  of our study is that SRS demonstrated 

to previously un known carcinoid tumors .  To our knowledge co-incidence of head and neck 

paraganglioma with carcinoid tumors have not been reported earlier. However, the on ly co

existing adrenal pheochro mocytoma i n  the prese nt series was discovered with MIBG but not 

with SRS imaging.  This fin ding  agrees with a report that showed adrena l  pheochromocytoma 

in 7 of 40 patients with either an  SDHD mutation  or a positive family history for head and 

neck paragangliomas. t25> Th us, there remains an indication to perform MIBG imaging in  case 

of clinical suspicion of (adrenal) pheochromocytoma.  

In our  study, 5 of 29 subjects (17 %) , including the patient with adrenal 

pheochromocytoma, had elevated urinary metanephrine and/or normetaneophrine 

excretion . In comparison, i n  the retrospective analysis of 236  benign  paragang liomas, excess 

catecholamine production was found  in  31 % of tested subjects. t26> In our study, there was 

only a modest correlation of abnormal catecholamine production,  as documented by elevated 

urinary metanephrines and/or normetanephrine excretion,  with SRS as well as with MIBG 

results on a lesion-based ana lysis. However, since urinary catecholamine measurements 

can be easily obtained, we propose the perform MIBG in addition to SRS imaging  in those 

patients with c linically or biochemica lly suspected (adrenal) pheochromocytoma. 
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Recently, other imaging techniques have been employed to detect neuroendocrine 

tumors. Preliminary data have shown a high yield of 18F-D0PA P ET imaging in carcinoid 

tumors.<21> Thus far, 18F-D0PA has been used in only small groups of patients with 

paraganglioma, but the results are promising.<28•2 9l Although 18F-D0PA P ET was able to find 

more paraganglioma lesions than MRI and MIBG no direct comparison with SRS imaging 

has been made thus far. Moreover, it can be expected that the performance of 18F-D0PA 

P ET in patients with SDH gene mutations will be less optimal due to their proneness to 

dedifferentiation. In such cases, the use of 18F-D0PA PET  or FDG P ET imaging may be 

useful. (3o,31J 

Finally, although we did not present follow-up data with repeated nuclear imaging 

studies, it seems reasonable to assume that SRS is of merit to detect residual and/or 

recurrent paraganglioma after initial treatment, and that 177Lu-D0TA-TYR3-octreotate may 

be useful to treat residual disease in selected. <32> 

In conclusion, we found a very high sensitivity of SRS imaging for the detection 

of paragangliomas in the head and neck region. Although SRS has an equal sensitivity as 

morphologic imaging methods for paragangliomas, it has two major advantages. First, SRS 

is able to characterize lesions as being of a neuroendocrine origin. Second, this nuclear 

imaging technique has the advantage of being a whole body imaging technique, which can, 

as shown in this study, lead to the detection of additional neuroendocrine lesions. 
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SUMMARY AND FUTURE PERSPECTIVES 

Optimal imaging of neuroendocrine tumors can support patient tailored therapy. Several imaging 

techniques are available for this purpose, i ncludi ng both morphologic techniques (such as CT 

or MR) and nuclear medicine techniques. Recently new PET tracers have been developed which 

take advantage of the metabolic properties of neuroendocrine tumors. The aim of this thesis 

was to evaluate new tracers for the detection and characterization of neuroendocrine tumors 

with an emphasis on the metabolic PET tracers 18F-Dihydroxyphenylalanine {18F-DOPA) and 11C-

5-hydroxytryptophan (11C-5-HTP) . 

In chapter 2 a literature review is presented in which an extensive overview is 

given of the currently used classical and new metabolic nuclear medicine techniques for the 

detection of neuroendocrine tumors. This chapter starts by describing the mechanisms, which 

a re responsible for the uptake of these tracers. Thereafter, results of the clinical application of 

these tracer methods are presented for different neuroendocri ne tumor types. With Forest plots, 

the sensitivities of the different tracers per tracer and tumor type are presented. From these 

pooled results it becomes clear that the metabolic imaging methods, such as 18F-DOPA PET and 
11C-5-HTP PET, have a significantly better sensitivity for the detection of neuroendocrine tumors 

as compared to the currently used somatostatin receptor scintigraphy (SRS) .  We concluded 

therefore that these metabolic PET tracers are very promising, and an indication on their place 

in algorithms is growing for some NE subtypes, but more studies are needed to better define 

their precise place in  the work-up and follow up of patients with neuroendocrine tumors. 

The aim of the study described in chapter 3 was to test the diagnostic sensitivity of 

6-18F-DOPA PET in patients with carcinoid disease. Currently, SRS and morphologica l imaging 

(CT, MRI, ultrasound, etc.) a re used for the detection of carcinoid tumors. However, these 

methods have a low sensitivity for the detection of carcinoid tumor lesions. To establish the 

optimal treatment options for these patients it is essential to know where carcinoid tumor 

lesions are located. From initial  results in smaller studies it has become clear that 18F-DOPA is 

a tracer with a high potential for the detection of neuroendocrine tumor lesions. In this study 

the diagnostic sensitivity of 18F-DOPA PET with oral carbidopa pre-treatment was therefore 

tested in a prospective single center diagnostic accuracy study. 18F-DOPA PET was compared 

with conventional imagi ng methods, consisting of SRS and CT. 

A group of 53 patients with a metastatic carcinoid tumor was studied. Analysis was 

performed on a patient, regional and lesional level. PET/CT images were fused to improve 

localization . Results of cytological and histological findings, all imaging tests, including 

secondary evaluations for newly found lesions, follow-up and biochemical data served as a 

composite reference standard. 

In a patient based analysis 18F-DOPA PET had a sensitivity of 100% (95%CI 93 - 100), 

SRS of 93% (95%CI 82 - 98), CT of 87% (95%CI 75  - 95)  and the combination of SRS and CT 96% 

(95%CI 87 - 100) (P=0.45 for PET versus SRS with CT) . However, 18F-DOPA PET alone detected 



many more lesions, more positive regions and more lesions per region than SRS combined with 
CT. In regional analysis sensitivity of 18F-DOPA PET was 95% (95%CI 90- 98) versus 66% (95%CI 
57 - 74) for SRS alone, 57% (95%CI 48 - 66) for CT and 79% (95%CI 70 - 86) for SRS with 
CT (P=0.0001, PET versus SRS with CT). In individual lesion analysis, sensitivities were 96% 
(95%CI 95 - 98), 46% (95%CI 43 - 50), 54% (95%CI 51 - 58) and 65% (95%CI 62 - 69) for PET, 
SRS, CT and SRS with CT respectively (P<0.0001 for P ET versus SRS with CT). 

From the results of this study it was concluded that 18F-DOPA PET significantly 
improves the detection rate of carcinoid tumors and their metastases. 18F-DOPA PET was able 
to detect an additional tumor positive region in 1 out of 3 patients with an average of 4 
additional lesions per patient as compared with the combination of SRS and CT. Combining PET 
with CT led to some further increase in the number of lesions detected, but the main advantage 
of this combination is that addition of CT improves the anatomical localization of lesions. 

