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Introduction

The knowledge of tumorigenesis has increased rapidly in the last decade.
Both environmental and genetic factors contribute to the risk of developing a
tumor disease over a lifetime. Molecular genetics has brought new insights
about the mechanisms of tumor development and the gene damage that
underlies inherited as well as sporadic forms of neoplasia. Generally
multiple mutations over time in a gene controlling cell growth are needed to
create a neoplastic phenotype. On the other hand, for inherited tumor
syndromes mutations in key genes are already present in somatic cells at
birth (germ line mutations). In the progenitor cell a sufficient number of
damages to the deoxyribonucleic acid (DNA) are accumulated and this can
be manifested as an increase in proliferative capacity or reduced
programmed cell death.

Neuroendocrine tumors (NET's) are often highly differentiated tumors
and they tend to express hormonal activity that corresponds to the normal
cell type. However, deregulation of growth and hormonal hyperfunction do
not coexist by default. In biological hyperplasia with hormonal
overproduction, which in most cases are polyclonal expansions as a result of
an extrinsic stimulus (as a contrast to the monoclonal growth of a tumor),
oncogenesis do not occur in the majority of cases.

NET’s derive from endocrine cells capable of producing biogenic amines
and polypeptide hormones. Classically these tumors have been related to as
APUD-omas (amine precursor uptake and decarboxylation). Depending on
the extent of the tumor disease and hormonal production, NET’s can usually
be visualized with some form of imaging method. However, even in cases
with a fully developed clinical endocrine syndrome the tumor lesion can be
very small and difficult to detect.

The general aim of this study was to, in vitro and in vivo, investigate some
of the potential monoamine pathways of NET’s, using radionuclide labeled
tracers for Positron Emission Tomography (PET). The intention was also to
explore the value of clinical PET imaging in the management of NETs.



The Neuroendocrine Concept

Using classical histological staining methods, Friedrich Feyrter in 1938
reported the presence of a number of pale cells (Helle Zellen) present
throughout the body but with a preference to the intestinal tract (1). He
grouped these single cells, or small cell populations, together suggesting a
"diffuse endocrine system" outside the brain capable of secreting “blood
borne chemical messengers". As early as 1902, Bayliss and Starling
published their pioneer work concerning endocrine and paracrine action of
such blood borne substances (2). Following major developments in
histochemistry and electron microscopy Everson Pearse in the late 1950s and
1960s formulated the first version of his neuroendocrine concept by
grouping a number of cells, with the common feature of producing peptide
hormones and similarities in cytochemistry and ultrastructure, under the
acronym APUD, amine-precursor uptake and decarboxylation (3, 4).

One of the bases for this concept Pearse formed through converting
amines such as dopamine and serotonin into fluorescent isoquinoline
derivatives after injection of the amine precursors dihydroxyphenylalanine
(DOPA) and S5-hydroxytryptophan (5-HTP). With this he demonstrated
presence of the enzyme aromatic amino acid decarboxylase (AADC), which
decarboxylates these amino precursors. In this classification he unified
widely spread cells from endocrine organs or isolated sites throughout the
body to what we today understand as the diffuse (or dispersed) endocrine
system. Pearse favored the endo- and paracrine action theory, but also
postulated these cells to be a novel third branch of the nervous system
constructed to complement the autonomic and somatic nervous systems (5).
This neuroendocrine concept was developed during a period of more than
ten years and at that time also peptidergic nerves were included in the diffuse
endocrine system (6). The localization of specific peptide hormones and the
functional criterion gave rise to the frequently used pseudonym "peptide-
hormone-producing” cells.

Pearse went further to also suggest a common embryological origin, the
neural crest, of all neuroendocrine cells (7). This was a result of the
increasing number of neuropeptides that were discovered and commonly
expressed in neurons and neuroendocrine cells (8). This was an attractive
approach to explain why endocrine pathologies such as medullary thyroid
cancer occurred at the same time as pheochromocytomas (9). Some striking
experiments have also been made with the beta-nerve growth factor (NGF),
that was able to produce neurite-like extensions in medullar chormaffin and
pancreatic islet cells (10). The criteria of common embryological origin was
however shown to be the case in far from all of the cells included in the
APUD series (11, 12) and lately an origin from endodermal stem cells have



been proposed (13, 14). Pearse himself later modified his theory to not
include the criterion of common origin. This redefined concept, in which all
APUD cells must be "programmed" to become neuroendocrine (15), still
stands today.

Taking into account also the ideas of "paraneurons” by Fujita (16), a new
set of criteria to define neuroendocrine cells was stated by Langley (17):

e Neuroendocrine cells produce neuropeptide hormones or
neurotransmitters.

e These substances are contained within granules or vesicles from
which they are released by a process of regulated exocytosis in
response to external stimuli.

e Neuroendocrine cells differ from neurons by the absence of axons
and specialized nerve terminals.

e Different types of neuroendocrine cells share many similar
properties and express several proteins in common, but the
expression of any specific marker protein is not an absolute
criterion.

With more than 100 bioactive peptides, more than 30 gut peptide hormone
genes and at least 15 different neuroendocrine cell types (18), the gut is
maybe the largest endocrine organ in humans (19) (Table 1).

Amine turnover in neuroendocrine tumor cells

The enterochromaffin (EC) cell is the largest population of neuroendocrine
cells in the gut (20). Masson showed with his silver staining that so-called
midgut carcinoid tumors (see under heading NET's) are derived from these
EC-cells in the crypts of Lieberkuhn in the intestinal epithelium (21). These
EC-cells have the property of producing and secreting amines (e.g.
serotonin) and polypeptides (e.g. neurokinin-A and substanse P). Also the
enterochromaffin-like (ECL) cells in the gut and endocrine cells of the
bronchi can dedifferentiate to become oncogenic. Tumors deriving from
these cells can produce a whole range of peptide hormones, like gastrin,
adrenocorticotropic hormone (ACTH), calcitonin, pancreatic polypeptide etc
(22) (Table 1). Tumors of “midgut” origin produce serotonin to a high
extent, while tumors arising from the “foregut” frequently have low levels of
the enzyme AADC and thereby only secrete the amine-precursor 5S-HTP (23,
24).



The initial step in the synthesis of serotonin, 5-hydroxytryptamine (5-HT)
in the EC-cell, is the transport of tryptophan by an amio acid carrier across
the cell membrane. Hydroxylation of tryptophan then takes place

Table 1. Peptides and amines in the diffuse Neuroendocrine cell system.
Adapted from Molecular and Cellular Endocrine Pathology, Stefaneau Ed., 2000

Adrenal medulla Cathecholamines . enkephalins, VIP, SRIF
Adenohypophysis  ACTH,growth hormone, prolactin, TSH, FSH, LH, CT,

beta-endorphin

Biliary tract Serotonin (53-HT), gastrin, SRIF, PP, motilin, substance P
Gl tract 5-HT. histamine, CCK, gastrin, enteroglucagon, motilin,

neurotensin, PP, secretin family, SRIF, enkephalins, VIP,

bombesin/GRP, substance P.

Pancreatic islet Insulin, glucagons, SRIF, PP

Parathyroid Parathyroid hormone, catecholamines

Prostate ACTH.5-HT. SRIF, CT. GRP, CGRP. PTHrP. TSH-like
peptide

Respiratory tract 5-HT, bombesin/GRP, CT, CGRP, leu-enkephalin, ACTH. PP,
beta-endorphin, substance P, CRH, ADH

Skin (Merkel celly  ACTH, CT, PP, cathecholamines, SRIF, VIP

Thymus ACTH

Thyroid (C-cell) CT. SRIF; CGRP., ACTH. catecholamines

Ulterine cervix ACTH, 5-H'T, SRIF, VIP, CT, substance P

Abbreviations: ACTH-adrenocorticotrophic hormone; ADH-antidiurctic hormone: CRH-
corticotropin releasing hormone; CT-calcitonin; CGRP-calcitonin gene-related peptide; CCK-
cholecystokinin: FSH-follicle-stimu- latiing hormone; GRP-gastrin releasing peptide; LH-
luteinising hormone; PP-pancreatic polypeptide; PYY-peptide Y'Y; SRIF-somatostatin; TSH-
thyroid-stimulating hormone; VIP-vasoactive intestinal polypeptide



intracellularly to produce 5-HTP, that in turn is converted to 5-HT. This step
is rate limiting in the serotonin synthesis. Via vesicular membrane proteins
(VMATSs) 5-HT is stored in secretory granules and upon stimuli granules
translocate to the cell membrane and their content is released into the portal
circulation through exocytosis. There is also a reuptake system for serotonin
through an amine reuptake membrane pump mechanism. A certain amount
of the serotonin is also released into the gut lumen of the small intestine. A
majority of the circulating 5-HT is taken up by platelets. Degradation of 5-
HT is not performed solely by the ECL-cell but also in organs like the
kidney, lung and liver (25-27). The enzyme responsible for the conversion of
5-HT to urinary 5-hydroxyindoleacetic acid (U-5-HIAA) is monoamine
oxidase (MAO) (Figl).

Fig 1. The processing of serotonin and CgA in the ECL-cell

5-HT into gut lumen

Prosecretory
granules
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Reprinted from Westberg, 2001, with permission

Chromogranin A (CgA) is an acidic glycoprotein of 439 amino acids with a
molecular weight of 48 kD. Its immunoreactivity has been found in all parts
of the gastrointestinal tract and pancreas and it has been isolated from all
endocrine glands (28). The physiologic role of CgA is not clear, but it is
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present in neuroendocrine tissue and is co-secreted with peptide hormones
and amines, thus indicating a storage role of peptides within the secretory
granule (29, 30). CgA is an important serum marker for NET’s independent
of their origin.

Neuroendocrine tumors

Neuroendocrine tumors of the gastroenteropancreatic system (GEP) are rare
and usually show slow tumor growth. The estimated incidence is reported to
vary from 1-2 (31) to 8.4 (32) cases per 100,000 people. These tumors show
different tumor biology and patients often present clinical symptoms due to
hormonal overproduction. Symptoms like hypoglycemia, gastric ulcers,
severe diarrhea and flushing can be prominent parts of the patient's clinical
presentation (33) and a major problem even though the tumor lesion itself
can be very small. However, in many cases the tumor burden is large with
distant metastases. There are also more malignant forms where tumor
proliferation rate can be high and tumor growth rapid (34).

Otto Lubarsch was in 1888 the first to describe the clinical presentation
and histopathologic feature of carcinoid tumors in the gastrointestinal tract
(35). In the beginning of the last century the term Karzinoide was introduced
for what the pathologist Oberndorffer claimed to be a more or less benign
neoplasm of the ileum (36). This view was later reformed in 1949 when a
series of patients with distant metastases of carcinoid tumors was described
(37). However, the misunderstanding of the benign nature of these tumors
can be seen even in our century.

Carcinoid tumors have been reported from a number of different organs
like the ovaries, the thymus and the heart but the most common sites of
origin are the lungs and the gastrointestinal tract. In many cases the acronym
GEP-tumors is used for this latter group of NET's. The following short
resume will be focused on these main groups of NET’s, including the entity
of multiple endocrine neoplasia type-1 (MEN-1), a not so uncommon entity
processed at our clinic (The Clinic for Endocrine Oncology, UAS, Uppsala,
Sweden).

Classification

A clinically commonly used classification for NET's was formed by
Williams and Sandler in 1963. They took into account a relationship
between the embryologic origin as well as the histologic and biochemical
features of the different entities of carcinoid tumors (38).



They formed three different groups:

1. Foregut carcinoids (thoracic, gastric, duodenal carcinoids and
endocrine pancreatic tumors)

2. Midgut carcinoids (carcinoids of the small intestine, appendix
and proximal colon)

3. Hindgut carcinoids (carcinoids of the distal part of colon and the
rectum).

This classification has been very useful in the clinical assessment of these
tumors and a tool for directing the work-up and diagnostic procedures.
However, there are drawbacks of this classification regarding mainly lack of
information concerning differentiation and invasiveness. Therefore a more
clinicopathologically orientated classification has been proposed and found
to reflect the nature of these tumors in a more adequate way (39) (Table 2).

Table 2. Clinicopathologic classification of GEP-tumors.

Well-differentiated endocrine tumor

Benign behavior: functioning or nonfunctioning, confined to mucosa-
submucosa, nonangioinvasive
<1 or 2 em* in diameter
Serotonin-producing tumor
Enteroglucagon-producing tumor

Uncertain bebavior: functoning or nonfunctioning, confined to mucosa-
submucosa, or angioinvasive
=1 or 2 cmt in diameter,
Serotonin-producing tumor
Enteroglucagon-producing tumor

Well-differentiated endocrine carcinoma

Low-grade malignant: deeply invasive (muscularis propria or beyond) or
with metastases
Serotonin-producing carcinoma with or without carcinoid syndrome
Poorly differentiated endocrine carcinoma

High-grade malignant: small to intermediate cell carcinoma

*<1 cm for mmors of the small intestine; <<2 cm for tumors of colon/rectum
and appendix. 3

t=1 em for tumors of the small intesting; =2 cm for tumors of colon/rectum
and appendix.

Adapted from Solcia E, Rindi G, Paolotti D, et al. Clinico-pathological profile
as a basis for classification of the endocrine rumors of the gastroentero-pancreatic
tract. Ann Oncol 1999; 10(Suppl 2):51-57.

Lung carcinoids

Presenting symptoms in patients with bronchial carcinoids can be cough,
recurrent pulmonary infections or hemoptysis (40). Nevertheless, many
tumors are asymptomatic and diagnosed en passent on a CT or chest x-ray
performed for other reasons. These tumors account for 1-2 percent of all
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lung neoplasm’s and are usually divided into typical or atypical carcinoid
tumors (41). The incidence is approximately 0.2/100,000 inhabitants and the
etiology is unknown. However, there is a known connection to the multiple
endocrine neoplasia type 1 (MEN-1) syndrome (42).

