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Chapter 1

Introduction

1.1 PRINCIPLES OF NUCLEAR MEDICINE

Nuclear medicine techniques use radioactive tracers and imaging devices,
mainly to provide diagnostic information, but in some cases also for
therapeutic purposes. Radioactive tracers are usually administered to patients
by intravenous injection. Tracers contain two components, a pharmacon with
specific properies and a radionuclide (the label) to enable detection with an
imaging device (Figure 1). The image, obtained after a certain period, then
shows the distribution of the tracer in the human body. Depending on the
properties of the pharmacon, various organs or organ systems can be
visualized. The images do not show the exact anatomy of an organ or organ
system, but show the amount of tracer uptake, which is based on local tissue
activity and physiology. Therefore, nuclear medicine methods generate a
different kind of information than radiological techniques, such as X-rays, CT
scans, ultrasound and MRI. This different information is sometimes sufficient
in solving a clinical problem, but often complementary to the anatomical
images provided by radiology. 

Apart from the different imaging principle, another fundamental difference
between radiological and nuclear medicine methods, is that radiological
images are based on differential absorption of radiation from an external
source, whereas in nuclear medicine the patient himself is the source of
radiation (Figure 2). Since radiation is emitted in all directions, it is difficult to
obtain sharp images. Despite solutions to improve image resolution, such as
collimators on gammacameras or coincidence detection in PET cameras,
nuclear medicine images generally have low anatomic resolution in
comparison with most radiological methods. 

In most countries, nuclear medicine is a separate medical specialty.
However, nuclear medicine is a multi disciplinary speciality, in which chemistry,
pharmacology (tracer synthesis and behavior), physics (radioactivity, detection
devices) and medical aspects come together. Although the number of specially
trained medical nuclear medicine specialists is increasing, also chemists,
pharmacists, physicists, cardiologists, radiologists, internal medicine specialist
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Figure 1. The principle components of a tracer (radiopharmacon).

and others provide important contributions to the field. Applications of nuclear
medicine are in no way confined to oncology (a frequently encountered
misunderstanding) but cover many fields in medicine.

Within nuclear medicine, two main techniques exist: conventional nuclear
medicine and PET (positron emission tomography) (Table 1). Conventional
nuclear medicine employs methods such as planar spot view scintigraphy,
planar whole body scintigraphy and SPECT (single photon emission
tomography). In planar scintigraphy, the gammacamera is in a fixed position
near the patient, and produces a two dimensional image of that part of the
patient that is within the field of view. In SPECT, the gammacamera rotates
around the patient, and from a 360 degree set of planar images, a three
dimensional volume is reconstructed, from which coronal, transverse or
sagittal slices can be obtained. The imaging device of conventional nuclear
medicine is the gammacamera (equipped with a collimator). The tracers used
are usually conveniently produced by adding the radionuclide to the
pharmacon as a kit preparation. Technetium-99m, the mostly used
radionuclide, is always available, as it is obtained from an in-house generator,
that is renewed weekly. Tracers usually emit low energy gamma radiation
(between 70 and 350 KeV). 

The other main technique is PET. The tracers used in PET emit positrons.
These annihilate (disappear) immediately and produce high energy gamma
radiation (two photons of 511 KeV) in exactly opposite directions. The imaging
device is the PET camera, that is able to detect the source of the positron
emission with great precision, based on the coincident detection of the two
photons. Apart from the relatively good resolution, another advantage of PET
is that the amount of radioactivity can be quantitatively determined. Many of
the atoms in organic molecules, such as carbon, oxygen or nitrogen have a
radioactive isotope that emits positrons. This makes many organic molecules
theoretically suitable for radiolabeling and use in PET. In the tracer synthesis
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process, one of the atoms in the organic molecule is then replaced by a
positron emitting isotope. In this way the radiolabel does not interfere with the
properties of the pharmacon or, in other words, the radiopharmacon is
chemically identical to the pharmacon (Figure 1). This is a third special
advantage of PET.  In summary, PET uses the same principles as
conventional nuclear medicine, but different tracers and different imaging
devices. A comparison of advantages and disadvantages of PET vs
conventional nuclear medicine is given in Table 1.

1.2 RESEARCH IN NUCLEAR MEDICINE

As nuclear medicine deals with imaging devices, tracers and clinical
applications, research focuses on all of these issues. Concerning imaging
devices, the basic design of gammacameras has not changed much since the
pioneer work of  Anger in the end of the 1950's, although detector technology
and electronics have improved. PET cameras have been around for a shorter
time, and technical improvements are still ongoing. Recently, hybrid cameras
with both PET and SPECT capacity are gaining interest, although true PET
quality has not been reached. 