Chapter 4 describes a carcinoid tumor patient with extensive liver metastases and 
a high catecholamine production by the tumor. This patient developed a carcinoid crisis 
upon rapid intravenous injection of 18F-DOPA. Symptoms started approximately 3 minutes 
after injection of 18F-DOPA and consisted of erythema, severe vomiting, shortness of breath 
and other symptoms. These complaints slowly disappeared approximately 10 minutes after 
the intravenous administration of the antihistamine clemastine. She was able to continue 
the scanning procedure. Afterwards blood and urine samples were collected to evaluate for 
histamine, catecholamine and serotonin metabolites. These values were compared with the 
blood and urine samples collected just prior to the PET scan. 
We concluded from these data that the rapid tracer injection of 18F-DOPA had resulted in a 
massive serotonin release by the tumor, which had resulted in a carcinoid crisis. Based on 
this finding we recommend that patients with carcinoids should receive 18F-DOPA as a slowly 
administered intravenous injection, in order to avoid the development of a carcinoid crisis. 
Furthermore, somatostatin analogs and ketanserin should be at hand in the scanning facility to 
treat this condition immediately when it develops. 
The study described in chapter 5 evaluated the diagnostic sensitivity of PET scanning in 
patients with a carcinoid or islet cell tumor with the tracers 11C-5-HTP, a precursor of the 
serotonin pathway, in direct comparison with the catecholamine precursor18F-DOPA. Only 
recently the synthesis of 11C-5-HTP has become operational for clinical use in our institution, as 
the second institution worldwide. The synthesis of this tracer has been developed in Uppsala, 
Sweden, which has been the only place where this tracer was available worldwide. From the 
Swedish results with this tracer in patients with neuroendocrine tumors, it became clear that 
11C-5-HTP is superior to SRS imaging and CT for the detection of numerous neuroendocrine 
tumor types, including foregut and islet cell tumors. However, no comparison has been made 
between 18F-DOPA and 11C-5-HTP PET scanning in patients with neuroendocrine tumors thus 
far. A total of 24 patients with a carcinoid tumor and 23 patients with a pancreatic islet cell 
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tumor were included. All patients had at least one lesion detected on conventional imaging and 
underwent 11C-5-HTP PET, 18F-DOPA PET, SRS and CT scan. 

18F-D0PA PET and 11C-5-HTP PET showed more carcinoid tumor positive regions than 
SRS, as 18F-DOPA PET sensitivity was 81 %, and 11C-5-HTP PET sensitivity was 77% Sensitivity of 
SRS was 58% (P=0.001 and 0.0004 for comparison with SRS respectively) and CT 70% (P=ns for 
the comparison of both PET scans with CT). In islet cell tumors 11(-5-HTP PET detected more 
tumor positive regions (sensitivity 70%) than 18F-DOPA PET (sensitivity 44%, P= 0.0001 for 
the comparison of 11(-5-HTP PET with 18F-DOPA PET). In carcinoid patients, both 11C-5-HTP PET 
and 18F-DOPA PET revealed more tumor positive lesions (sensitivity 78% and 87%) then SRS 
(sensitivity 49%, P� 0.001 for the comparison of both 11C-5-HTP PET and 18F-DOPA PET with 
SRS) in carcinoid patients. 

From these results we concluded that for carcinoid tumors 18F-D0PA PET is superior 
to SRS and CT for the detection of carcinoid tumor lesions. 11C-5-HTP PET has a better lesion 
detection capability than SRS and CT for carcinoid tumors, but is not as good as 18F-D0PA PET. 
However, for the detection of islet cell tumors, 11C-5-HTP PET is superior to SRS and 18F-DOPA 
PET. CT detects an equal number of lesions as 11(-5-HTP PET, but is complementary to 11(-5-HTP 
PET. For staging patients with either carcinoid or pancreatic islet cell tumors, the combination 
of PET with CT combines anatomical localization with functional characterization and results in 
the best currently possible staging of patients. 

Chapter 6 describes the study on the application of 18F-D0PA PET in medullary 
thyroid cancer patients. In patients with recurrent disease after resection of the primary tumor, 
localization of tumor metastasis is essential. Surgery is the only curative treatment option for 
these patients. However, the currently used methods consisting of 18F-deoxyglucose PET (18FDG 
PET), 99mTc-V-di-mercapto-sulphuric acid (DMSA) and the morphologic imaging methods have 
a low sensitivity for the detection of recurrent medullary thyroid tumor lesions. Therefore we 
compared the new PET tracer 18F-DOPA with the currently used imaging methods for medullary 
thyroid carcinoma to establish whether this new method is better able to detect recurrent 
medullary thyroid carcinoma. Calcitonin, carcino-embryonic antigen (CEA) and Chromogranin
A are used as tumor markers for the detection of recurrent medullary thyroid carcinoma. In 
case of elevated tumor markers surgery may be indicated but medullary thyroid carcinoma is 
often difficult to detect. We examined the value of 18F-DOPA PET compared to 18FDG PET, DMSA 
scintigraphy and morphologic imaging methods (MRI and/or CT) for the detection of medullary 
thyroid carcinoma in this patient group. Secondary aim was to evaluate whether there was a 
relation between tumor markers and imaging results. 

We included 21 patients with biochemical evidence of medullary thyroid carcinoma 
as characterized by rising CEA, calcitonin or Chromogranin-A. Patients underwent 18F-DOPA 
PET, 18FDG PET, 99mTc-V-DMSA scintigraphy and morphologic imaging (CT or M RI) . Patient- and 
lesion based sensitivities were calculated using a composite reference consisting of all imaging 



modalities and, when available, histology. Imaging results were compared with biochemical 
markers consisting of Chromogranin-A, calcitonin and CEA. The calcitonin and CEA doubling 
times were calculated as markers for tumor dedifferentiation. The imaging findings were 
validated by histology when available or with other imaging studies during clinical follow-up. 

In 15 patients with positive imaging results, 18F-DOPA PET detected 13 (sensitivity 
62%, with 4.6 lesions per patient [lpp]), morphologic imaging (n=19) was positive in 7 
(sensitivity 37%, 4.7 lpp), DMSA (n=18) in 5 (sensitivity 28%, 1.1 lpp) and 18FDG PET (n=17) 
in 4 (sensitivity 24%, 1.6 lpp). In a lesion based analysis 18F-DOPA PET detected 95 of 134 
lesions (sensitivity 71%), morphologic imaging 80 of 126 (sensitivity 64%), DMSA 20 of 
108 (sensitivity 19%) and 18FDG PET 48 of 102 (sensitivity 30%). In 2 of 3 patients with a 
calcitonin/CEA doubling time of �12 months 18FDG PET performed better than 18FDOPA P ET, in 
the third patient 18FDG PET was not performed. However, in 6 out of 8 patients with a calcitonin 
level < 500 ng/L imaging results were negative. 