Lung carcinoids are often localized in the main or lobar bronchi and have
been reported to display a mean diameter of 3.1 cm, whereas peripheral
tumors usually are smaller (mean 2.4 cm) and may be multiple and
surrounded by satellite lesions (43). Since lung carcinoids are of
neuroendocrine origin they may secrete hormones. For example, histamine
overproduction may cause a clinical condition of asthma-like symptoms,
redness and swelling, and production of ACTH or corticotrophin-releasing
factor (CRF) can cause an ectopic Cushing’s syndrome. Since the lesions
often are small there can be problems in visualization of the tumor causing
the clinical syndrome (44, 45). CT or MRI serve as standard methods for
tumor detection but somatostatin receptor scintigraphy has shown additive
information in small receptor positive tumors (46, 47). Typical carcinoids
are considered to be of a more benign nature and have been reported to
metastasize in 5-20 %, whereas up to 70 % of the patients with atypical
carcinoids develop distant metastases (46, 48).

Endocrine Pancreatic tumors

Neuroendocrine pancreatic tumors (EPT’s) have an incidence of about 0.4
per 100,000 inhabitants (49). Except for insulinomas, EPT’s are malignant in
more than 50% of the cases and treatment is needed both to control the often
present endocrine symptoms as well as tumor growth. EPT’s are classified as
functioning when they are associated with a specific clinical syndrome
caused by hormonal overproduction. However, the most common group of
EPT’s is the non-functioning entity that account for up to 30 - 40 % of the
cases (50). Biochemical diagnosis is always a challenge for the different
functioning EPT’s. With the use of Chromogranin A (CgA) there is a general
marker at hand that is independent of syndrome or functionality (51).

The endocrine part of pancreas includes four different islet cells; A, B, D
and PP cells, producing glucagons, insulin, somatostatin and pancreatic
polypeptide respectively. When a tumor is developed from these cells,
hormones that are not normally present in pancreas can be produced, i.e.
gastrin, vasointestinal peptide (VIP), ACTH and calcitonin. The functional
EPT’s are divided into 6 groups referring to their respective hormone
production:

e Gastrinomas cause the Zollinger-Ellison syndrome with
hypergastrinemia, secondary hyperacidity with risk for gastro-
duodenal ulcers and diarrhea (52). Gastrinomas are malignant in
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approximately 60 — 90 % and the primary tumor is preferably
located to pancreas or duodenum (53).

Insulinomas are in a majority of cases benign and located to the
pancreas in more than 90 % (53). Insulinomas can be small and
difficult to visualize. However, when hyperinsulinemia is present
and repeated hypoglycemias with elevated insulin/glucose-ratios
are detected, there is often indication for surgical exploration (54).
Mainly malignant insulinomas present with elevated proinsulin or
c-peptide (55).

VIPomas are associated with the so called Verner-Morrison
syndrome that is characterized by watery diarrhea, hypokalemia
and achlorhydria (56). These tumor lesions malignify to a high
extent and primary lesion are to be expected in pancreas (53).
Glucagonomas are found exclusively in pancreas as primary
tumors and they set distant metastases in about 50 % (53). The
glucagonoma syndrome can be connected to skin lesions referred to
as necrolytic migratory erythema (57). Severe anorexia, glossitis
and diabetes can accompany this syndrome.

Somatostatinomas are rare endocrine pancreatic tumor
manifestations with a malignant potential. They can also originate
from the upper small intestine.

ACTHomas of the pancreas can cause ectopic Cushing’s syndrome
and are described to count for 4-16 % of the cases (53). Mb
Cushing is clinically a challenging syndrome that due to the
ACTH-stimulated hypercortisolism affects many metabolic
systems throughout the body. The classical findings of Cushing’s
disease are hypertonia, diabetes mellitus and hypokalemia. These
symptoms can progress rapidly in patients with malignant
ACTHomas (58), while they often develop over a longer period of
time in benign cases where also the classical redistribution of body
fat is present.

Midgut carcinoid tumors

Midgut carcinoid tumors (MGC) originate, as previously mentioned, from
the Kulchitsky cells in the crypts of Lieberkuhn in the intestinal epithelium
(21). Despite the undisputedly small primary tumor of the terminal parts of
the ileum, it is a fact that mesenteric and liver metastases are commonly
present at the time of diagnoses (23). Since initial symptoms can be vague
there may be a delay in diagnosis for approximately 2-3 years (59). Bowel
obstruction and pain are local symptoms from the abdomen, while the
carcinoid syndrome with diarrhea, flushing, right-sided heart failure and
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bronchial obstruction is secondary to hormonal excess (60, 61). Presence of
the carcinoid syndrome indicates a tumor burden not only limited to the
regional lymph nodes but also present in the liver (62).

Histologically MGC-tumors are characterized by positive reactions to
silver stains and to markers of neuroendocrine tissue, like synaptophysin,
chromogranin and neuron specific enolase (NSE) (63). One of strongest
indicators of a MGC tumor is the presence of a positive serotonin (5-HT)
staining or elevated levels thereof in serum or urine. 5-HT is synthesized
from its precursor 5-hydroxytryptophan (5-HTP) and further metabolized to
5-HIAA (Fig 2), which is excreted in the urine. U-5-HIAA and CgA are the
two main markers for MGC’s (60, 61, 64). However, measurement of
platelet or urinary serotonin can also be used for diagnosis with high
sensitivity (65).

Fig 2. Synthesis and degradation of serotonin.
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From Oberg, K. Williams Textbook of Endocrinology, 10™ Ed.

Hindgut carcinoid tumors

This group can be divided into rectal and colonic carcinoids, with a majority
belonging to the former. Reports have been made of an up to 40 %
malignancy frequency for rectal carcinoids (66). Hindgut carcinoids do
rarely stain positive for serotonin (22) and presentation of carcinoid
syndrome is rare. Approximately 50% of the tumors are asymptomatic and
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found on routine endoscopy. Patients with symptoms usually present with
pain, constipation or rectal bleedings. Rectal carcinoid tumors constitute up
to 2 percent of all rectal tumors (63).

Multiple Endocrine Neoplasia type 1 (MEN-1)

This syndrome is an inherited disorder characterized by combinations of
different endocrine tumors. The classic MEN-1 lesions include:

e Primary hyperparathyroidism (in more than 95 %)
e Endocrine pancreatic tumors (in 40-80 %).
e Pituitary tumors (in 20-40 %)

Two of these lesions are necessary to set the diagnosis. There is a known
overrepresentation of adrenocortical cancer and foregut carcinoids in MEN-1
patients (67).

The penetrance of this syndrome is high (> 50 %) and the gene defect,
located to the long arm of chromosome 11, denoted 11q13, encoding for the
menin protein (68), can be phenotypically identified in suspected carriers.
Any of these classical MEN-1 lesions can be the presenting one, whereas
hyperparathyroidism is the most common initial endocrinopathy (67). The
second most common lesion is the endocrine pancreatic tumor with a
prevalence of up to 40-80 % (69, 70). In the majority of cases the presence
of an EPT causes an elevation in any of the pancreatic hormones and even in
non functioning tumors a secretory product can be measured. When clinical
symptoms are present approximately half of the patients have a malignant
disease (71). Most of the MEN-1-EPT’s are adenomas in a size of
millimeters to several centimeters (72, 73). In all MEN-1 patients with
pancreatic lesions, multiple tumor involvement of the gland should be
suspected (67).

Elevation of pancreatic tumor markers in patients with MEN-1 can be
detected more than 5 years before lesions are detectable on conventional
radiology (74). The early detection of EPT’s is improved by a standardized
meal stimulation test and this test has been shown to be efficient regardless
of the peptide secreted by the tumor (75). For early diagnostic visualization
of EPT’s in MEN-1 subjects most imaging methods have shown unsatisfying
results with the exception for endoscopic ultrasonography, that has shown
sensitivities from 70 — 93 % in the detection even of small EPT’s (67, 76,
77).
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Treatment of NET's

In the treatment of NET s surgery must always be discussed as a therapeutic
option. Cure can of course be obtained if radical surgery of primary tumor
and limited disease can be performed. Favorable survival statistics and
maintenance of daily physical activity has been reported using an active
surgical approach even in patients with disseminated disease (78). More
radical surgical interventions like liver transplantation have also been
reported as a possible therapeutic option in NET s with metastases limited to
the liver (79). Even if curative surgery can not be performed, there should
always be a discussion of the possibilities to perform debulking surgery,
since both good palliation and reduction in hormonal symptoms has been
reported from such procedures (62, 79). In a limited number of patients
resection of local metastatic disease can provide cure (80).

Radiofrequency ablation (RF-ablation) can be an alternative for treatment
of liver metastases in NET's (81), as well as alcohol injection and the use of
laser. However, further studies are needed in that area. To reduce the bulk of
liver metastases embolization of the hepatic artery with Spongostan® can be
performed, causing response rates of 50-70 % with a median duration of 9-
12 months (82). This procedure can also be performed with addition of
cytotoxic agents (chemo-embolization) (83).

Medical treatment of NET's include biochemical response modifiers like
different somatostatin analogs and interferon’s, but also different
chemotherapeutic drugs. The combination of streptozotocin and 5-FU or
doxorubicin has generated response rates of 40-60 % in patients with EPT
and distant metastases (84, 85). In patients with progressive disease the
combination of cisplatin and etoposide has proven radiological or
biochemical response in more than 50 % of patients with foregut carcinoids
(86). In contrast, MGC's have not been responding to chemotherapy to any
greater extent and duration of response in previous studies was short (87,
88). On the other hand long-term responses have been seen in MGC-patients
using alpha interferon (89, 90) In the treatment of EPT's alpha interferon has
also been used (91) and response rates in approximately 50 % have been
seen with duration for more than 2 years (92). Recently, data for the
combination of o-interferon and somatostatin state radiological and
biochemical responses in approximately 20 % and 60 %, respectively (93).
Somatostatin analogues are known to inhibit both release of peptides and to
exert an antiproliferative effect on endocrine tumors. Their use in controlling
clinical symptoms due to hormonal excess in NET’s is undisputed and they
are also used as growth controlling agents in these tumors (94).

A treatment modality that has come into clinical use in the last few years
is peptide receptor radionuclide therapy (PRRT). Treatment of NET's using
radioactive somatostatin analogues like '''In-Octreotide has so far been
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evaluated in only a limited number of patients, but this prospect is promising
and new isotopes are being introduced for PRRT in NET's. In initial studies
response rates of 24-36% has been reported (95-97). Treatment of
catecholamine secreting tumors like pheocromocytomas with (131)I-
metaiodobenzylguanidine (MIBG) is established and videly spread and this
modality has also been tried in different NET's with fairly good response
rates of over 50% (98). Stable disease has been reported in over 80% (99) of
a patient material where both carcinoids and paragangliomas were included.

Imaging of Neuroendocrine tumors

In a majority of the patients with MGC distant metastases already occur
when the diagnosis is set. Therefore radiological visualization is often
concentrated on mapping the extent of tumor spread. The primary tumor in
the area of the distal ileum is difficult to detect and can only occasionally be
diagnosed preoperatively. In those cases there are often clinical signs of
small intestine obstruction due to a characteristic mesenteric fibrosis that
together with mesenteric lymph node metastases can cause obstructive
symptoms (100). The primary tumor itself is seldom large enough to cause
intestinal lumen obstruction (62).

The radiological work-up concerning EPT’s can be more problematic.
Primary tumors are often small even though the hormonal production and
clinical symptoms can be prominent. Previously, angiography of the
mesenteric and coeliac arteries was considered gold standard for diagnosing
these small but rather vascular tumors. This method of course fails to
visualize tumors that lack hypervascularity (101, 102). Percutaneous
transhepatic vein catheterization and venous sampling (PTP) has also been
shown to be of value in detecting small EPT’s (103, 104), but this method is
known to sometimes produce false positive results (105). However, this
method can possibly be enhanced by an intra-arterial calcium infusion (106).

Perhaps is surgical exploration and peroperative palpation, including
intraoperative ultrasonography, the outstanding method to localize NET's?
There are, on the other hand, undoubtedly advantages in having a staging
protocol and a non invasive lesion detection procedure performed for
imaging of the tumor burden before surgery.

In the following review over the different imaging modalities of NET s,
focus has been set on tumors outside the central nervous system, thereby
excluding the field of pituitary adenomas.
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Computed Tomography, Magnetic Resonance Tomography and
Ultrasonography

Computed Tomography (CT) and ultrasonography (US) are important
methods in the radiological work up, and the most valuable methods for
therapy monitoring in patients with NET’s. CT has well defended its place
over the last two decades (107) and its sensitivity has been significantly
improved by the introduction of spiral-CT scanners (108). Especially for
EPT’s spiral-CT should be used in preference to so called incremental CT.
Bronchial carcinoids are to a high degree visible at an ordinary chest x-ray
(109) whereas detection rate is greatly improved using CT or magnetic
resonance imaging (MRI) (110).

MRI is often what is proposed as the next step if CT and US do not
provide sufficient imaging results. With the development in MRI pulse
sequences, improvements in motion artifact reduction technique and new
contrast agents this radiological method has become a powerful and sensitive
instrument in the detection of NET's (111).

US on the other hand is dependant on the individual skill of the
performing physician, but effective both as screening method for the whole
abdomen and in local examination of the liver. Using contrast enhanced
examinations depiction of tumors (preferably in the liver) can be greatly
improved. The interventional capacity is also great with US, e.g. RF-
treatment of liver metastases. Lately the development of endoscopic US
(EUS) has improved the diagnosis of small EPT’s and in the hands of a
skilful investigator this method has been shown to produce sensitivities from
70 to over 90 % (76, 77, 112, 113). Comparisons have been made between
EUS and somatostatin receptor scintigraphy, CT and MRI in the detection of
insulinomas and gastrinomas, where the sensitivity is at most 30 % for all
these last three methods (113). In addition, US can be used intraoperatively
for achieving even higher tumor detection rates (114) and, as stated before, a
combination between a surgical peroperative palpation and inspection
together with intraoperative US perhaps account for the highest success rate.