We concluded that in patients with well-differentiated medullary thyroid carcinomas, 
with a characteristically slow calcitonin doubling time (>12 months), 18F-DOPA PET seems to 
be superior to 18FDG PET, DMSA and morphologic imaging studies. Dedifferentiated tumors are 
characterized by short calcitonin doubling times (< 12 months). In these tumors, 18FDG PET 
may be the best imaging method for staging medullary thyroid carcinoma, but there were only 
3 patients. Calcitonin levels � 500 ng/l are associated with a small tumor mass resulting in 
negative imaging results in 88% of the patients. 

The aim of the study described in chapter 7 is to establish the value of SRS and 
MIBG for the detection of head and neck paragangliomas. Head and neck paragangliomas 
are rare tumors and until now only small studies have been published in which the value of 
either SRS and/or MIBG was evaluated. In this relatively large study, a homogeneous group 
of patients with a head and neck paraganglioma is studied. Additionally, plasma and urinary 
catecholamines and their metabolites were determined to evaluate a possible relationship 
between tumoral hormonal activity and imaging results. 

Twenty nine consecutive patients (F:M 17:12) with suspected or recurrent head and 
neck paraganglioma were included. Morphologic imaging as well as SRS imaging was positive 
in 27 patients (sensitivity of 93%, 95% CI 77-98%), whereas MIBG was positive in 13 patients 
(44%, 95% CI 23-61%). On a lesion-based analysis, morphologic imaging detected 31 lesions 
(sensitivity 82%, 95% CI 65-92%), SRS 34 (89%, 95% CI 75-97%) and MIBG 15 lesions  (42%, 
95% CI 26-59%). SRS was superior to MIBG (P=0.0001). SRS detected an unknown carcinoid 
tumor in 2 patients; MIBG detected an additional adrenal pheochromocytoma in 1 patient. 
Elevated urinary metanephrine and/or normetanephrines excretion was found in 6 patients. The 
number of lesions on SRS and MIBG correlated with metanephrine and/or normetanephrines 
excretion (P=0.005 and P=0.02 respectively). 

From these data we concluded that SRS is superior to MIBG, but equal to morphologic 
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imaging for the detection of head and neck paraganglioma. SRS is of clinical significance for a 

better characterization of head and neck paraganglioma and may be useful to detect additional 

but previously unknown neuroendocrine tumors. Our study suggests that MIBG imaging 

should be restricted to those patients in whom a concomitant (adrenal) pheochromocytoma is 

suspected. 

FUTURE PERSPECTIVES 

The studies described in this thesis show that the use of the metabolic PET tracers 
18F-DOPA and 11(-5-HTP considerably improve staging of neuroendocrine tumors. We found that 

for carcinoids 18F-DOPA PET is superior to the combination of SRS and CT, which is the current 

standard (chapter 2, 3 and 5) .  An explanation for the high uptake of these tracers is a high 

metabolic need of neuroendocrine tumor cells for precursors, which results in overexpression of 

Large amino acid transporters (LAT) on the cellu lar membrane. 

Studies performed sofar by others and by ourselves have only included patients 

with known metastatic neuroendocrine tumors. ( 1 -4) 18F-DOPA PET and 11(-5-HTP PET are very 

powerful tools for the detection of neuroendocrine tumors. Their value in new patients who are 

suspected of a neuroendocrine tumor however still has to be formally analyzed. Most likely the 

sensitivity of these scans wi ll be good. For further studies however also the risk of false positive 

scans in case of uncertainty concerning neuroendocrine disease has to be determined. 

In addition new tracer developments are continuously taking place. Somatostatin 

analogs for example, can now been labeled with positron emitting  isotopes. <5-sJ Thus far 

published results are very good, but no comparison is yet being made with metabolic PET 

tracers. This would be a fair comparison, since both tracers can profit from the increased 

resolution of PET camera systems. A comparison of metabolic and receptor based approaches 

is not only interesting for determining which method gives the best tumor detection, but this 

would also give insight in i nter as well as intra-patient heterogeneity of receptor expression 

and metabolic activity withi n  tumor lesions. 

For the individual assessment of imaging and treatment options in patients with 

neuroendocrine tumors, knowledge of the biologic behavior of the tumor might become 

essential. As we have shown in chapter 5 ,  dedifferentiation of neuroendocrine tumors leads to 

an increase in glucose metabolism .  Dedifferentiation in neuroendocrine tumors wi ll likely result 

in the loss of their ability to synthesize complex peptides.<9l Instead,  these dedifferentiated 

tumors will show a higher glucose need to satisfy the increased tu mora l  energy hunger. Repeated 

biochemical testing prior to imaging might give an idea of the differentiation g rade of the tumor 

involved. This knowledge wi ll help the clinician in assessing which imagi ng method should be 

chosen for the individual patient, or conversely, scanning results may give an idea of tumor 



type and differentiation .  New targeted drug therapies for neuroendocrine tumors are currently 
being developed. Until now, no nuclear medicine techniques have been exploited to test their 
value for drug treatment monitoring in neuroendocrine tumors. The superior Lesion detection 
of 18F-DOPA PET and 11(-5-HTP PET which visualize metabolic activity makes these methods very 
good candidates for the evaluation of therapy response of neuroendocrine tumors. 

In this thesis it has been clearly shown that 18F-DOPA PET and 11(-5-HTP P ET are 
superior compared to SRS for staging patients with neuroendocrine tumors. There are many 
possible new indications for the use of these tracers, ranging from staging patients with 
neuroblastoma to the follow-up of patients with hereditary MEN syndromes. However, new 
tracers for the detection of neuroendocrine tumors are developed, which include receptor based 
tracers for PET imaging such as 68Ga-DOTA-Tyr3-octreotide. Therefore, head to head comparisons 
between metabolic imaging methods and receptor based imaging methods for the detectio n  of 
neuroendocrine tumors are warranted in the near future. 
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Om patienten met neuroendocriene tumoren zo goed mogelijk te kunnen behandelen 
is optimale beeldvorming nodig. Er zijn verschillende beeldvormende technieken 
beschikbaar voor dit doel. Er zijn grofweg twee soorten beeldvormingstechnieken: 
anatomische met behulp van rontgenologische technieken zoals CT of MRI en 
functionele afbeeldingstechnieken zoals de nucleaire geneeskunde Levert dwz PET en 
SPECT. Neuroendocriene tumoren produceren vaak allerlei stoffen, zoals serotonine en 
dopamine. Recent zijn er voor neuroendocriene tumoren nieuwe tracers ontwikkeld voor 
gebruik met P ET camera's. Deze tracers kunnen door neuroendocriene tumoren gebruikt 
warden als bouwstof voor de productie van deze hormonen en hormoon achtige stoffen 
In dit proefschrift warden de metabole PET tracers 18F-Dihydroxyphenylalanine (18F-DOPA) 
en 11(-5-hydroxytryptophan (11(-5- HTP) geevalueerd voor gebruik bij het opsporen van 
neuroendocriene tumoren. 