Somatostatin receptor scintigraphy

Somatostatin is a cyclic peptide and in two biologically active isoforms it
comprises 14 and 28 amino acids. It was isolated as early as 1973 (115) and
shown to be expressed mainly in the cerebral cortex, the hypothalamus, the
brain stem, D-cells of the pancreatic islets, the thyroid gland and in the
gastrointestinal tract (116, 117). Receptors for somatostatin have been
identified in the central nervous system, the gastrointestinal tract and on
many cells of neuroendocrine origin, including the somatotropes of the
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anterior pituitary gland, the C cells in the thyroid and the D cells of the
pancreatic islets (118, 119).

The general inhibitory effect of somatostatin on hormone secretion of
various glands (120, 121) has made somatostatin an agent for controlling
endocrine  hyperfunction both in pituitary adenomas (122) and
gastroenteropancreatic NET's (94, 123, 124). Octreotide, containing 8 amino
acids in the bioactive core sequence, is commercially the most used
somatostatin analogue for treatment and peptide receptor scintigraphy of
NET's.

Peptide receptor scintigraphy with radioactive somatostatin-analogues
was initially performed with '*I-Tyr’-Octreotide. However, in the last
decade ""In-DTPA- Octreotide (OctreoScan) has been shown to have high
accuracy for scintigraphic visualization of NET s, such as carcinoid tumors,
islet cell tumors and paragangliomas (125-127). A European Multicenter
Trial in 350 patients with NET’s was conducted to evaluate the efficacy of
SRS with """In-DTPA’- Octreotide (OctreoScan) (128). In that study tumor
detection was positive in 80 % with SRS, as compared to 88% with
conventional radiology. Detection rates of islet-cell tumors in that study was
46-100% (highest success rate for glucagonomas).

Furthermore, a positive somatostatin receptor scintigraphy (SRS) can
predict a beneficial effect of somatostatin analogue therapy on hormonal
hypersecretion (129, 130). Since SRS is a sensitive imaging method for
NET’s and can produce a staging of the disease, the scanning result also has
great impact on the clinical management of patients with NET’s. In a study
by Lebtahi et al. SRS changed the surgical therapeutic strategy in 25 % of
the patients (131) and Termanini et al. showed that the use of SRS altered
management in 47 % of the patients with gastrinomas (132). Furthermore,
the sensitivity of SRS has been compared to CT, MRI, US and selective
angiography in the detection of primary and metastatic gastrinomas, and has
been found to be the single most sensitive imaging method for that group of
EPT’s (133). However, in this comparison EUS was not included as one of
the imaging techniques.

SRS is, when combined with single photon emission tomography
(SPECT), to be considered as the first choice of imaging technique for
NET’s. However, there are a few drawbacks that need to be commented.
Octreotide binds with high affinity to somatostatin receptor subtype 2 and
with relatively high affinity to receptor subtype 5, but has low affinity to
number 1, 3 and 4 (134, 135). NET's express subtype 2 and 5 in up to 80%
of the cases. Tumors that lack or have limited expression of these receptors
are potentially negative on SRS but the receptor expression can also differ
between different lesions in the same patient (80). Tumor lesions smaller
than 0.5-1 cm can be problematic to visualize with SRS. This is probably
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reflecting the limitations in spatial resolution of the SPECT technique with
its detection of a single photon emission.

To further comment on the issue of tumor localization with SRS, there are
a few reports of intraoperative tumor detection using scintillation detectors
following the injection of labeled somatostatin analogues. Tumor detection
rates that surpass conventional SRS and detects all (!) intra-abdominal
tumors over 0.5 cm in diameter (136, 137) have been reported.

VIP- and MIBG-scintigraphy

Vasoactive intestinal peptide (VIP) has been labeled with iodine-123 for
scintigraphy of intestinal tumors. In this study regular pancreatic- and
colorectal adenocarcinomas, as well as MGC’s and insulinomas were
imaged by VIP-scans (138). However, this method has not been further
evaluated in other studies.

Metaiodobenzylguanidine (MIBG) shares the same uptake mechanism as
norepinephrine and "'I or '*I-labeled MIBG scintigraphy has a good
capacity to detect medullary pheochromocytomas of the adrenals with
reported sensitivity of 87 % and specificity of as high as 99 % (139, 140).
MIBG-scintigraphy has been evaluated for diagnostic visualization of NET s
and produces sensitivities that are very low (9 %!) for EPT’s and up to 64%
for carcinoids (141, 142).

Positron Emission Tomography

Positron emission tomography (PET) is a non-invasive technique for
measurements of regional tracer accumulation and quantification. The
principle of which PET rests is annihilation coincidence detection (143) and
its possible potential in medical imaging was noted as early as in the 1950s
(144).

A biological substance, that one wants to study, can in a majority of cases
be labeled to become a radioactive tracer. Radionuclides like ''C, '°O and '"*F
decay with the emission of positrons. A positron travels a short distance of a
few millimeters in tissue before it collides with its antiparticle, the electron.
At the collision both particles are annihilated and two photons with an
energy of 511 keV are produced. These leave the tissue in counter-opposite
directions and can simultaneously be detected (so called coincidence
detection) in a double set of detectors arranged as a ring around the subject.
Each detector ring consists of hundreds of coincidence coupled detector
units that basically becomes the PET-camera (Fig 3). The coincidence
detection provides a high spatial resolution that is nearly depth independent
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(145, 146). A computerized procedure calculates a value that represents the
number of photons emitted from each pixel (“volume unit”) and an array of
pixel data is produced that corresponds to the activity concentration of the
tracer substance in the tissue. By commencing each PET examination with a
transmission scan, corrections can be made for loss of annihilation photons
due to tissue attenuation. As a result of this mathematical reconstruction,
PET provides high image quality and quantitative measurements of
biological processes for research and clinical practice (147, 148).

Table 3. Half-lives (min) of standard positron emitters.

Bp 109.8
e 20.4
e 2.04
N 9.66
%Ga 67.6

Data from the NUDAT database (149)

The classical positron emitting radionuclides are produced with particle
accelerators, typically cyclotrons. They are short-lived isotopes of normal
biological matter with half-lives from 2 minutes to approximately 2 hours
Table 3).

Fig, 3. Schematic illustration of the principle for PET.
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Depending on what physiological principle you want to describe, these
radionuclides can be used for substitution in a molecule that in its labeled
form will remain biologically unchanged. With PET it is not only possible to
make an image of a structure, but also to gain information of a bio-
physiological principle, a metabolic pathway or, e.g. receptor expression, all
depending on the choice of the PET-probe. The tracer substance itself and
the actual labeling procedure with a positron emitter are key points in the use
of PET in molecular imaging and clinical medicine. The logistics of PET is
shown in Fig 4.

Fig 4. The logistics of PET-examinations (modified from Lidholt, 1989).

d c

The different steps in a PET-examination consists of: the radionuclide production in
a cyclotron (a), the labeling of a specific tracer, tracer synthesis (b), tracer analysis
(c¢) and administration of the tracer to the patient and thereafter scanning procedure.

FDG

The use of PET in clinical oncology has dramatically increased in the last
decade. This is mainly a result of the use of the tracer 18-fluoro-deoxy-
glucose (18F-FDG) as a general tool for the study of glucose transport and
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metabolism in neoplastic and benign pathologic processes (150). The value
of FDG is based on the importance of glucose metabolism in normal cellular
function. Alterations in the normal glucose turnover, like those occurring in
a malignant tumor, can be detected with FDG-PET, including abnormalities
that not even are detectable as anatomical changes on conventional CT or
MRI (147, 148). However, since FDG enters the cell through the pathway of
glucose and is intracellularly phosphorylated to FDG-6-phosphate, tissues
like the brain, myocardium and most malignant cells accumulate FDG-6-
phosfate proportionally to the glycolytic rate of the cell. This demands
knowledge of the normal distribution of FDG when differentiating between
normal physiology and pathologic conditions.

The clinical use of FDG-PET has been reported in numerous different
tumor categories like lung tumors (151, 152), breast carcinoma (153, 154),
colorectal carcinomas (155, 156) and lymphomas (157, 158). Furthermore,
FDG has with success been utilized as tracer for imaging of benign disorders
like seizures, dementias and cardiac perfusion (159-162).

Unfortunately FDG has not been shown to image NET's in a sufficient
way. There have been reports of a limited value of FDG-PET for the
diagnostic visualization of NET s, where only tumors with high proliferative
activity and low differentiation show an increased FDG-uptake (163). In the
same study there were positive FDG scans in patients with medullary thyroid
carcinomas and rapidly increasing levels of cacinoembryonic antigen (CEA).
Furthermore, in a study by Pasquali et al. patients with NET's were divided
in two groups according to clinicopathologic features of the tumor and the
FDG-tracer was accumulated in 83 % of the lesions in the group with
aggressive tumors (164). Only in one case in the slow-growing group did
FDG show a slightly increased uptake. More data have also been presented
with negative imaging results for FDG-PET in carcinoid tumors (165, 166).

Pheochromocytomas are benign in 90 % of the cases and they are
visualized by MIBG-scintigraphy in more than 80%. However, it has been
reported by Shulkin et al. that pheochromocytomas negative on MIBG-scans
are successfully imaged with FDG (167). Moreover, in a large series of
pheocromocytoma patients investigators have reported 88 % sensitivity for
detection of malignant pheocromocytomas using FDG-PET (168).
Incidentally discovered adrenal masses in patients without a history of
malignancy are rarely metastatic. However, in autopsied cases it has been
reported approximately 30 % malignancy of adrenal lesions in patients with
known cancer (169). In so called incidentalomas there are difficulties for
conventional radiology to establish the true nature of this lesion. PET with
FDG has shown sensitivity and specificity of 100 % and 33 %, respectively,
to predict malignancy in such patients (170, 171).
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L-DOPA and 5-HTP

In the search for tracer substances to facilitate detection of EPT’s, the amine
precursor L-dihydroxyphenylalanine (L-DOPA) was attempted in a study of
22 patients (172). Fifty percent of those tumors were visualized with ''C-L-
DOPA-PET but unfortunately non functioning tumors and small insulinomas
were difficult to detect. Seven of the tumors were not localized with any
method at all (diagnosis was set biochemically). However, a small number of
the patients with visible tumors (n=3) were also examined with the serotonin
precursor 5-HTP labeled for studies with PET of the central nervous system
(CNS). All these 3 patients displayed significantly higher SUV in the tumors
with ""C-HTP than ""C-L-DOPA. Noteworthy is that none of these patients
had a serotonin producing tumor.

Recently, Hoegerle et al. published a study of 17 patients with
gastrointestinal carcinoid tumors examined with '*F-DOPA-PET in
comparison with FDG-PET, SRS and CT (173). The results of this study
indicate a higher sensitivity for ""F-DOPA-PET (65 %) compared to 29 %
for FDG and 57 % for SRS. However, in this study the highest sensitivity
was seen for morphologic procedures including both CT and MRI (73 %).
The authors state that in 38 % of the patient’s '"*F-DOPA-PET produced
additional information and 3 previously undetected primary tumors were
localized with this method. In this study it is shown that the strength of
functional methods like PET is the possibility to discriminate between the
benign or malign nature of a small lymph node, which is a weakness in
morphologic imaging.

In two other studies it has been demonstrated that, with amine-precursor
tracers like ''C-DOPA and ''C-5-HTP, the metabolic activity, measured as
decarboxylation rate, can truly be studied and measured in vivo (174, 175).
These studies show that the same event takes place in both MGC’s and
EPT’s, and that the decarboxylation is evident in NET s using either of these
radiolabelled amine-precursors.

HED, Fluorodopamine and Metomidate

The above listed substances have been labeled for the use in PET and for
visualization of tumors or adenomas in the adrenals. HED, or
hydroxyephedrine, is an analogue of epinephrine. Norepinephrine is a
neurotransmitter with presynaptic uptake in sympathomedulla tissues with
deposition into neurosecretory granule. PET with ''C-HED-PET has been
performed in the imaging of neuroblastomas with a high success rate (176).
In a recently performed study at our institution, 19 patients with
pheochromocytomas were examined with HED-PET, presenting a sensitivity
and specificity of 91.6 % and 100 % respectively (177). However,
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alternatives have recently been presented for diagnostic visualization of
pheocromocytomas. Pacak et al. reported a study of 28 patients examined
with 6-(18F)-flurodopamine-PET where all patients with surgically proven
tumor could be detected with this technique. Furthermore, the scans were
consistently negative in patients with negative plasma metanephrine results
(178). These two new imaging modalities have the potential to improve the
limited sensitivity of MIBG and Octreoscan as well as the poor specificity of
CT and MRI for localization of pheochromocytomas (179).

Accidentally detected adrenal masses, so-called incidentalomas, are
frequently revealed as a result of the increasing use of CT, MRI and US.
Incidentalomas have been reported to occur in 0.3-4 % of the CT
examinations performed over the abdomen (180). A majority of these masses
represent benign adreno-cortical adenomas without clinical implications.
The possibility for conventional radiology to determine the functional status
of these lesions is poor. Therefore biochemical screening programs have
been developed in most centers to establish the nature of the incidentally
imaged lesion. To be able to discriminate cortex from medulla, metomidate,
a methyl ester of the former anesthetic drug etomidate, has been labeled with
carbon-11. The substance was initially studied in frozen section
autoradiography of adrenals and adrenocortical tumors, revealing high
uptakes (181). A clinical study was performed in 15 patients with a unilateral
adrenal mass using ''C-metomidate-PET and the 9 lesions (6 adenomas, 2
carcinomas and 1 nodular hyperplasia) of cortical origin were easily
discriminated from those of noncortical origin (1 pheo, 1 myelolipoma, 2
cysts and 2 metastases) due to exceedingly high uptake of the tracer in
cortical lesions (182). In a separate study, high uptakes have been seen in
patients with adrenocortical cancers, where irregular tracer uptake and
multiple lesions are suggestive of malignancy rather than adenomas (183).
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Aims of the study

The general aim of this study was to, in vitro and in vivo, investigate some
of the potential monoamine pathways in NET’s, using radionuclide labeled
tracers for Positron Emission Tomography (PET). The intention was also to
explore the value of clinical PET imaging in the management of NET's.

Specific aims:

e To study the turnover of the ''C-labeled amino acids glutamate,
aspartate and glutamine in neuroendocrine tumor cells in vitro and
to evaluate the in vivo distribution and uptake of these amino acids
as potential tracer substances for characterization and visualization
of NET’s with PET.

e To investigate in vitro on frozen sections of NET’s the possible
expression of a number monoaminergic systems present in
neuronal tissue (CNS), and to try to find a new tracer substance for
in vivo characterization and visualization of NETs.

e To investigate the use of PET with '"C-5-HTP as tracer for
visualization and therapy monitoring in patients with NET’s.

e To try to improve the ''C-5-HTP-PET examination in order to
reduce image reconstruction artifacts and facilitate tumor
visualization.

e To compare ''C-5-HTP-PET with established imaging modalities
such as somatostatin receptor scintigraphy and computed
tomography as whole body examinations for detection of NET's
and to investigate in a mixed patient material if ''C-5-HTP can be
used as a general PET-tracer for imaging of NETs.
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Materials and Methods

Patients

In the first paper, 18 consecutive patients (12 men and 6 women) with
histopathologically verified neureoendocrine tumors were investigated. The
patients were randomly selected based on the availability of the PET-scanner
while they were admitted to the hospital, Dept of Internal Medicine, UAS,
Uppsala. The aim was to include a majority of midgut carcinoid patients and
a few patients with other neuroendocrine tumors. No patient was excluded
from the study once the first ''C-5-HTP-PET scan was performed. Fourteen
patients had classical MGC’s with elevated U-5-HIAA and liver metastases
detected by CT. One patient had a lung carcinoid with liver metastases and
another patient had a calcitonin-producing NET with liver metastases. Two
patients had non functioning EPT’s. Ten of these patients were examined
with PET before and at different intervals during treatment and the results
were analyzed with regard to changes in tumor markers and tracer uptake.

The clinical part of the second paper was conducted on 5 patients with
NET’s. Two patients, one with a MGC with multiple liver metastases and
one with EPT and multiple liver metastases, were examined with ''C-
glutamate-PET. Two patients with MGC’s and one patient with EPT were
examined with PET using ''C-aspartate as tracer.

In the third paper 11 consecutive patients were enrolled in the study. All
had histopatologically verified NET's (4 with MGC and 7 with EPT of
which 4 had non functioning EPT’s). The aim of this study was to include
more EPT’s and also the non functioning group based on previous
experiences with some difficulties in visualizing this entity with PET. All
patients with MGC displayed liver metastases on CT except for one patient
where the PET-scan instead was focused on the abdominal lymph node
metastases. Four subjects with EPT had pancreatic lesions according to CT,
whereas the other three presented with liver metastases.

Six consecutive patients with MGC’s were included in the part of this
thesis covered by paper no IV. All of these patients underwent ''C-5-HTP-
PET before and after pretreatment with two different doses of cabidopa.
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In the last part of this study (paper V) forty-two consecutive patients with
different NET-diagnosis were included (16 midgut-, 2 foregut-, 7 lung- and 2
thymic carcinoids, 4 gastrinomas, 1 insulinoma, 1 ECL-oma, 6 non-
functioning endocrine pancreatic tumors, 2 endocrine pancreatic cancers and
1 paraganglioma), including 3 patients with multiple endocrine neoplasia
type 1 (MEN-1). The inclusion criteria were:

o Histopathological diagnosis of NET and detected lesion on conventional
radiology or Octreoscan.

¢ Biochemical evidence of NET and detected tumor lesion on conventional
radiology or Octreoscan.

Nineteen patients had been submitted to previous surgery for removal of the

primary tumor and in 17 patients surgery was performed after the

biochemical and imaging work-up.

Biochemistry

Biochemical screening was performed in all patients except for the patients
undergoing PET-scans with radiolabeled amino acids (paper II). A standard
panel of biochemical marker was analyzed in serum or plasma, according to
the routine methodology of the Department of Clinical Chemistry at the
University Hospital, UAS, Uppsala, Sweden. Included in this panel of
peptide hormones were: gastrin, insulin, pro-insulin, c-peptide, pancreatic
polypeptide (PP), glucagon, vasointestinal peptide (VIP), calcitonin and
ACTH. Urinary levels of cortisol and histamine were analyzed when
indicated upon clinical signs. Individual biochemical profiles for each
subject were used if diagnosis was manifest and treatment ongoing when the
patient was included in the study.

The two main markers used in this study for work-up, treatment follow up
and correlation analysis were CgA (184, 185) and U-5-HIAA (186, 187).

In vitro methods

Multicellular aggregate culture / spheroid model

Three different human tumor cell lines were used. A pancreatic carcinoid
cell line, BON-1 (a kind gift from Dr CM Townsednd, Univ of Texas,
Galveston, USA) (188), was cultured in Ham F-12K medium supplemented
with L-glutamate 29.4 mg/l (NordCell, Stockholm, Sweden) and DMEM
medium without L-glutamate (Seromed, Biochrom KG, Germany). A
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neuroblastoma cell line, LAN (established by Dr. RC Seeger, Dept of
Pediatrics, UCLA School of Medicine, LA, California, USA) was grown in
MEM-Eagle medium (containing L-Glutamate 14.7mg/l). A glioma cell line
(U-343) (189) was cultured in Ham’s F-10 medium (supplemented with 14.7
mg/l L-Glutamate). All media were also supplemented with 10% fetal
bovine serum, 2mM L-glutamine, penicillin (100 [U/ml) and streptomycin
(100pg/ml). Stem monolayer cultures were performed according to standard
procedures.

The tumor cells were harvested from the stem monolayer culture after
digestion with 0.02% trypsine in 0.05% EDTA. The cell suspensions were
seeded in the 24-well culture plate coated with agarose in the amount of 2 x
10* cells per well for BON and 5 x 10 cells per well for LAN and U-343.
The cultures were kept at 37°C with 90% humidity/ 5% CO2. After 4 days
the medium was changed for the first time and then once every second day.
The aggregates were ready to use from day 5 after seeding. The aggregate
size was measured by means of an ocular scale manipulated by a micrometer
screw in an inverted Zeiss microscope. The handling of the spheroids and the
volume calculation of each aggregate was performed as previously described
(190, 191).

Amino acid accumulation and uptake modulation

All experiments were performed in Ham’s F-10 medium. The aggregates
were incubated in 0.5 ml medium per well with 0.4 mCi/ml of L-(U-"*C)-
glutamate, L-(U-"*C)-glutamine or L-(U-'*C)-aspartatic acid (Amersham,
England) at 37°C. After 60 minutes the aggregates were washed with
medium (1 ml/well) for 3 x 5 minutes. The aggregates were then treated with
Biolute-S (Sinsser Analytic, Uppsala, Sweden) for solubilising over night
and the radioactivity was measured in a liquid scintillation counter. In
parallell, 10 pl of the incubation medium was measured as a reference, and
10 pl of normal medium to give an estimate of background. For description
of radioactivity uptake, the average relative value (a.r.v.) was used, defined
as: (cpm/volume of spheroid) / (cpm/volume of reference).

Unlabeled L-glutamate, L-glutamine, DL-aspartate or cystine was given
0.125-2 uM just before the '*C-labeled amino acids. Substance P was added
in concentrations of 1.0-100 nM 20 min before the addition of '‘C-
glutamate. To study the effects of somatostatin analogues on '*C-glutamate,
the aggregates were pretreated with Sandostatin® (Novartis, Basel,
Switzerland) in concentration of 0.0125-0.5 pg/ml for 60 minutes. To
explore if Sandostatin® could affect release of '‘C-glutamate, at the end of
the procedures, one group of the aggregates were put back into the same
concentration of Sandostatin® for 5 hours before evaluation by liquid
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scintillation counting. The glutamate/glutamine antagonist L-a-aminoadipic
acid (AAA) and 6-diaxo-oxy-L-norleucine (DON) was tested to evaluate
their potential effect on the amino-acid uptake. The aggregates were
pretreated with AAA or DON (0, 5, 10 and 50 uM) for 2 days.

Molecular fraction separation and HPLC

For detailed procedures concerning separation of high (>5 KD) and low
molecular fractions see paper II. In the HPLC-analysis, the low molecular
fraction was spiked with unlabeled y-aminobutyrate, aspartate, glutamate,
glutamine and a-ketoglutarate (a-KG), and 200 to 300 ml of the mixture was
injected onto a semipreparative LC-NH2 column (250/10mm). Fractions
were taken every 30 sec for 45 min. Detailed procedures for the HPLC-
analysis are desribed in paper II.

Distribution of positron labeled amino acids in rats

Male Sprague-Dawley rats (10-12 weeks old and approximately 350g body
weight) were used. More than 5 rats were included in each group. ''C-
glutamine, ''C-glutamate and ''C-aspartate were synthesized according to
previously described procedures (192) and injected into the tail vein of the
rats as a bolus at an amount of 5 MBq/rat. Parallel experiments were
performed with a radioactive tracer plus unlabeled glutamine (100 mg/kg),
glutamate (70 mg/kg) or aspartate (140 mg/kg). Twenty minutes after the
injection the rats were sacrificed and samples of blood, heart, lung, liver,
kidney, pancreas and spleen were taken and measured in a calibrated well
counter. The concentrations of radioactivity were expressed as standardized
uptake value (SUV = (organ activity/organ weight) / (total given
activity/body weight)).

Tissue samples for autoradiographies

Surgical specimens were obtained from 16 patients with neuroendocrine
tumors: 8 carcinoid tumors and 8 endocrine pancreatic tumors (totally 18
different samples), including 1 patient with multiple endocrine neoplasia
type 1. The tumor samples were immediately frozen in liquid nitrogen and
stored at -70 °C until processed. Histopathological examination was
performed with established immunocytochemical staining techniques for
correct diagnosis.

Rat brain samples from male 10 week old Sprague Dawley rats were
included as a standard. Sections through the central aspects of the brain
including striatum were used since it has been found to well express the
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target systems in previous brain studies with these tracers at our institution
(unpublished data and personal communication Mats Bergstrom, Uppsala
Univ PET Center). Cryostat sections at a thickness of 20 um were generated
on a MICROM HM560 microtome (Carl Zeiss AB, Stockholm, Sweden),
placed on gelatin coated glass slides and stored at -20° for approximately 1
week prior to the experiments.

Autoradiography of tumor sections

The slides were preincubated in 50 mM TRIS-HCI buffer at pH 7.4 for 10
minutes and thereafter incubated for 40 minutes with either of the
radiolabelled substances at a concentration of 2 nM in 50 mM buffer. To
evaluate possible non-specific binding, parallel experiments were performed
where non-radioactive blocking compounds were added at a concentration of
1 uM to block the ''C-labelled tracer binding. After incubation the slides
were washed in buffer for 3 x 3 minutes, rinsed briefly with distilled water
and dried at + 37 ° C for 5-10 minutes. The choice of incubation time, tracer
concentration and blocking concentrations were based on experience from
previous experiments (data not shown). The slides were then covered with a
thin plastic film, placed on a phosphorimage plate (Molecular Dynamics
Inc.) and allowed to expose for 30 minutes. The autoradiograms were
evaluated using “Image Quant” software program (Molecular Dynamics Inc)
(193). In the computed images, regions of interest (ROI) were manually
outlined to represent tumor tissue using a scale to scale model comparing
with the original tumor slide. The total binding was calculated according to a
relative scale counting the pixel values for each region and subtracting the
background value. Several sections of the same tumor tissue were used, the
experiments were repeated at least three times and an average value was
calculated. The same ROI was transferred to the corresponding
autoradiogram from the slides incubated with an excess of non-radioactive
substance and these values were subtracted from the total binding to give a
value of specific tracer binding. Sections of rat brain were used as a
reference for standardization of tracer uptake between different experiments.
The tracer uptake in rat brain was set to 100% (determined as an average
over the whole section) and the uptake in the neuroendocrine tumor tissue
was expressed as a percentage of that in rat brain.

Unlabelled compounds for selective blockade of each system:
nitroquipazine for the serotonin reuptake system, beta-CIT for the dopamine
reuptake system, N-methyl-spiperone for the serotonin HT2A receptor,
methyl-4-piperidyl benzilate for muscarinic receptors, SCH 23390 for the
dopamine D1 receptor and harmine as a MAO-A enzyme inhibitor, were
purchased from Sigma Chemical Corp, St Louis, USA. [''CJnor-CIT (NCI)
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(194), ["'C]beta-CIT-FE (CIT) (195), N- [''C]methyl-spiperone (NMS)
(196), N-[''C]methyl-4-piperidyl benzilate (NMP) (197), [''C]SCH 23390
(SCA) (198) and [''C]Harmine (7-methoxy (''C-1 methyl-9-H-3.4-indole))
(HAR) (see below), were produced by reacting ''C-methyliodide with
respective desmethyl compounds according to procedures described below.
The specific radioactivity of the tracers was in the range of 30- 300 GBq /
pumol at the end of synthesis.