In Hoofdstuk 2 wordt op basis van literatuur onderzoek een overzicht gegeven 
over de huidige stand van zaken met betrekking tot klassieke en nieuwe metabole tracer 
methoden voor het opsporen van neuroendocriene tumoren. In dit hoofdstuk wordt een 
overzicht gegeven van de mechanismen achter de opname van deze tracers, gevolgd door 
een overzicht van de toepasbaarheid van deze tracers bij de verschillende subtypen van 
neuroendocriene tumoren. De sensitiviteit van de verschillende tracers wordt per tracer 
en per tumor grafisch weergegeven middels Forest Plots. Uit deze analyse volgt dat de 
metabole tracers 18F-DOPA 11(-5- HTP  beter presteren dan de standaard gebruikte octreotide 
scan voor het opsporen van neuroendocriene tumoren. Concluderend stellen we dan oak 
dat deze tracers in de toekomst waarschijnlijk een grate rol zullen gaan spelen, zowel voor 
het stadieren als voor de follow-up, van patienten met neuroendocriene tumoren . 

In hoofdstuk 3 wordt de studie beschreven waarin de waarde van 18 F-DOPA PET 
voor het opsporen van carcinoid tumoren wordt onderzocht. Voor de detectie van carcinoid 
tumoren wordt in de kliniek gebruik gemaakt van de octreotide scan en CT. Deze twee 
technieken hebben echter een Lage sensitiviteit voor het opsporen van deze tumoren, of 
met andere woorden, deze technieken missen tumorhaarden. Uit andere studies in kleine 
groepen patienten was al bekend dat 18F-DOPA P ET een hoge sensitiviteit heeft voor het 
opsporen van carcinoid tumorhaarden in patienten. Daarom hebben wij in deze prospectieve 
studie de sensitiviteit van 18 F-DOPA PET onderzocht in een groep van 53 patienten met 
een gemetastaseerd carcinoid. Al onze patienten werden voorbereid met carbidopa om 
de beeldkwaliteit te verbeteren. 18F-DOPA P ET werd vergeleken met de octreotide scan en 
CT. We hebben de resultaten geanalyseerd op 3 niveaus; namelijk op patient niveau, regio 
niveau en op het niveau van de tumorhaarden. Voor het verifieren van gevonden haarden 
gebruikten we een samengestelde gouden standaard. Deze bestaat uit de resultaten van 
alle verschillende scans, histologie en follow-up. Bij de analyse op patient nivo wordt 



gekeken of een techniek in een patient tumor aan kan toenen. Bij een regioanalyse, wordt 

er gekeken hoeveel (van te voren gedefinieerde) regio's per techniek tumorpositief zijn. 

En tot slot, bij de lesie analyse, wordt per techniek beoordeeld welke techniek de meeste 

tumorhaarden kan aantonen. 

Bij analyse op patient niveau, vonden we een sensitiviteit van 100% (9 5%CI 93 

- 100) voor 18F-DOPA PET, 93% (9 5%CI 82 - 9 8) voor SRS, 87% (9 5%CI 75 - 9 5) voor CT en 

voor de combinatie van SRS en CT 9 6% (9 5%CI 87 - 100) ?) de analyse op patient niveau. 
18F-DOPA PET alleen detecteerde meer tumorpositieve regio's en laesies per regio dan de 

combinatie SRS met CT. In de regio analyse vonden we een sensitiviteit van 9 5% (9 5%CI 9 0-

9 8) voor 18F-DOPA PET versus 66% (9 5%CI 57 - 74) voor de SRS scan, 57% (9 5%CI 48 - 66) 

voor CT en voor de combinatie SRS met CT 79% (9 5%CI 70 - 86, P=0.0001, PET versus SRS 

plus CT) .  In de individuele laesie analyse werden sensitiviteiten van 9 6% (9 5%CI 9 5  - 9 8) ,  

46% (9 5%CI 43 - 50) ,  54% (9 5%CI 51 - 58) en 65% (9 5%CI 62 - 69) voor PET, SRS, CT en SRS 

gecombineerd met CT respectievelijk (P<0.0001 voor PET versus SRS in combinatie met CT). 

Uit de resultaten van onze studie concludeerden we dan ook dat 18F-DOPA PET 

een significante verbetering oplevert voor het opsporen van carcinoid tumoren en hun 

metastasen ten opzichte van de huidige technieken. Ten opzichte van de combinatie van 

octreotide scan met CT, detecteerde 18F-DOPA PET een extra tumor positieve regio in 1 

op 3 patienten. Daarbij werden gemiddeld 4 extra tot dan toe onbekende tumorhaarden 

per patient gevonden (oftewel gemiddeld 50% meer afwijkingen) met 18F-DOPA PET. Als 
18F-DOPA PET gecombineerd wordt met CT, Levert dat nog een kleine verbetering op van de 

sensitiviteit. Het grootste voordeel van deze combinatie is echter dat de tumorhaarden 

preciezer gelokaliseerd kunnen warden. 

In hoofdstuk 4 wordt een zeldzame reactie op injectie van 18F-DOPA 

beschreven bi j een patient met een uitgebreid gemetastaseerde carcinoidtumor. Na de 

intraveneuze bolusinjectie met 18F-DOPA ontwikkelde deze patient een carcinoid crisis. 

De symptomen begonnen ongeveer 3 minuten na injectie en bestonden uit erythemateuze 

huidafwijkingen, heftig braken, kortademigheid en andere verschijnselen. Deze klachten 

verdwenen vervolgens na intraveneuze toediening van het antihistamicum clemastine. 

Gelukkig kon deze patiente daarna in goede conditie de scanprocedure alsnog afmaken. 

Na de scan werden bloed en urinemonsters onderzocht op histamine, catecholamine en 

serotonine afbraakproducten. De resultaten hiervan werden vergeleken met haar bloed en 

urine waarden van de monsters die 's ochtends voor de scan waren afgenomen. 

De resultaten van het urine en bloedonderzoek wezen erop dat de snelle injectie 

van 18F-DOPA een hele heftige uitstorting van serotonine uit de tumor tot gevolg had. 

Deze plotselinge uitstortingheeft geleid tot het ontstaan van de carcinoid crisis. Op basis 

van deze bevindingen adviseren wij om bij alle patienten met carcinoid tumoren 18F-DOPA 

langzaam in te spuiten om het ontstaan van een carcinoid crisis te voorkomen. Bovendien 
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is het aan te bevelen om somatostatine analoga en ketanserin e  op voorraad te hebben in 
de voorbereidingsruimte van P ET centra waar 18 F-DOPA wordt toegediend aan patienten 
met carcinoid tumoren om een eventueel ontstane carcinoid crisis adequaat te kun nen 
bestrijden. 