Positron Emission Tomograpy

The patients in paper I-IV were examined using a Scanditronix GE 4096
PET scanner (General Electrics Medical Systems, Milwaukee, Wisconsin,
USA), with a 10 mm axial field of view, producing 6.5 mm tomographic
slices with an inplane resolution of 5-6 mm. Before each PET examination a
10 minutes transmission scan was generated with an external rotating ©8Ge
pin to correct the ensuing emission scan for attenuation. The images were
corrected for attenuation and scatter, then reconstructed to represent
radioactivity concentration in a 128 x 128 matrix with 4 mm pixel size using
filtered back projection in a 6 mm Hanning filter.

The patients in paper V were examined using a Siemens ECAT HR+ PET
scanner (Siemens, Germany) using 4-5 bed positions, each with a 13.6 cm
axial field of view providing 2.5 mm slices with a resolution of
approximately 5.5 mm. The emission times were typically 300, 400, 600,
600 and 900 seconds at bed positions 1-5, respectively. After the emission
scanning, a 5 minutes transmission scan was aquired at all bed positions
using externally rotating **Ge-pins. All transmission scans were segmented.
The images were corrected for scatter and attenuation, then reconstructed in
a 128 x 128 matrix to represent radioactivity concentration using an iterative
reconstruction algorithm utilizing 6 iterations ans 16 subsets and a 8 mm
ramp filter.

Chemistry

General

"C-carbon dioxide was produced by the "N(p,a)-''C reaction using a
nitrogen gas (AGA, Nitrogen 6.0) target containing 0.05% oxygen (AGA,
Oxygen 4.8) and 10-17 MeV protons produced by the Scanditronix MC-17
cyclotron at Uppsala University PET Center. Synthesis of ''C-metyl iodide
was performed as previously described (199). All synthesis involving ''C
were preformed using fully automated systems in closed lead shields.
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Synthesis of ' C-5-HTP

Synthesis of ''C-5-HTP was performed according to a multi-enzymatic
process described briefly below and in detail in the original paper by
Bjurling et al (200). ''C-labelled alanine was synthesized by a method
described previously (201), with some modifications (202). ''C-Methyl
iodide was obtained after reduction of ''C-carbon dioxide and subsequent
treatment of the resulting methoxide anion with hydriodic acid in a one-pot
procedure described in detail elsewhere (199). 3-''C-pyruvic acid was
obtained from 3-''C-alanine using D-Amino acid oxidase (D-AAO) /
catalase and glutamic-pyruvic transaminase (GPT). The combination of
these enzymes with tryptophanase (TPase) made it possible to obtain ''C-
labelled L-tryptophan and L-5-hydroxytryptophan (Fig 5). Total synthesis
time was approximately 50-55 min counted from release of ''C-carbon
dioxide. In a typical run starting with 4.4 GBq ''C-carbon dioxide, 220 MBq
of purified, sterilized 5-hydroxy-L-(B-''C)tryptophan was obtained.

MH- o~ 1
' R ,;-'/‘xf_,f._‘ 'CH, CHINHg

"
Me - COLH ~ie Ha 'C-C-COsH —+(
MNe_cH-COH —3=Hy C-C 2 H = N |
HJ C-CH-C 2] 3 v \‘:':/ANh) COzH
(&) (5) (6) R=H
’ (7) R=HO

Fig 5. Synthesis of "' C-5-HTP (7) or "' C-tryptophan, where 3-"'C-pyruvic acid (5) is
obtained from 3- !C-alanine (4) using the enzymes D-AAO/Catalase (i), GTP (ii)
and TPase (iii). Indole or 5-hydroxyindole is added (iv) as described previously
(200).

Synthesis of ' C-Harmine

"'C-harmine (7-methoxy-''C)-1-methyl-9H-(3,4-b)indole was prepared using
a procedure described in detail elsewhere (203). The specific radioactivity
was generally in the region 20-200 GBg/umol at the end of synthesis.
Unlabelled harmine was purchased from Sigma Chemical Corp (St. Louis,
MO, USA). The production of ''C-methyl iodide was performed as
described previously (199).

Image reconstruction and interpretation

Paper 1

'C -5-HTP at a dose of 110 to 700 (mean 330) MBq was injected as an
intravenous bolus. Immediately thereafter a dynamic sequence was started
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with 14 time frames obtained during 45 minutes. The time frames during
scanning were successively increased from 60 to 330 seconds. Twelve
plasma samples from a peripheral vein, “arterialized” by heating of one
hand, were obtained at varying postinjection intervals and analyzed for ''C
concentration. The image reconstuction produced a set of dynamic images,
each of which represented a quantitative estimate of the radioactivity
concentration. The data obtained 35 to 45 minutes post injection were used
and the radioactivity concentration in the image was recalculated to provide
images of standardized uptake values (SUV), whereby the radioactivity
concentration was divided by the injected dose per gram body weight.
Plasma radioactivity values at different times after injection were used to
estimate the transport rate constant for binding of ''C or the Patlak slope.

In the SUV images, regions of interest (ROIs) were outlined to represent
solid tumor tissue, normal liver, pancreas, spleen and kidney parenchyma.
ROIs that represented the axial tumor area (At) were drawn according to a
standardized procedure. This entailed an isocontour positioned halfway
between the highest tumor radioactivity and the immediate surrounding
tissues.

Paper 11

One sector over the liver — pancreas was examined with a dynamic imaging
sequence consisting of 14 frames aquired during 45 minutes. The images
obtained were inspected for the definition of the tumors in parallel with the
inspection of CT images. In the images regions of interest were outlined to
delineate uniform areas of liver, kidney cortex, pancreas and spleen. The
tissue concentration was calculated and plotted against time after injection
with concentration represented as SUV values.

Paper 1T

""C-harmine was administered as an intravenous bolus (mean 930 MBgq,
range 764-1145 MBq) and a 45 minutes dynamic scanning was started. Due
to the pharmacokinetics of the tracer in tumor tissue with high initial values
as compared to e.g. the liver, an average image (summation) was created
from data obtained 1-11 minutes after tracer injection for optimal
visualization. In these images the largest axial tumor area was delineated as a
region of interest (ROI). This was done according to a standardized
procedure, outlining an isocontour half-way between the area of the highest
tumor activity and the immediate surroundings. A ROI comprising the 4
contiguous pixels with the highest radioactivity values in each tumor lesion,
designated "hot spot”, was also created. Various normal tissues such as liver,
pancreas and small intestine where delineated to create ROI’s, according to
the standardized procedure described above, in the images displaying the
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largest normal tissue areas. For each of these ROI’s, time activity-curves
were generated to calculate the regional tracer concentration over time. The
summation images were recalculated to provide standardized uptake values
(SUV). For more detailed information see paper III.

Paper 1V

''C -5-HTP at a dose of 140-521 MBq (mean 381 MBq) without carbidopa
and 233-479 MBq (mean 246 MBq) with carbidopa, was administered as an
intravenous bolus and a 45 minute dynamic sequence was performed.
Dynamic images were reconstructed to represent a quantitative estimate of
the radioactivity concentration. An average image (summation) was created
from data obtained 15-45 minutes after tracer injection for optimal
visualization. In these images the urinary collecting system, tumor tissue and
various normal tissues were chosen as regions of interest (ROI). The largest
axial area of tumor tissue, urinary collecting system (pelvis), urinary bladder,
liver, pancreas, spleen, vertebrae, heart, muscle and small intestine was
delineated according to a standardized procedure as described above. Plasma
radioactivity values at different times after injection were used as the input
function to calculate the Patlak slope (204). In each patient SUV and Patlak
slope for 3 tumor lesions (met) and various normal tissues, including kidney
pelvis, were compared before and after carbidopa premedication.

Paper V

1C -5-HTP at a dose of 168-590 MBq (mean 393 MBq) was administered as
an intravenous bolus and a 45 minute dynamic sequence was performed. The
scans were performed in a whole body mode. To reduce tracer
decarboxylation by blocking the enzyme AADC, all patients received 200
mg of carbidopa as pretreatment 1 hour prior to the PET-examination. After
the emission scanning, a 5 minutes transmission scan was aquired at all bed
positions using externally rotating 68Ge-pins. All transmission scans were
segmented. The images were corrected for scatter and attenuation, then
reconstructed as previously described. Based on analysis of the tracer
accumulation pattern over time for tumor and various normal tissues, data
obtained 15 - 45 min after tracer injection were summed to create an average
image.

Somatostatin Receptor Scintigraphy

Somatostatin receptor scintigraphy was performed as previously described
(205). Briefly: ""n-DTPA-D-Phel-Octreotide (Octreoscan; Mallinckrodt,
Petten, Netherlands), as a standard dose of 175 MBq was injected
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intravenously. Planar scintigrams were obtained with a large field of view
gamma camera and a medium-energy collimator. Static WB-images were
collected and SPECT (Single Photon Emission Computed Tomography) was
performed after 24 hours using a single headed y-scintillation camera with a
medium-energy general purpose collimator (Nuclear Diagnostics, Hagersten,
Sweden and London, UK). The data collection for SPECT images was
performed using a 64-step rotation of 360° in a 64 x 64 matrix and 40 second
acquisition per projection. Images were iteratively reconstructed in 4 subsets,
4 iterations and no postfiltering (HOSEM, Hermes ordered subset
expectation maximization: Hermes, Stockholm, Sweden). In one case a
regular filtered back-projection was used (see paper V).

Computed Tomography

CT (computed tomography) was performed on two different scanners
(Somatom Plus 4 and Somatom Plus S, Siemens, Germany) over the thorax
and abdomen in all patients before PET-scanning. CT was performed before
and during intravenous contrast-enhancement using 8 mm slice thickness
and increment. For CT of the pancreas 3 mm thickness and 4.5 mm
increment were additionally used in the arterial contrast enhancement phase.

Statistical methods

The means and the standard deviation of the means were calculated.
Differences between means were evaluated with a paired Student t-test. The
correlation between tracer uptake in tumor tissue and levels of plasma
hormones, as well as the correlation between the change in transport rate
constant and the change in plasma CgA and U-5-HIAA was evaluated in a
regression analysis. All p-values are two-tailed and p<0.05 was considered
significant.
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Results and Discussion

Imaging of NET’s (paper I, III and V)

In paper no I all eighteen patients had increased uptake of ''C-5-HTP in
tumor tissue with a SUV of 13 + 4.1 (mean + SD) and a transport rate
constant, uncorrected for 5S-HTP metabolites, of 0.127 + 0.05 minutes. Liver
metastases in all 14 patients with MGC were imaged as well as lymph node
metastases in the five subjects presenting with such lesions. Tumor
involvement of abdominal lymph nodes was much easier to visualize with
PET than CT. The tracer uptake in liver metastases was high in areas of
avtive tumor tissue, whereas necrotic areas were totally devoid of activity
(Fig 6). Additionally, pleural metastases and a previously undetected skeletal
metastasis were visualized (later verified by CT using a bone window
setting). Two patients with non functioning EPT s were examined and in one
of those the tracer uptake was variable in the liver metastases and weak in
the primary tumor. However, in the second patient displaying a non
functioning EPT both the tumor in the caput region and a suspect lymph
node metastasis (later verified at surgery) were imaged by PET (Fig 7). Yet
another patient, with a calcitonin producing NET, showed uptake of the
tracer both in the pancreatic lesion and in liver metastases, regardless of
normal levels of U-5-HIAA.

In normal tissues, the SUV's were 2.0 + 0.7, 4.8 + 3.4 and 6.7 + 4.4 for
liver, pancreas and kidney, respectively. In 10/16 patients PET showed more
lesions than CT and an equal number in the remaining 6 cases. A total of 232
and 155 lesions were detected with PET and CT, respectively. The high liver
metastases-to-normal liver background SUV ratio (7.2 + 3.0, mean + SD)
contributed to the better tumor visibility with PET and the radioactivity
uptake rate constant in tumor as compared to normal liver indicated an
irreversible trapping of 5-HTP in the metastases (Fig 8).

These data show that the incorporation of 5-HTP in NET’s is very
selective and high in comparison to what was seen in normal tissue. Tumors
in liver, lymph nodes, pancreas, bone and pleura were all well visualized.
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Fig 6. CT and PET examination of a patient with a midgut carcinoid and multiple
liver metastases. Large metastasis in the lefi liver lobe contains active tumor cells in
the periphery taking up ' C-5-HTP and a central necrosis devoid of activity (arrow).

Fig 7. Patient with a non functioning EPT. PET-scanning revealed
a tumor in the caput region (arrow) and a lower uptake ventrally
in the liver hilum, indicating presence of a ymph node metastasis
(arrow head) that later was confirmed by surgery.

Concerning non functioning tumors, these data support the results of a
previous study where non-functioning tumors (EPT’s) were taking up amine
precursor tracers, in that case L-DOPA, in a moderate fashion (172). This
indicates that an active intratumoral pathway for production of biogenic
amines needs to be present at some degree for the tumor to be imaged by
"C-5-HTP-PET. However, this might not necessarily include the synthesis
of serotonin.
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PET with ''C-5-HTP appears to be superior to CT in lesion detection
although all lesions understandably not could be biopsy-verified as
representing tumor. Both intra- and extra hepatic lesions, which were
overlooked on CT, were clearly depicted by PET due to the superior tumor-
to-background ratio. The depiction of a tumor by PET is not only related to
the resolution of the camera and the size of the lesion, but also to the degree
of tracer accumulation in relation to the immediate vicinity of the lesion, i.e.
the tumor-to-background ratio. Thus, a large lesion may be overlooked if the
tracer uptake is extremely low (the case in necrotic tumor lesions) and a very
small lesion with a size similar to, or even smaller than, the resolution of the
PET camera (5 mm) may easily be detected given that the tracer
accumulation is high.
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Fig 8. Rate of trapping of 5-HTP in a livermetastasis (0-0) and

a lymph node metastasis (0-0) versus normal liver (4 -2 ) using
the Patlak method. Uptake in normal liver is nearly in equilibrium
with radioactivity in plasma, indicated by the horizontal curve.

In metastases, uptake of 5-HTP indicates high and virtually
irreversible trapping of the substrate.

In many patients with NET’s the treatment with interferon induces fatty
changes in the liver that may constitute a problem on CT. By contrast, on
PET, the ''C-5-HTP accumulation is unaffected by this phenomenon and
thereby the image interpretation is not hampered.

A drawback in this investigation was the rapid elimination of activity by
the kidneys and the disturbances in image interpretation this can cause. The
investigation was also performed on a PET scanner with an axial coverage of
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only 10 cm which demands for multiple scanning levels to be used. For
clinical reasons the optimal correlation with surgical verification or biopsies
from all lesions could not be made due to inoperable patients with
disseminated discease who were subjected exclusively to medical therapy.

Using ''C-harmine as tracer for imaging of NET's, tumors in all patients
included in paper II could be visualized. These findings correlate well to the
morphological findings on CT. Tumor lesions in all 4 patients with non-
functioning EPT were clearly visualized by PET (Fig. 9). The mean SUV +
SD in MGC metastases were 7.5 + 3.9 and in “hot spot” 9.2 + 4.9. In
primary EPT’s the SUV was 12.9 + 2.7 and in "hot spot” 15.9 + 3.1, in EPT
metastases 9.4 + 1.9 and in "hot-spot” 11.4 + 2.9. SUV in normal liver was
3.1 £+ 0.6, in intestine 3.4 + 1.2 and in normal pancreas 8.9 + 3.0. There was
a tendency toward higher uptake in the endocrine pancreatic lesions than in
MGC'’s, however, this was not significant in the statistical analysis. A high
lesion to background ratio was evident in all cases with a significantly higher
tracer uptake in the tumor lesions than in the surrounding normal tissues;
primary pancreatic tumor vs normal pancreas and metastases vs liver and
intestine (p < 0.05). Fig 10 shows time-activity-curves for liver metastasis
and normal liver parenchyma in a patient with an EPT. In the liver
metastasis an early high tracer uptake in seen, peaking within 10 minutes
after tracer injection, and then gradually declining over time. By contrast, the
tracer uptake in normal liver gradually increases over the first 30 minutes
and after that forms a plateau during the rest of the examination period.

Fig 9. PET-scan with "'C-harmine in a patient with a non-functioning EPT.
Arrow indicating the tumor in caput pancreatic. Corresponding CT-scan showing
the tumor (arrow).
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Fig 10. SUV plotted against time in a patient with an EPT examined with ' C-
harmine, showing high tracer uptake in the livermetastases (0-0) compared to
normal liver (0-0) during the first 11 minutes.

All but two patients underwent continuous treatment at the time of the PET-
study without apparent blocking of the tracer uptake. All patients had
elevated levels of circulating hormones but no correlation was found
between plasma hormone levels (CgA and U-5HIAA) and tracer uptake
(SUV).

A more than 70% higher SUV was found in the primary EPT-lesions than
in the MGC. This could reflect both the fact that medical antitumor treatment
was ongoing in a larger portion of the MGC-patients at the time of
examination, but also that the monoamine producing machinery is more
developed in the EPT’s. This is supported by a previous study where foregut
carcinoids were shown to express higher MAO-levels than MGC's,
indicating the use of MAO-quantification as a complement to
histopathological diagnosis (206). It was not possible to perform the study
on all of the patients in vivo and in vitro, but still both parts of the study
reflect a high expression of MAO-A in the tumors and because of this high
amount of MAO-A tumor visualization with PET was feasible in all
subjects. This also included depiction of non-functioning EPT’s, an entity
that previously had posed diagnostic problems. A contribution of different
perfusion in the tumors could add to the different degree of tracer uptake,
where time also is important since harmine gradually is metabolized (see
below).

Although this study was not intended as a regular comparison between
CT and ''C-harmine-PET as imaging modalities, even the smallest tumor
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lesion seen on CT (1.2 x 1.5 cm) was readily imaged by ''C-harmine-PET.
Carcinoid liver metastases were well visualized in 2/3 of the patients,
whereas in the third subject with extensive tumor burden in the liver, no
individual metastases were depicted and the tumor load was instead
indicated by larger diffusely delineated areas of heterogeneous tracer
accumulation. Because of the pharmacological pattern of ''C-harmine and
the fact that the tracer is fairly rapidly metabolized, the optimal diagnostic
image data were obtained early and the summation image was therefore
based on data collected 1-11 minutes post tracer injection. In a previous
human study (207) the metabolite pattern in plasma was determined with 74
% of plasma radioactivity constituted by intact tracer at 5 minutes after
injection, 24 % at 25 minutes and 13 % at 50 minutes. This analysis was
further complicated by a significant plasma protein binding of radioactivity.
Early summation data thus mainly represent tracer binding whereas data
collected later most likely are to a high degree influenced by ''C-labelled
tracer metabolites especially in the liver. For ''C-harmine the fact that
optimal imaging time point was shown to be 1-11 minutes after tracer
injection, limits the use of this tracer for whole body imaging and
examination is thus restricted to one bed position to cover a 15-20 cm region
of the body (depending on the axial field of view of the PET scanner used).
The biopsies taken from the patients to establish histopathological diagnosis
were all from lesions that displayed a high uptake of ''C-harmine, indicating
that the tracer uptake on the PET-scans represent true tumor tissue.

The high expression of MAO-A in NET's, assessed both in vitro and in
vivo, enabling visualization of the tumors using ''C harmine-PET. These
results contribute to the characterization of these tumors and add to the
previous findings of similarities between neurons and neuroendocrine cells.
Future clinical application of ''C-harmine-PET needs to be elucidated by a
comparison with other diagnostic examinations but can be of value in
imaging of NETs, including the subgroup of non-functioning EPT.

In paper no V the greatest number of lesions was found on the PET-scans.
PET could visualize positive lesions in 95 % (36/38) of the patients. In 58 %
(22/38) of the patients PET could detect more lesions than SRS and CT and
in 34% (13/38) of the patients imaging with PET was equal to that of SRS
and/or CT. In 3 cases SRS or CT showed more lesions than PET. Four
patients had to be excluded from the study (2 due to change in medical
therapy between examinations, one patients did not want to perform the last
examination and the last patient had to interrupt the examination due to
pain). Somatostatin receptor scintigraphy (SRS) could detect more lesions
than CT in 37 % (14/38) whereas in 21 % (8/38) of the cases CT showed
more lesions than SRS. Lesions depicted at CT could be correlated to the
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PET-findigs in all patients except for patient no 20, 35 and 37 (for patient
details se the Table in original manuscript) and for SRS no corresponding
PET findings were found in patient no 20 and 37. These cases (no. 20, 35
and 37) will be discussed further below. In all cases there was a better spatial
resolution and a higher tumor-to-background ratio on PET than on SRS. The
contrast in the images was far higher on PET than on CT.

PET-positive tumor lesions in 33 out of 36 patients (92 %), a total of 51
lesions, were histopathologically confirmed with biopsy or surgery. No false
positive were found. In 3 patients it was not possible to obtain histologic
proof of positive tumor (see paper no V). PET could visualize the primary
tumor lesion in 84 % (16/19) of the patients with remaining primary tumor,
compared to 58 % (11/19) for SRS and 47 % (9/19) for CT.

A subgroup of seventeen patients underwent surgery after the
biochemical- and imaging work-up. Sixteen of these patients displayed PET-
positive lesions (patient no 20 with a recurrence of a non functioning EPT
was negative on PET) and in 15 of those cases surgery could confirm tumor
findings. In 10 of the PET-positive primary tumors surgery could confirm
these findings. Biopsy confirmed tumor in 4 of the primary tumors, whereas
the final 2 has not yet been confirmed. The size of the PET-positive and
surgically removed primary tumors were in the range of 6 mm to 30 mm.

Fig 11. PET-scan (left) over the abdomen of a patient with MEN-1
showing 2 pancreatic gastrinomas. To the right Octreoscan showing
one of the two tumors. Both tumor lesions were later surgically confirmed.

In this paper we have included an unselected material of tumors classified as
NET’s. Despite their different origin, these tumors share common features
concerning peptide processing of biogenic amines. The results of this study
confirm the APUD characteristics of NET's and that this feature can be used
for diagnostic visualization with PET using the carbon-11 labeled serotonin

39



precursor 5-HTP. Tumors in all patients, but one, did take up this amino-
precursor and could therefore be imaged with PET. Also tumors that did not
produce serotonin (5-HT) and consequently had normal U-5-HIAA levels,
were imaged with this tracer. The patient in whom PET not could visualize
any tumor (patient no 20) had a recurrence of a non functioning EPT. In this
patient peripheral tumor markers were normal except for a slightly elevated
CgA. In two other cases PET displayed less tumor lesions than SRS and CT.
This was in patient no 35 with a thymic carcinoid with liver metastases and a
high proliferation rate, and in patient no 37 with an endocrine differentiated
pancreatic cancer. This tumor was also poorly differentiated showing a
proliferation index of > 40%. For these tumors '*FDG may be a better choice
of tracer (163, 164).

Several previously undiagnosed lesions were detected with PET (Fig 11),
most of them in the range of 0.5 — 1.5 cm and therefore easily overlooked at
CT and SRS. For example in patient no 5 with MGC PET could visualize
several small liver metastases. These lesions could also be seen on SRS,
however, not as clearly due to a better spatial resolution and higher tumor-to-
background ratio on PET (Fig 12). Primary tumors could also be visualized
to a high extent with PET. In several patients where SRS and CT were
negative or unclear, PET could contribute significantly in the tumor
detection (Fig 13).

Since ''C-5-HTP-PET is incorporated in a biochemical pathway, PET
imaging with this tracer reflects the metabolic activity of a tumor concerning
processing of biogenic amines. Consequently, some lesions show lower
tracer uptake and for necrotic tumors totally lack tracer accumulation. Other
tumors that showed a limited trace uptake poorly were the poorly
differentiated NET’s with features more like an ordinary carcinoma (for
details se paper V). In contrast, the non functioning entity can be visualized
with ''C-5-HTP-PET, as seen in patients included in this study. Probably
there are differences in the expression of the amine uptake systems and
processing in these tumors and thereby the different degree of visualization
with PET. This is also illustrated by patient no 19, with multiple EPT’s as
part of a MEN-1 syndrome. This patient only showed a slight raise in PP-
and CgA-levels and consequently the 5-HTP uptake was only slightly
increased in the 2 pancreatic lesions, but enough to be visible. On the other
hand, when surgery was performed in this patient, 3 EPT-lesions were
found, where the smallest lesion measured 4 mm.
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Fig 12. PET-scan with ''C-5-HTP in a patient with a MGC displaying several
pathological tracer uptakes in the liver (left). To the right corresponding Octreoscan
image showing pathological uptakes with lower tumor-to-background ratio and
lower spatial resolution. Arrow indicating the spleen in both images.

P\

Fig 13. Previously undetected EPT(arrow). Surgery was performed,
strengthened by the PET-findings, and the tumor could be verified
and removed.

When ''C-5-HTP-PET was compared to SRS and CT, more tumor lesions
wwere detected in a vast majority of the cases. SRS, however, still defends
its place as nuclear imaging method of choice due to the connection to
treatment with non radioactive- and beta-emitting labeled somatostatin
analogues. In combination with conventional radiology SRS probably is
sufficient as work-up in a majority of patients with NET’s, but as this study
indicates, ''C-5-HTP-PET can contribute with additive information of the
tumor status in a majority of cases. Since cost is an increasingly important
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factor in health care, this new and fairly expensive technology should be
used only in selected cases. These cases can be in the situation of a clinically
significant syndrome with unknown tumor site, but also when aiming at
curable surgery or when having biochemistry of recurrent disease and a
negative conventional work-up. A situation when ''C-5-HTP-PET is an
excellent contribution is when considering liver transplantation in a patient
with solely liver metastases of a NET. This imaging technique can then help
to detect small extrahepatic lesions that are crucial to have knowledge about
when performing a procedure that will submit the patient to potent
immunosuppressive therapy.

We believe that this method is very sensitive and so far we have not come
across any false positive results. How sensitive, is probably depending on the
biochemical activity of the tumor investigated. These results also indicate
that ''C-5-HTP can be used as a general tracer for imaging of NET’s due to
the common characteristics of amine precursor uptake and decarboxylation.

PET in treatment monitoring (paper I)

Ten patients were examined with PET before and at different intervals
during treatment. Linear regression analyses showed a clear correlation (» =
0.907) between changes in urinary 5-HIAA and changes in the transport rate
constant (Fig 14), whereas the correlation between changes in U-5-HIAA
and the SUV was poor (» = 0.258). Changes in plasma CgA during treatment
did not correlate to changes in transport rate constant (» = 0.021), but to
some extent with changes in SUV (r = 0.669). Figure 15 show PET-scans at
two different occasions in the same patient before and after 6 months of
treatment with interferon-alpha and octreotide.

Apparently, changes in the transport rate constant of 5-HTP reflect well
what happens biochemically, reflected as U-5-HIAA, in the tumor and there
was a greater than 90 % correlation beween these two parameters. However,
it is still not known whether the changes in uptake of 5-HTP reflect changes
in the general tumor metabolism or merely in amine processing. PET
examination was performed at varying time intervals after initiation of
treatment, most of them after 3 months or more. In one patient, PET was
performed after only 4 days of interferon treatment and the result of this
early examination reflected a treatment response that could be confirmed
after two months, ie, progressive disease. It would be of great value to be
able to predict therapeutic response as early as a few days after initiation of
treatment. In therapy monitoring, these results indicate that PET can provide
additional information to that obtained from conventional radiological
techniques like US, CT and MRI.
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Fig 14. Regression analysis of changes in U-5HIAA (%) and changes in the
transport rate constant (%) for 5-HTP during treatment (n=10).