In Hoofdstuk 5 wordt de studie beschreven waarin de gevoeligheid van P ET 
technieken wordt getest bij patienten met een carcinoid of eilandjesceltumor. In deze 
studie werden de tracers 11C-5-HTP (dit is een precursor voor de serotonine pathway) 
en 18F DOPA met elkaar vergeleken. 11C-5-HTP is pas recent in ons centrum beschikbaar 
gekomen voor klinisch gebruik, als tweede centrum wereldwijd. In Uppsala, Zweden,  is 
de synthese van deze tracer oorspronkelijk ontwikkeld. Het is een moeilijke synthese. Uit 
Zweeds onderzoek met deze tracer blijkt dat deze tracer beter is dan de octreotide scan 
en de CT scan voor het opsporen van verschillende subtypen neuroendocriene tumoren, 
waaronder ook eilandjesceltumoren en carcinoiden. Tot nu toe is er nog geen vergelijkende 
studie gepubliceerd waarin 11C-5-HTP en 18 FDOPA PET met elkaar werden vergeleken. 
Daarom hebben wij deze studie opgezet, waarin we 11(-5-HTP en 18FDOPA PET met elkaar 
vergeleken hebben bij 24 patienten met een carcinoid tumor en 23 patienten met een 
eilandjesceltumor. 

11C-5-HTP en 18 FDOPA PET detecteerden beide meer carcinoid tumor positieve 
regio's dan de octreotide scan. De sensitiviteit van 18 FDOPA P ET was 81% en van 11C-5-HTP 
77%. De sensitiviteit van de octreotide scan was 58% (dit was significant slechter dan 
de 18 FDOPA P ET en de 11C-5-HTP PET, waarbij p=0.001 en respectievelijk p=0.0004 voor de 
vergelijking tussen PET scan en octreotide scan) en de sensitiviteit van de CT scan was 70% 
(p=niet significant voor de vergelijking tussen P ET scans en CT) . Bij eilandjesceltumoren 
Lag dit anders, hier detecteerde de 11(-5- HTP P ET meer tumorpositieve regio's (sensitiviteit 
70%) dan 18 FDOPA PET (sensitiviteit 44% ,  p=0.0001 voor de vergelijking tussen 11C-5-HTP 
en 18 F DOPA P ET). 

Op basis van deze resultaten concludeerden wij dat voor het aantonen van 
carcinoid tumoren 18FDOPA P ET beter is dan de octreotide scan en de CT. 11C-5- HTP P ET is 
weliswaar beter dan de octreotide scan en de CT, maar is iets minder goed in staat carcinoid 
tumorhaarden op te sporen dan 18 FDOPA P ET. Voor eilandjesceltumoren is 11C-5-HTP P ET 
superieur ten opzichte van de octreotide scan en 18FDOPA P ET. CT toont qua aantal wel 
evenveel eilandjescel tumorhaarden aan,  maar is complementair, hetgeen wil zeggen dat 
de CT en de 11(-5-HTP P ET verschillende haarden aantonen. Daarom is zowel voor carcinoid 
tumoren als voor eilandjesceltumoren stadiering met de combinatie PET/CT optimaal. Dit 
combineert de anatomische informatie van de CT met de functionele informatie van de 
P ET. 

In Hoofdstuk 6 wordt een studie beschreven waarin de waarde van 18 FDOPA P ET 
voor het opsporen van recidief medullair schildkliertumor werd onderzocht. Het opsporen 



van deze haarden is van groot belang omdat chirurgie de enige curatieve optie is voor deze 
patienten. De huidige technieken die hier tot nog toe voor gebruikt warden, bestaande uit 
de 18F-deoxyglucose PET (18FDG P ET), 99mTc-V-di-mercapto-sulphuric acid (DMSA), octreotide, 
en radiologische technieken, maar deze hebben allen een vrije Lage sensitiviteit voor het 
opsporen van recidief medullair schildkliercarcinoom. Als tumormarkers voor het aantonen 
van een recidief van het medullair schildklier carcinoom warden calcitonine, carcino
embryogeen antigen (CEA) en chromogranine A gebruikt. In deze studie werden 18FDOPA 
P ET, FDG P ET, DMSA scintigrafie en CT of MRI met elkaar vergeleken voor het opsporen 
van recidief medullair schildkliercarcinoom bij patienten met verhoogde tumormarkers. 
Daarnaast wilden we onderzoeken of er een relatie bestond tussen tumormarkers en scan 
resultaten. 

In onze studie werden 21 patienten geincludeerd die op grand van verhoogd 
calcitonine, CEA, en / of chromogranine A verdacht werden van een recidief medullair 
schildkliercarcinoom. De patienten kregen een 18FDOPA PET, FDG P ET, DMSA scintigrafie en 
CT of MRI. Voor deze patienten werden de sensitiviteiten van deze verschillende technieken 
berekend op patient en lesienivo. Hiervoor werd een composite reference standard gebruikt, 
bestaande uit alle beeldvormende technieken bij elkaar, en indien beschikbaar, histologie. 
De resultaten van de beeldvormende technieken werden vergeleken met calcitonine, C EA, 
en chromogranine A spiegels. Daarnaast werden calcitonine en CEA verdubbelingstijden 
uitgerekend als maat voor tumor dedifferentiatie. Indien mogelijk werden de resultaten 
van beeldvorming vergeleken met histologie of met resultaten van beeldvorming uit de 
follow-up. 

Bij 15 patienten werden met behulp van beeldvormende technieken afwijkingen 
verdachtvoortumorgevonden. Van deze 15 patienten, detecteerde 18F-DOPA PET 13 (sensitiviteit 
62%, met 4.6 lesies per patient [lpp]), radiologische technieken (verricht in n=19 patienten) 
waren positief in 7 (sensitiviteit 37%, 4.7 lpp), DMSA (n=18) in 5 (sensitiviteit 28%, 1.1 
lpp) en 18FDG P ET (n=17) in 4 (sensitiviteit 24%, 1.6 lpp). In de lesie analyse, detecteerde 
18F-DOPA PET 95 van in totaal 134 lesies (sensitiviteit 71 %), radiologische technieken 80 
van 126 (sensitiviteit 64%), DMSA 20 van 108 (sensitiviteit 19%) en 18FDG PET 48 van 102 
(sensitiviteit 30%). Bij 2 van de 3 patienten met een calcitonin/CEA verdubbelingstijd van 
�12 maanden, toonde 18FDG P ET een beter resultaat dan 18FDOPA P ET. Bij de derde patient was 
de 18FDG PET niet verricht. Daarentegen werden in 6 van de 8 patienten met een calcitonin 
waarde van < 500 ng/L geen tumorhaarden gevonden met beeldvormende technieken. 

Uit onze resultaten concludeerden wij dat bij patienten met een goed gedifferentieerd 
medullair schildkliercarcinoom, met een Lange calcitonine verdubbelingstijd van >12 maanden, 
18FDOPA P ET superieur is aan 18FDG P ET, DMSA scintigrafie en CT of MRI. Bij gedediffentieerd 
medullair schildkliercarcinoom (met als kenmerk een korte calcitonine verdubbelingstijd van 
<12 maanden) lijkt het erop dat 18FDG P ET de beste beeldvormende techniek is om deze 
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tumor te stadieren . Maar, deze groep bestond slechts uit 3 patienten . Bij patienten met 

een calcitonine <500 ng/l is de tumormassa waarschijnlijk te klein om met beeldvormende 

technieken opgespoord te kunnen worden . 

In Hoofdstuk 7 wordt de waarde van de octreotide scan en de 123I-meta-iodo

benzylgyanidine ( MIBG) scan onderzocht voor het opsporen van hoofd-hals paragangliomen.  