Fig 15. Patient with a MGC and liver metastases, who received a combination of
interferon alpha and octreotide. PET was performed before (A) and after6 month of
treatment (B).

In vivo modulation of 5-HTP uptake (paper V)

A high 5-HTP uptake was found in the tumor lesions of all patients with a
mean SUV of 11 + 3 SD at PET without CD premedication (SUV shown in
Table 4). In all patients but two, the measured tumor lesions were liver
metastases. In the remaining two patients (pat 1 and 5) the SUV’s were
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calculated in paraaortal lymph node metastases. In the urinary collecting
system (kidney pelvis) the uptake values were very high in the PET scans
without CD premedication with a mean SUV of 155 + 195. At PET after CD
administration the SUV of tumor lesions and pelvis was 14 + 3 SD and 39 +
14 SD respectively. Fig 16 illustrates the high initial kidney uptake and
subsequent reduction after CD premedication, as well as the opposite
phenomenon in tumor metastases.

Table 4. PET-data (SUV)

Patno/CD CD-dose Met 1 Met 2 Met 3 Pelvis Pancreas Liver
1 - 11,5 12,4 16,2 67,6 5,0 2,1
1/CD 100 mg 13,0 16,1 17,4 31,5 3,7 3,0
2 - 8,3 10,0 9,4 67,0 4,0 3,6
2/CD 100 mg 10,5 13,4 11,1 33,7 3,9 4,0
3 - 8.4 6,1 7,9 51,5 5.8 2,7
3/CD 100 mg 11,3 9,4 10,6 34,0 4.8 32
4 - 16,2 17,6 8,4 86,5 6,4 2,6
4/CD 200 mg 19,7 18,2 12,3 26,1 53 4,0
5 - 16,7 8,6 10,9 550,1 5,1 1,6
5/CD 200 mg 20,8 10,3 12,7 65,6 34 2,6
6 11,0 11,0 10,4 106 6,6 3,0
6/CD 200 mg 14,2 14,2 13,9 40,0 53 4,6

Concerning the urinary collecting system the reduction after CD did not
show statistical significance in a simple T-test (p<0,177). However, in all
cases there was a marked decrease in the uptake values (Table 4), all
together a four-fould decrease, leading to a general improvement in the
image quality and interpretation of tumor lesions. For example in patient no
5 with an extremely high SUV of 550,1 in the urinary collecting system
before CD, the uptake value was reduced to 65,6 after CD. In this case the
pelvic uptake caused severe streaky image reconstruction artifacts that were
markedly improved after CD administration and a previously undetected
vertebral metastasis could be delineated (Fig 17).

Tumor uptake of 5-HTP was significantly increased after the
administration of CD (p<0,0001, n=18). This was the case both for 100 mg
CD (p<0,0001, n=9) and for the dose of 200 mg (p<0,0001, n=9). In all
patients the CD administration improved the tumor lesion interpretation.
Also concerning the hot-spot measurements the increase in SUV was highly
significant after CD (p<0,0001, n=18). The difference between the 100 mg
and 200 mg was, however, not statistically significant (p < 0,628, n =9). The
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liver showed SUV of 2,6 + 0,7 SD before CD and 3,6 + 0,8 SD after CD,
giving a significant increase in 5-HTP uptake (p<0.0062) and in pancreas the
SUV were 5,5 + 1,0 without CD and with CD-premedication 4,4 + 0,8,
which was a significant reduction (p < 0,0046) in SUV. Patlak slope was
calculated and the difference was significant for metastasis (p<0,0001), hot
spots (p<0,0001) and liver (p<0,0282). However for pelvis and pancreas
there was no significant difference (p<0,30 and p<0,37 respectively). For
heart, vertebrae, muscle, small intestine, bladder and spleen SUV and Patlak
slope data are not shown.

All tumor lesions seen at CT could be visualized by PET and additional liver
metastases were seen in patient no 2 and a bone metastasis in pat no 5.
Imaging in both cases was improved by CD administration. The smallest
tumor lesion imaged by PET was a lymph node metastasis that measured
approximately 1,5 x 1,5 cm at CT. PET-positive tumor lesions in all patients
were biopsied and verified as true tumor histopathologically. There was a
tendency toward a reduction in U-5-HIAA after CD, however this was not
significant in the statistical analysis (p=0,089).

A drawback with '"C-5-HTP-PET has been that the high radioactivity
concentration in the kidney pelvis and urinary bladder, sometimes will give
rise to streaky image reconstruction artifacts which may impair image
reading. Hence, major interpretation problems are occasionally experienced
at the level of the kidney pelvis where especially delineation of EPT’s and
lymph node metastasis in this area may be difficult as well as identification
of metastases in the caudal part of the liver. Moreover, evaluation by
quantification of tracer accumulation in these regions can be unreliable. This
phenomenon was well illustrated in patient no 5 (Fig 17) in this study, where
a reliable interpretation of the first PET-scan could not be made. When the
radioactivity concentration in the urine is extremely high, with SUV not
seldom exceeding 200, also tumor lesions in the vicinity of the kidney may
readily be overlooked. However, at PET after carbidopa pretreatment the
urinary radioactivity excretion was reduced considerably which improves
image quality and thereby tumor detection.

The effect of blocking the decarboxylation of 5-HTP was predominantly
observed in the urinary collecting system. This is supported by previous
findings of the distribution of AADC and a high degree of conversion of 5-
HTP to serotonin (5-HT) in the kidney parenchyma (208, 209). When PET
was performed after carbidopa premedication not only was there a reduction
of the urinary radioactivity concentration but also a reduction of tracer
elimination from blood/plasma. This led to a situation where the tissues were
fed by higher concentrations of ''C-5-HTP which most likely explains the
simultaneous increase of tracer accumulation in tumor tissue. This was a
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secondary effect but nevertheless very important for improving tumor
visualization especially of small tumor lesions.

Fig 17. Patient no 5 before (top) and after (bottom) premedication with 200 mg
CD. Note extremely high radioactivity in the renal pelvis causing streaky artifacts
deteriorating the image. After CD the image is greatly improved and a previously
undetected vertevral meta-stasis can be detected (arrow).

The tracer uptake in pancreas was also significantly lowered by CD
administration. This is an effect that might have impact when using ''C-5-
HTP-PET for diagnosis of endocrine pancreatic tumors since the tumor-to-
background ratio then is increased which can facilitate tumor detection. It
also indicates the presence of high amounts of the AADC in pancreas that
can be blocked by CD. The tracer uptake of the liver was increased over time
after CD premedication, probably due to the reduced elimination of
circulating tracer. However this did not reduce the tumor-to-background
ratio since also the liver metastases increased their tracer uptake. A higher
dose of carbidopa did not decrease the urinary radioactivity concentration
better than the lower dose and no firm conclusion could therefore be made
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regarding which dose to use for premedication. However, although the
patients were not questioned in detail regarding potential side effects, none
of the patients were found to experience any side-effects. This finding in
addition to the fact that 200 mg of carbidopa is a moderate dose used for
medical treatment of Parkinsons disease, have made us chose this higher
dose for premedication before ''C -5-HTP-PET on a routine basis.

In a previous study, '*F-DOPA-PET was found to contribute substantially
to the visualization of gastrointestinal carcinoid tumors as compared to
conventional radiology, somatostatin receptor scintigraphy and FDG-PET
(173). Since ''C-DOPA has been shown in vivo to be decarboxylated (by
AADC) in endocrine pancreatic tumors (171), the mechanism for tracer
uptake can probably be attributed to the APUD-concept of these tumors.
Consequently premedication with carbidopa could presumably be of

additional value also in PET-imaging of neuroendocrine tumors using tracers
like ''C-, or ""F-DOPA.
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Fig 16. Time-uptake curve showing the how extremely high the
radioactivity can be in pelvis and the marked reduction after CD.

Uptake, modulation and distribution of amino acids

(paper 1I)

The uptake of the '*C-labeled amino acids in BON and LAN aggregates
increased almost linearly with incubation time. The uptake of glutamate and
aspartate was higher in LAN than in BON, but the glutamine uptake was
similar (Fig 18). The uptake of glutamate and aspartate was blocked by
unlabeled L-glutamine (0.5 mM) to about 50 % in BON aggregates and to 70
% in LAN aggregates. The blocking effect by 2 mM glutamine on the uptake
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of glutamine was less than 20 %. Aspartate at 2 mM reduced the glutamate
uptake in LAN-aggregates with 80%, but only with about 15% in BON and
had no effect in U-343. In contrast, cystine at 2 mM inhibited 50% of
glutamate accumulation in BON and U343 aggregates, but no significant
effect was observed in LAN.

Relative Uptake
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Incubation time (min)
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Figure 18. Uptake of "*C-glutamine (GLN), glautamate (GLU) and aspartate (ASP)
in multicellular aggregates from carcinoid (BON) and neuroblastoma (LAN).
Uptake in relative value (radioactivity concentration in aggregates devided by
radioactivity concentration in medium) plotted against time of incubation. The data
were from 2x12 aggregates respectively.

The addition of DON, a glutamine analogue, decreased the uptake of
glutamate and aspartate in BON aggregates by approximately 20% and with
40-50% in LAN aggregates, after 2 days treatment in the dose of 50 uM. The
effect was dose-dependant. In contrast, glutamine uptake increased by 15-
20% in both BON and LAN. Aminoadipic acid, a glutamine antagonist had
no significant effect on the uptake of the three amino acids in neither of the
cellines. Substans-P, acting via the NK-1 receptor, reduced the uptake of
glutamate in BON with about 20% at all concentrations. In glioma
aggregates (LAN) there was a 40% decrease in glutamate uptake.
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Sandostatin® had no significant effect on the uptake or release of glutamate
in the aggregates.

Most of the radioactivity was found in the low molecular fraction from 2
min to 1 hour after incubation, both in aggregates and in medium. The
radiation was found in the high molecular fraction increasingly with time up
to maximally 60-80%. In the low molecular fraction 60-65% of the
radioactivity was recovered in the glutamate fraction, 7-10% in glutamine, 6-
10% in aspartate, 5% in alpha-ketoglutarate (a-KG) and 1% in GABA, for
the BON cells within 1 hour after incubation.

At 20 minutes after injection of the tracer to rats, SUV of ''C-aspartate
was below 1.0 in all organs except lung (SUV 1.2). SUV was above 2.0 for
"C-glutamine in pancreas, kidney and liver. The highest SUV's for ''C-
glutamate was found in pancreas, kidney and lung (SUV 1.3-1.6). Co-
injection of unlabeled substances did not significantly alter the organ
uptakes. However, for aspartate there was an up to 50% increase in the
kidney radioactivity when unlabeled substance was added.

In patients the distribution of ''C-glutamate copied the pattern in rats with
high initial uptake values in pancreas and kidney, moderately high liver
uptake and a marked uptake in the spleen (Fig 19). The high kidney uptake
decreased rapidly during the first 5 minutes. Liver metastases could be
suspected on the PET-images as areas with decreased uptake using ''C-
glutamate. Primary tumors were not visualized. With ''C-aspartate, in
general half of the SUV levels of glutamate were seen. One patient with an
EPT showed a slight increased uptake in liver metasatses compared to the
surrounding normal liver, whereas the primary tumor could not be imaged.
For MGC-patients no tumor lesion was displayed on the scans.

The amino acids glutamine, glutamate and aspartate are utilized
intracellularly mainly as components in proteins, as intermediate substrates
in the TCA-cycle, as neurotransmitters and as precursors for other essential
molecules. This implies that there will be a problem to use these substances
for characterization of NET’s since these tumor lesions often are present in
organs with constitutionally high protein synthesis like pancreas and liver. In
that respect ''C-aspartate was more favorable with a lower organ uptake. On
the other hand, the uptake of this tracer in BON-aggregates was not so high,
and since uptake in LAN was higher, this might motivate an attempt to use
this tracer in vivo for neuroblastoma imaging.
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Fig 19. Time-activity data for "' C-glutamate in different organs in human, expressed
as SUV in an average of 2 patients.

These data do not support the use of these substances as tracers for the
characterization and visualization of NET's.

In vitro binding to tumor specimens

The tumor sections showed a high level of specific ''C- harmine binding
compared to reference tissue (rat brain), except for patient sample no 2 (Fig
20). The relative MAO-A-binding (mean + SD) for carcinoid tumor
specimens was 87 + 20% (range 51 - 123%, n = 9) of that in rat brain. In
EPT the binding showed higher values of 125 + 51% (range 71 - 217%, n =
9) compared to rat brain. The tumor specimens with the highest tracer
binding (samples 10 and 17) were both from primary EPT’s (glucagonomas)
where the patients had not received any treatment before operation. In all
sections the binding was markedly blocked by adding 1 uM non radioactive
(cold) substance (Fig. 21). The average non-specific binding was 17 % of the
total binding and there was no statistical difference in this respect between
tumor and rat brain. For all the other tested tracer substances (NCI, NMS,
NMP, beta-CIT and SCA) the specific binding in the autoradiographies was
low. The binding of these tracers were in the range of approximately 10 -
20% and not significantly blocked by cold substance. The exact mean
uptakes were: NCI 13 % (range 5 - 22%), NMS 17% (range 8 - 31%), NMP
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11% (range 6 - 22%), beta-CIT 12% (range 4 - 23%) and SCA 21% (range 8
- 32%).
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Fig 20. Relativ binding of ' C-harmine assessed by autoradiography
of tumor samples. Rat brain uptake set to 100 % as a standard.

Fig 21. Autoradiograms using ' C-harmine (2nM).
MGC (left), non funct EPT (middle) and rat brain
(right). Below similar sections blocked (for MGC
and EPT not visible above background).

The use of autoradiography, with the positron emitting radionuclide ''C,
allowed rapid processing compared to using '*C or *H. The method also
proved to be very suitable for assessing enzyme expression and thus
provided an efficient means for investigating presumptive PET tracers in
vitro prior to clinical application. This was further facilitated by the ability to
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quantify enzyme binding with the Image Quant system. In vitro the uptake of
""C-harmine was more than 40% higher in EPT’s than MGC'’s. For the
substances NCI, NMS, NMP, beta-CIT and SCA, the in vitro binding to
NET’s were low, indicating the possible lack of expression of these
molecular targets in NET’s. On the other hand these substances only
represent some examples of the vast range of potential target molecules for
describing these systems. The results in this study, indicating high levels of
MAO-A in NET’s, add to the similarities between neuronal tissue and
neuroendocrine cells since the expression of MAO-A is known to be high in
the central nervous system. The in vitro findigs also initiated the above
described in vivo examinations with ''C-harmine in patients.
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General summary

The results of the present thesis reflect that PET is a method especially
suitable for use in the management of NET’s. The PET-technique can, with
its high tumor-to-backgound-ratio and compared to SRS, superior spatial
resolution, visualize NET s to a greater extent than commonly used imaging
methods. PET does not only give information in the sense of tumor imaging,
but is also informative concerning tumor biochemistry. Through the use of
the serotonin precursor 5-HTP labeled with the positron emitting
radionuclide ''C, we can obtain information of the degree of active amine
production in the tumor cell. This tracer is internalized and further
metabolized to serotonin and finally excreted in the urine as U-5HIAA. In
this study we could show a strong correlation between the change in tumor
transport rate of 5-HTP and the change in U-5-HIAA during treatment of
patients with NET’s. This indicates that ''C-5-HTP-PET can be used in
therapy monitoring of these patients and perhaps also to predict outcome of
therapy since PET in some cases could foresee the biochemical response
several months before evaluation of treatment response.

The choice of tracer substance is of course extremely important for the
information one wants to achieve. In this study the major work was done
with ''C-5-HTP. The basis for this was the APUD concept stating that
biogenic amines can be taken up and decarboxylated by NET’s. From the
results of this study it is indicated that this concept is valid, since tumors in
95 % of the patients in a mixed group of NET’s, including different tumor
entities, could be imaged with ''C-5-HTP-PET. On the other hand this
method of imaging has its drawbacks. What we are looking at in vivo is
amine uptake and turnover, i.e. one aspect of tumor metabolism. If a tumor
lacks or has reduced metabolism of amine-precursors, the likelihood of
imaging that tumor is low. In this study this could be seen in some of the non
functioning tumors and tumor lesions that to a large extent consist of
necrosis. Also poorly differentiated tumors with a high proliferative rate, that
can be suspected to express the target metabolic pathway to a minor degree,
were poorly imaged with this method.

In this work we have by interacting with the metabolism of the tracer ''C-
5-HTP, been able to improve image interpretation and tumor detection on
"C-5-HTP-PET scans. This is of great benefit in detecting lesions in

53



pancreas and the vicinity of the kidneys since previously there was a risk for
image reconstruction artifacts in that area due to high tracer concentrations
in the kidney pelvis. With the modified whole body imaging technique and
carbidopa premedication, we have shown that ''C-5-HTP-PET exceeds both
CT and SRS in detection of NET's. Furthermore, visualization of primary
tumors and lymph node metastases that are preferably small tumor lesions
are greatly facilitated using this imaging method. Thereby it is not stated that
it is possible to image all NET-lesions, since the heterogeneity of these
tumors is great and expression of 5-hydroxytryptophan uptake systems might
differ between tumors. This has also been seen in this study in the respect of
variable tracer uptake in different tumor lesions of the same patient. Through
this functional imaging one can also differentiate between the benign or
potentially malignant nature of a small lymph node as indicated by an active
tracer uptake. Using conventional morphologic modalities this decision is
based on size of the lesion rather than metabolic activity. Using a WB-
examination, the opportunity of staging the disease is present. This means
that ''C-5-HTP-PET can contribute significantly to the management
discussion of a patient both in terms of the primary tumor detection and
preoperative evaluation, as well as in a later stage with work-up concerning
residual or recurrent disease. Since the technique reflects biochemical
activity it can also be used in evaluation of therapeutic interventions like
radiofrequency (RF) treatment of liver metastases or liver embolization.

The clinical use of ''C-harmine as tracer for visualization of mainly non
functioning entities of NET’s has to be further evaluated before any firm
conclusions can be drawn. There is also a rapid metabolism of harmine
where after 25 minutes only 13 % persists as intact tracer. This, and the fact
that there is a significant plasma protein binding complicates the analysis of
tracer binding to the tumor. But since ''C-harmine-PET can image non
functioning tumors it might come into clinical use with the existing, or an
alternate, MAO-A ligand. As described previously, PET-scanning with ''C-
harmine is limited to one bed position due to the preferable time frame of 1-
11 min for optimal image analysis.

As described earlier, the major work in the imaging of NET’s has been
done using SRS, and despite the results of this study, SRS is still to be
considered as the first choice of imaging technique for NET's. This is based
not only on high tumor detection rate, but also on its possibility to predict
therapeutic response to somatostatin analogue treatment and peptide receptor
radionuclide therapy (PRRT). SRS is also available as a clinical routine
examination in a majority of centers dealing with NET’s. On the other hand,
as shown in this thesis, ''C-5-HTP-PET can in many cases add important
extra information and should probably be adapted in more centers for the
management of NET's.
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Swedish Abstract / Svensk sammanfattning

Neuroendocrina tumoérer (NET's) karaktiriseras ofta av dverproduktion av
peptid hormoner. Trots ofta uttalade kliniska symtom kan tumdérerna vara
sma och svara att detektera. Dessa tumorer tillhor de sk APUDomas (Amino
Precursor Uptake and Decarboxylation) med forméaga att ta upp och
decarboxylera amine-precursorer samt att dérefter frisitta fardiga biogena
aminer. Det dvegripande syftet med detta avhandlingsarbete var att studera,
in vivo och in vitro, nagra av de potentiellt forekommande monoaminerga
systemen i NET's, genom att anvidnda radioaktivt markta sparsubstancer for
positron emissons tomografi (PET). Intentionen var ocksd att undersoka
viardet av PET for diagnostisk visualisering och terapi-monitorering av
NET's.

Vi har anvint den kol-11-mirkta serotonin precursorn 5-
hydroxytryptophan (5-HTP) som sparsubstans (tracer) for visualisering av
NET's. I mer &n 95 % av patienterna sdgs ett hogt upptag av denna substans
med PET och detektionsgraden av tumor lesioner var hogre hos >50 % av
patienterna jamfort med bade somatostatin receptor scintigrafi (SRS) och
dator tomografi (CT). Primédrtumorerna visualiserades till 84 % (16/19) med
PET, jamfort med 47 % for SRS och 42 % for CT. Pa grund av ett hogt sk
tumor-to-background ratio och en béttre spatial upplosning var det ldttare att
detektera tumor lesioner med PET &n med &vriga tekniker. Vi fann ocksa en
stark korrelation (» = 0.907) mellan fordndringen i urin-5-hydroxy indole
acetic acid (U-5-HIAA) och forindringen i transport hastighet for ''C-5-HTP
under medicinsk behandling, indikerande ett virde av PET for att monitorera
terapi hos patienter med NET's.

Behandling med carbidopa, en perifier himmare av enzymet aromatic
amino acid decarboxylase (AADC), infor en ''C-5-HTP-PET undersokning
minskade utsondringen av radioaktivitet i urinen fyrfaldigt och okade
signifikant (p<0.001) tracer upptaget i tumorvévnad.

I en screening for uttryck av monoaminerga system pa fryssnitt av NET s
fann vi ett hogt uttryck av enzymet monoamineoxidase-A. Detta gjorde att vi
genomforde PET-undersokningar med ''C-harmine (en MAO-A ligand) dir
det var mojligt att visulaisera tumorer i samtliga undersokta patienter,
inkluderande sk non-functioning endokrina pancreas tumorer (EPT) som
varit svara att visualisera med PET tidigare.

Slutligen studerade vi in vitro och in vivo omséttning och distribution av
aminosyrorna glutamate, glutamine och aspartate. Begrinsat upptag av dessa
substanser i NET s gor att de inte ldmpar sig som PET-tracers for diagnostik
och karaktdrisering av dessa tumorer.
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Conclusions

From the results of the present study the following conclusions are drawn:

e PET with the carbon-11 labeled serotonin precursor 5-HTP is a
valuable contribution in the diagnostic arsenal for neuroendocrine
tumors.

e WB-''C-5-HTP-PET has a high tumor detection rate in NET s that
surpasses both computed tomography and somatostatin receptor
scintigraphy (Octreoscan).

o ''C-5-HTP appears to be well suitable as a general tracer for
imaging of NET’s, probably due to the internalization of the
compound through the amine-uptake system that is present in
tumors belonging to the APUDomas.

o ''C-5-HTP-PET is sensitive in detecting small NET-lesions and can
contribute significantly to the management of a patient both in
terms of the primary tumor detection and preoperative evaluation,
as well as in staging and work-up concerning residual or recurrent
disease.

e Non functioning tumors and poorly differentiated tumors seem to
be less well visualized with ''C-5-HTP-PET.

e There is a strong correlation between the change in transport rate
constant and the change in U-5-HIAA during treatment, which
indicates that this technique can be used in treatment follow up and
perhaps in response prediction of patients with NETs.

e The use of premedication with Carbidopa, before conducting an

"C-5-HTP-PET scan, improved greatly the image interpretation
and tumor lesion detection.
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e PET with '"C-harmine has the potential of imaging also non
functioning NET’s.

e The in vitro and in vivo findings of high levels of MAO-A in
NET’s add to the similarities between neuronal and neuroendocrine
tissue.

e There is a relatively low uptake in vivo of the labeled amino acids
glutamate and aspartate in NET"s, and therefore they are not
primarily an option as PET-tracers for imaging and characterization
of these tumors.
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Diagnostic algorithm for NET's
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flush test, meal test)
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Comments: In many cases conventional radiology is performed previous to SRS.
However, if diagnosis then can be obtained, it is still advisable to perform SRS for
staging/tumor mapping. In the case of localized disease, where radical surgery is
planned, ''C-5-HTP-PET can possibly add extra information concerning the
presence of additional small tumor lesions.
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Future aspects

The future is already here! The future of PET with new solutions for imaging
of normal physiology and the biological nature of disease is already present
in many centers around the world. PET scanners with fusion imaging of PET
and CT will become more common in the future (210, 211) and new PET
scanners will have a performance that widely exceed the scanners of today
and thereby will high quality whole body investigations be performed in 10
minutes or less (212). Detector material will also improve and lutetium
orthosilicate (LSO), a high performance detector material, will probably
replace bismuth oxygerminate (BGO) in the future (213). LSO is already
used in so called micro-PET scanners that recently have become available
for preclinical research and molecular imaging of cells and mammalian
species like the mouse (214). There is development in the direction that
molecular imaging probes for nuclear medicine and PET, designed to target
genomics as well as proteomics and pharmacogenetics, will be produced in
the near future. The applications of basic science using PET will increase
radically in the next decade.

In clinical imaging, PET will expand its use with diversity of molecular
imaging probes for inflammatory processes, diabetes, different neurological
disorders and of course oncology. FDG-PET will probably be even more
commonly used and molecular characterization with PET will be closer
linked to the selection of patient therapy.

PET in Neuroendocrine tumors

As shown in this study, PET with ''C-5-HTP is a very good instrument
for the diagnostic imaging of NET's and this amine precursor might be used
as a general tracer for visualization of these tumors. Of course further studies
must be done on a larger patient material in the heterogeneous population of
NET’s before any final conclusions can be made concerning the universal
use of WB-'"C-5-HTP-PET. This thesis shows a high detection rate for
NET’s and if we add our clinical experience to these results it appears that
this imaging method truly can add valuable extra information in very many
cases.
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Two studies are started up at our center to further enlighten the accuracy
and validity of ''C-5-HTP-PET. The first study is already ongoing and is
aiming at investigating patients with biochemical indications of a primary
NET but with negative imaging work-up, or with a biochemical recurrence
of tumor after considered being disease-free and a negative imaging work-
up. PET is then performed as the last in the line of diagnostic modalities.
This study will ultimately show if PET can add anything extra in cases
where blind surgical exploration or expectancy is the next clinical step. The
second study is the confirmation of tumor yield at surgery; the comparison
with “golden standard”, a full surgical mapping of tumor sites. This is not an
easy study to perform, especially concerning patients with midgut
carcinoids, but the endocrine surgeons at our center have responded
positively to the study design.

The use of pretreatment with carbidopa before a PET-scan with ''C-5-
HTP is already a routine at our institution and attempts have also been made
to further improve images with the use of MAO-inhibitors.

For non-functioning EPT’s the use of ''C-harmine as tracer can perhaps
improve diagnostic accuracy. However, this tracer needs to be further
evaluated and compared to standard imaging methods. In the pipeline there
is a new MAO-A binding substance that is even more suitable for labeling
with positron emitters. We are also conducting another study comparing
%Ga-DOTA-DOC-PET with Octreoscan. The advantage of this tracer is that
it can be produced without direct access of a cyclotron for production of the
radionuclide. A comparison between that tracer and ''C-5-HTP is also to be
made.

Furthermore, there are other promising tracers that are coming into
clinical use: 'SF-DOPA for NET's in general, ''C-metomidate for
adrenocortical cancer, HED-PET and 6-(18F)fluorodopamine-PET for
pheocromocytomas. Our aim is also to lable 5-HTP with fluor-18 to make
the technique more available in other centers.

Well, the future for PET “is so bright we got to wear shades”, but as for
everything that generates an extra cost in today’s limited economy, the
expansion of this method is in the hands of the politicians and budget
makers, rather than the physicians...
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