Paragangliomen in het hoofd- en halsgebied zijn zeldzame tumoren, en tot nu toe zijn er 

alleen studies verricht met kleine groepen patienten waarin de waarde van ofwel de octreotide 

scan ofwel de MIBG scan wordt onderzocht voor de detectie van deze tumoren . In deze studie 

met een relatief groot aantal patienten met hoofd/hals paragangliomen werd de waarde 

van de octreotide scan en de MIBG scan onderzocht voor het aantonen van tumorhaarden . 

Daarnaast werden plasma en urine catecholaminen en hun metabolieten bepaald om een 

eventuele relatie tussen tumorale hormoonproductie en scanresultaten te evalueren . 

Er werden 29 opeenvolgende patienten ( F: M  17: 12) met verdenking op een hoofd/ 

hals paraganglioom of een bewezen recidief geincludeerd. Radiologische beeldvorming (CT of 

MRI) en de octreotide scan waren positief in 27 patienten (sensitiviteit 93%, 9 5% confidence 

interval 77-9 8%) ,  terwijl MIBG positief was in 13 patienten ( 44%, 95%CI 23-61 %) , In de 

analyse op lesie nivo detecteerden CT/MRI 31 Lesies (sensitiviteit 82%, 9 5% CI 65-9 2%), 

de octreotide scan 34 ( 89%, 95% CI 75-97%) en de MIBG scan 15 lesies ( 42%, 9 5% CI 26-

59%). De octreotide scan was significant beter dan de MIBG scan (P=0. 0001) . De octreotide 

scan toonde bij twee patienten een tot dan toe onbekende carcinoid tumor aan; de MIBG 

scan toonde een tot dan toe onbekend feochromocytoom aan bij 1 patient. Bij 6 patienten 

werden verhoogde urine metanefrine en of normetanefrine concentraties gevonden . Het 

aantal haarden op de octreotide en de MIBG scan correleerden met deze metanephrine en of 

normetanephrine excretie (p=0. 005 en p=0. 02 respectievelijk). 

Wij concludeerden op basis van deze gegevens dat de octreotide superieur is aan de 

MIBG scan, maar gelijk is aan de CT/MRI voor het aantonen van hoofd/hals paragangliomen .  

Octreotide blijft klinisch belangrijk omdat het beter in staat is de tumor te karakterizeren 

als neuroendocrien . Ook kan het gebruik van de octreotide scan Leiden tot het aantonen van 

tot dan toe onbekende andere neuroendocriene tumoren . Het gebrui k van de MIBG scan lijkt 

beperkt tot patienten bij wie het vermoeden bestaat dat er ook een feochromocytoom in de 

bijnierregio aanwezig is. 



Toekomstperspectieven 

Uit de in deze thesis beschreven studies blijkt dat het gebruik van de metabole PET tracers 11(-

5-HTP en 18FDOPA een aanzienlijke verbetering zijn voor het stadieren van neuroendocriene 
tumoren in vergelijking met de klassieke technieken. Bij carcinoiden blijkt de 18FDOPA 
PET superieur te zijn aan huidige standaard, de combinatie van octreotide met CT scan 
(hoofdstukken 2, 3 en 5). Een verklaring voor de goede opname van deze metabole tracers 
zou oa kunnen zijn de grate behoefte aan precursors voor hormoon productie ten gevolge 
van de hoge productiesnelheid van hormonen, wat dan resulteert in overxpressie van onder 
andere de large amino acid transporters (LAT) op de celmembraan. 

Bij de studies die tot nu toe verricht zijn door anderen en door onszelf zijn alleen 
patienten geincludeerd met bekende gemetastaseerde neuroendocriene tumoren. (1-4> 11(-5-
HTP PET en 18FDOPA PET zijn echter waarschijnlijk uitstekende technieken om neuroendocriene 
tumoren op te sporen. De waarde van deze technieken in patienten waarbij er alleen een 
verdenking is op de aanwezigheid van een neuroendocriene tumor moet echter nag vastgesteld 
wroden. leer waarschijnlijk zullen 11(-5-HTP en 18FDOPA PET oak in deze patientencategorie 
uitstekend scoren, maar waarschijnlijk minder dan in bekende tumoren. Hele kleine tumoren 
kunnen oak met PET nag warden gemist. Oak het risico op fout-positieve uitslagen met deze 
technieken ten aanzien van neuroendocriene tumoren moet warden uitgezocht. 

Er wordt voordurend gewerkt aan nieuwe tracers of verbeteringen in bestaande. 
Somatostatine analogen kunnen nu bijvoorbeeld oak gelabeld warden met positron emitterende 
isotopen.(5-9> Tot nu toe is er geen vergelijkende studie geweest waarin de metabole PET tracers 
11(-5-HTP en 18FDOPA direct werden vergeleken met deze receptor tracers. Deze vergelijking 
zou een stuk eerlijker zijn dan de vergelijking met de gewone octreotide scan, omdat beide 
tracers dan gebruik maken van de superieure resolutie van de PET camera ten opzichte van de 
gamma camera. De vergelijking metabole tracers en receptor tracers is niet alleen interessant 
voor het vaststellen welke de beste techniek is voor het opsporen van neuroendocriene 
tumoren, maar oak om een inzicht te krijgen in de nag niet altijd even duidelijke relatie 
tussen receptor expressie en metabole activiteit, die oak nag mogelijk eens per haard zou 
kunnen varieren. van de verschillende tumorhaarden in de individuele patient, en dit te 
vergelijken met de metabole actiiviteit. 

Voor het beoordelen van het nut van beeldvorming en het evalueren van 
behandelingsopties per patient, zal kennis van het biologische gedrag van de tumor essentieel 
warden. In hoofdstuk 6 hebben we aangetoond dat dedifferentiatie van neuroendocriene 
tumoren (in casu het medullair schildkliercarcinoom) leidt tot het verlies van de mogelijkheid 
om complexe eiwitten te maken. (9l Daarentegen zullen deze gededifferentieerde tumoren een 
grotere glucose behoefte hebben om het verhoogde glucosemetabolisme van grondstoffen 
te kunnen voorzien. Herhaalde biochemische onderzoeken voordat beeldvormend onderzoek 
verricht wordt kan een idee geven over de mate van dedifferentiatie, om zo de keuze van de 
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optimale techniek te bepalen. Andersom, scan resultaten kunnen ook inzicht geven in het 
biologische gedrag van tumoren en zo Leiden tot een betere individualisering van therapie. 

Er wordt hard gewerkt aan de ontwikkeling van nieuwe middelen voor de behandeling 
van neuroendocriene tumoren. Tot nu toe zijn er echter nog geen nucleaire beeldvormende 
technieken die in staat zijn om het effect van deze medicatie bij neuroendocriene tumoren 
te evalueren. De uitstekende tumordetectie van 11(-5-HTP en 18 FDOPA PET maakt dat deze 
technieken in potentie geschikt Lijken te zijn voor het evalueren van therapierespons. 

In dit proefschrift is aangetoond dat 11(-5-HTP en 18FDOPA P ET superieur zijn ten 
aanzien van de octreotide scan voor het opsporen van neuroendocriene tumorhaarden. Er 
zijn veel nieuwe toepassingen te mogelijk voor deze technieken bij neuroendocrien tumoren. 
Mogelijke toepassingen kun nen varieren van bijvoorbeeld het opsporen van het neuroblastoom, 
tot de follow-up van patienten met erfelijke MET syndromen. Er warden echter steeds nieuwe 
tracers ontwikkeld, waaronder 68Ga-DOTA-Tyr3-octreotide. Daarom zullen oak in de toekomst 
onderzoeken moeten worden verricht waarbij de metabole technieken (11(-5-HTP en 18FDOPA 
P ET) worden vergeleken met de andere technieken. 
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DANKWOORD 

De laatste loodjes . . .  Het voor velen favoriete deel van dit proefschrif t  is nu aan de beurt 

om inhoud te krijgen. Ik heb met heel veel plezier aan dit p romotieonderzoek gewerkt, 

vooral ook door de inzet van de vele betrokkenen. Dankzi j de bijdrage van diverse afdelingen 

binnen en buiten het U MCG is het mogelijk geweest om zo'n groat aantal patienten met een 

zeldzaam type tumor te motiveren om mee te doen aan dit onderzoek. Dat roept natuurlijk 

om een heel uitgebreid dankwoord. . .  Ik vrees dat ik niet in staat zal zijn iedereen te 

bedanken die dit werk mogelijk heeft gemaakt, daarvoor waren er teveel mensen die hun 

steentje hebben bijgedragen. Weet dat dat niet met opzet is! ! !  

Om bi j de basis te beginnen: zonder de donateurs en de collectanten van het KWF was er 

nooit een financiering geweest om dit project af te kunnen ronden. 

Uiteraard wil ik oak alle patienten die mee hebben gedaan aan de in dit boekje beschreven 

studies van ha rte bedanken ! 

Mijn promotoren. Allereerst P rof dr. P. L .  Jager, oftewel P iet. P rof in de radiology, in 

Canada, wie had dat gedacht toen wij elkaar ontmoetten in 2003 . . .  Ti jdens mijn studie had 

ik niet verwacht dat ik ooit zou promoveren, maar nu is het dan dankzij jou enthousiasme 

(bi jna) zover. Ik heb altijd erg genoten van jouw heerlijk frisse blik op schri jven, data 

analyseren, P ET scans beoordelen, etc. Oak het gemak waarmee ik bi j je terecht kon 

met vragen, enthousiaste en minder enthousiaste verhalen heeft me altijd bi jzonder vele 

plezier gedaan. Oak de huidige 6000 kilometer afstand tussen Groningen en Hamilton 

bli jken geen enkel beletsel voor een heel plezierig contact .  Zander jou had ik niet op deze 

plek kunnen staan ! 

Prof dr E.G . E. de Vries, beste Liesbeth, ik heb je leren kennen als een zeer gedreven 

persoon met een warm hart. Je scherpe blik en kritische vragen werkten soms wel eens 

ontnuchterend, maar leidden altijd tot een beter resultaat. Je wist daarmee, vaak 

met revisies in recordtijd en soms oak vanaf unieke locaties, stukken te poli jsten tot 

prachtproducten. Ik heb heel veel van je geleerd en oak heel veel aan je gehad met 

betrekking tot wetenschap bedrijven en alles wat zich daarom heen afspeelt. 

Mijn Copromotoren. Dr. P. H. Elsinga, Beste Philip, jij was toch altijd min of meer de 

nuchtere noorderling binnen het project .  Je zag de (on-)mogelijkheden en ging er rustig 

op af. Persoonlijk hebben wij wat minder met elkaar te maken gehad, indirect via Oliver des 

te meer. Ik ben je zeer erkentelijk voor alles wat je voor het p roject hebt gedaan. 

Dr. I.P. Kem a, Ido. Ji j hebt ans allen altijd weer versteld laten staan door jou inzicht en kennis 

in de biochemie van neuroendocriene tumoren. We konden altijd bi j je terecht met vragen 

over leuke biochemische puzzels. Ik heb altijd erg genoten van deze 'onderonsjes' ! 



En voor dit project onmisbaar: mijn partner in crime, Oliver Neels: zonder j ou zou 

het nucleaire adagium "no tracer no  fun" wel erg waar zijn geworden in dit project . . .  

Het unieke van dit project was toch wel de com binatie 'harde' scheikunde met 'softe' 

geneeskunde. Ik bewonder het dan oak zeer hoe jij je de wereld van de geneeskunde eigen 

hebt gemaakt in deze 4 jaar, zodat we nu allemaal als volwaardig gesprekspartner met 

elkaar in vloeiend Nederlands ( !) over alle facetten random een nucleair geneeskundige 

afdeling kunnen praten. 

De leden van de beoordelingscommissie: prof. dr. C.J. Lips, prof. dr. W.J . G. Oyen en prof. 

dr. M.J .H. Slooff dank ik voor het beoordelen van het proefschrift. 

Dr. T.P. Links, beste Thera, het was altijd erg leuk zaken met je doen ! Het is  erg leuk om 

samen te werken met iemand die zo van haar vak houdt en dat oak weet uit te stralen .  

Dr. R .  Dullaart. Beste Robin,  dankzij jou heb ik me kunnen verdiepen in een nag 

wat zeldzamer type neuroendocriene tumor, het paraganglioom . We hebben in  een 

gezamenlijke eindspurt een mooi resultaat neergezet. 

Dr. W.J. Sluiter, beste Wim,  de statistiek is altijd in hele goede handen geweest bij j ou ! 

Ik heb er elke keer dat ik bij je kwam weer van genoten hoe jij, na een uiteenzetting van 

ans over onze data, daar weer met een heldere blik een mooie statistische analyse op las 

kon laten. Waar ik me nag altijd het meest over verwonder is  hoe jij toch elke keer weer 

in staat bent  om het juiste excelbestandje uit die lange lijst analyses in jouw computer 

te halen . 

Dr. J. Th .  P lukker, beste John ,  van jou heb ik geleerd hoe de chirurg n aar het medullair 

schildkliercarcinoom kijkt. De hartelijke begroetingen van jouw heb ik altijd erg 

gewaardeerd! Van jou heb ik geleerd hoe je kart  en bondig een METc aanvraag in elkaar 

draait met chirurgische precisie. 

Drs. Koen Vanghillewe, beste Koen, ik heb veel geleed van alle CT's die we samen 

bestudeerd en herbeoordeeld hebben. Het was n aast nuttig oak nag eens  leuk! 

Dr. C. N ijdam, beste Cees, via jou hebben we een hele andere toepassing van de 

FDOPA P ET leren kennen ;  namelijk die voor kindertjes met congenitale persisterende 

hyperinsulinemie. Het was elke keer weer een uitdaging de scans van deze hele jonge 

patientjes te plannen en te coordineren, m aar het was een heel leuk zijspoor! 
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Kamergenoten achtereenvolgens dr. A. H. Brouwers, dr. R. H.J.A. Slart, Liesbeth Ruytjens, en 
Simone Reinders. Allereerst Adrienne. Toen ik began had ik de eer om een hoekje van jou 
bureau te magen gaan gebruiken. Wie had toen gedacht dat jij het stokje van dit project ooit 
over zou nemen van Piet . . .  Ik ben erg blij dat jij dit project voortzet! 
Riemer, ja, wij zullen nog steeds eens samen gaan touren op de motor, he? Ik ben jouw 
uitnodiging niet vergeten ! Na het kamertje van Adrienne verruilde ik dat kleine hoekje voor 
een iets grater hoekje in jouw kamer. Ik heb het verloop van de laatste fase van jouw promotie 
van dichtbij mogen meemaken en heb daar nu veel aan. Ik heb veel over de cardiologie geleerd 
tijdens onze gezamenlijke speurtochten naar mogelijkheden om de software naar onze hand 
te zetten. 
Liesbethhelaas moest ik je promotie missen, maar de EANM was wel erg leuk . . .  Simone, wij 
hebben slechts kort de kamer gedeeld. Vond het zeer plezierig. 

Mijn opleiders. Prof dr R.A.J.O. Dierckx en dr J. Pruim. Beste Rudi, beste Jan, in plaats van 
werken aan mijn opleiding hebben jullie mij de mogelijkheid geboden mijn promotie onderzoek 
'in de baas zijn tijd' af te ronden. Daar ben ik jullie heel erkentelijk voor! 

Collega arts-assistenten. Beste Niels en Silvia, we zitten allemaal in hetzelfde schuitje. Ik heb 
mijn project nu afgerond, Silvia bijna en Niels, jij staat aan het begin van een leuk traject. Ik 
heb erg genoten van het onderzoekswerk. De combinatie met de opleiding was niet altijd even 
gemakkelijk. Vooral het me elke avond weer opnieuw opladen om de strijd met mijn laptop 
aan te gaan viel niet altijd mee. Maar, het is het waard geweest! Ik hoop dat ik jullie straks, 
als ik weer terug ben op onze afdeling, net zo kan steunen als jullie mij. Vooral ook bij die 
laatste loodjes! 

Medewerkers NGMB. Oooh, wat zijn jullie met velen . . .  Allereerst wil ik uiteraard Erna en Arja 
bedanken voor al het werk dat ze hebben gedaan om al die FDOPA, HTP en combinatie van 
beide in te plan nen. Geweldig werk! Van groat belang zijn natuurlijk ook alle medewerkers 
van de radiofarmacie. Al die FDOPA en later HTP scans op soms gekke tijden heb ik toch aan 
jullie te danken. Tsja, zonder MNW-ers geen PET scan. Johan, Hans, Judith, Remco, Yvonne [ )  -
(2x) , Sabine, Annemiek, Bregtsje, (sorry, als ik iemand van jullie vergeten heb ligt dat niet 
aan jullie inzet, maar aan mijn brein) jullie hebben allemaal geweldig werk verricht met al die I 
FDOPA en HTP scans die vaak net allemaal wat anders verricht moesten warden. Uiteraard 
geldt dit ook voor alle MNW-ers van de SPECT kant. Aan jullie dank ik al die octreotide, Tc
V-DMSA en MIBG scans die voor de diverse projecten nodig waren. Clara, jij bent altijd een 
geweldige steun geweest, ook bij het mij op weg helpen op de afdeling! 
Thys van der Molen. Beste Thys, ik weet niet of ik zonder jouw adviezen en de gesprekken met 
jou ooit aan dit promotie onderzoek zou zijn begonnen . . .  Ik ben heel erg blij dat je mij over 



de streep hebt weten te trekken !  Ik vind het heel erg jammer dat je niet bij mijn promotie 
aanwezig kan zijn. Overigens, die gezamenlijke wandeling is me erg goed bevallen, dat moeten 
we nog eens overdoen. 

Dr. Ir. Ing. J.J. Dijkstra, beste neefelijkheid, ook jou ben ik erg dankbaar voor jouw aanstekelijke 
woorden met betrekking tot promotieonderzoek. Ik heb oak altijd erg genoten van jouw 
verhalen en ervaringen over je onderzoek met betrekking tot het gedrag van vliegas in de 
bodem (niet dat ik er nu veel van snap, als jij dat maar doet). In mei ben jij gepromoveerd, 
nu ben ik aan de beurt. 

Wil Snitjer: beste Wil, eindelijk een plaats waar ik je toepasselijk kan danken voor alle hulp! 
Tijdens dit promotieonderzoek heb ik veel profijt gehad van de adviezen en verhalen mbt onze 
hobby, modelvliegen/bouwen etc. Dankzij jouw hulp heb ik slechts weinig crashes mee hoeven 
ma ken van mijn helivloot. Het wordt weer tijd voor het geluid van kleine verbrandingsmotortjes, 
turbines en klappende rotors. En ooit moet mijn volgende project ingevlogen warden !  

Paranimfen. Beste Jeroen, we hebben veel samen beleefd e n  gedaan. Ik heb altijd erg genoten 
van onze gesprekken tijdens keuzeprojecten, het ontwikkelen van foto's, tutorgroepen, 
etentjes, feestjes, halklim-uren, als chauffeur, etc. Ik vind het erg fijn dat je mijn paranimf 
wil zijn ! 
Beste Ali, we zijn tegelijk begonnen in het UMCG, jij als AIDS nucleaire, ik als arts
onderzoeker nucleaire geneeskunde. Ik heb bewondering voor wat jij allemaal hebt gedaan 
en hebt meegemaakt in je Leven. Heb altijd genoten van onze gezamenlijke lunches en onze 
gezamenlijke uitstapjes. Je bent een geweldige kerel en ik ben dan oak erg blij dat jij mij wil 
bijstaan als paranimf. 

Familie 
Zander jullie steun was dit project Lang zo leuk niet geweest. Ik weet 't, mijn congresbezoekjes 
waren erg inspannend voor jou, Arrienne. En elke keer mijn zwijgen maar weer moeten 
accepteren als ik weer eens achter de laptop kroop. Ja, erg spraakzaam word ik niet van 
schrijven . . .  Alleen met 3 van die schatjes, alles mogen opknappen en ondertussen je eigen 
praktijk blijven runnen. Ik heb ontzettend veel bewondering voor deze prestatie! Oak nu, nu 
ik van die Lange dagen maak in het Martini Ziekenhuis weet je toch het gezin draaiende te 
houden en de ukjes op tijd van eten te voorzien. Simon, Sophie en Sarah, wat zijn jullie toch 
een schatjes . . .  Ik weet 't ukjes, jullie vinden het maar niks als papa of mama weer eens achter 
de computer kruipt om zogenaamd nuttige dingen te doen in plaats van met jullie te bouwen, 
rennen, tekenen wat dan oak. Gelukkig heb ik dit project af en heb ik nu in de weekenden een 
excuus minder om niet met jullie te spelen ! 
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