Figure 2. Principles of imaging. Left: röntgen imaging. Radiation from an
external source is emitted through the patient. The image is a sharp
�shadow� image. 
Right: nuclear medicine imaging. The patient himself is the source of
radiation. A collimator (a leaden plate with many small holes) allows only
perpendicularly entering radiation from the patient to produce the image.
Radiation from other angles is absorped in the collimator.
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Table 1.  Characteristics of PET and conventional Nuclear Medicine.

PET Conventional Nuclear Medicine

Available in 3 ~75
Dutch hospitals

Type of camera PET camera gammacamera

Infrastructure complex more simple

Costs expensive much cheaper

Isotopes O, N, C, F Tc, I, In, Tl, Ga, I15 13 11 18 99m 123 111 201 67 131

Half life isotopes 2 min - 2 hrs 6 hrs - 8 days

Radioactivity from on-site cyclotron* from purchased generator*

Type of radiation 511 keV gamma 70 - 511 keV gamma

Tracer synthesis in on-site lab or on site kit preparation or
from external after from external*
rapid transport**

Scanning possible 0 - 2 ** hours < 24 hrs - 10 days 
after injection

Camera axial field-of-view 11-16 cm 40 cm

Image type tomographic, planar spot views or
whole body** planar whole body or

tomographic (SPECT)

Image resolution high lower

Tracer uptake quantitative qualitative
determination

--------------------------
*) in most cases
**) not for all tracers possible
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Much research in nuclear medicine is devoted to the development of new
tracers. As general scientific knowledge of disease is expanding, new
mechanisms, new biomolecules and new processes are discovered.
Frequently, tracers are developed  to provide imaging of these processes,
which may provide better insight and new information. Current examples are
the development of tracers to image apoptosis, multidrug resistance or gene
expression. Research is also more and more devoted to radionuclide therapy,
where tracers are labeled with high amounts of radioactivity in order to
produce a therapeutic effect at the specific target. Much of the diagnostic
research is oriented on tracer development for PET where the relatively high
resolution and quantification possibilities are advantageous. 

The ultimate goal of all research is improvement in patient care. Although
some nuclear medicine procedures already exist for a long time, the correct
place in diagnostic algoritms and the true impact on patient care is not always
clear and therefore still subject of study. The same holds true for many more
�established� methods in medicine.

In analyzing the clinical value of diagnostic methods in general, one
should keep in mind the levels of diagnostic performance (Table 2). The first
level are technical possibilities of a technique and the �a priori feasibility� of a
new method. The second level is determination of the �diagnostic accuracy�,
where sensitivity and specificity are determined in comparison with a perfect
gold standard. In the third level the �diagnostic value� of the method is studied,
in comparison with other diagnostic methods for the same problem. Level four
studies the �therapeutic value�, in other words �does the new diagnostic
information results in better treatment for patients?�, and finally in level five the
value for individual patients and society is studied: does the diagnostic
information and the resulting improvement of treatment result in better survival
and quality of life for patients, and at acceptable cost for society?

1.3 NUCLEAR MEDICINE RESEARCH IN ONCOLOGY

An important issue in diagnosis and treatments of cancer patients is the
determination of the nature of lesions that are found through other, usually
radiological, methods. Nuclear medicine methods contribute in this field. In
dealing with potential lethal disease, clinicians will rely on histological
confirmation of the benign or malignant nature of such lesions, as that is 
considered the ultimate gold standard. It is indeed unlikely that other diagnostic
methods will replace histological evaluation, but if reliable and non-invasive
determination of malignant or benign nature would be available, this may still
influence diagnostic strategy, especially when histological proof is difficult to
obtain. For example, when gallium-67 scintigraphy does not show uptake in
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Table 2.  Levels of diagnostic tests*.

level type Searches answers to

1 feasibility studies application possible/ feasible?

2 accuracy sensitivity, specificity?

3 diagnostic value performance in relation to other tests?

4 therapeutic value results in better treatment?

5 patient/society value results in better survival, quality of life, 
at acceptable cost?

------------------------
*) Slightly adapted from ref 1.

a residual Hodgkin�s lymfoma localization after chemotherapy, it appears safe
to conclude that there is no vital tumor left and further radiotherapy can be
omitted. Another example can be found in the large amount of literature on
detection or exclusion of malignancy in solitary pulmonary nodules using FDG
PET, although the ultimate question (�is it safe to withhold treatment in nodules
without FDG uptake?�) has not been fully answered yet.

Apart from this �tumor analysis�, nuclear medicine methods may
contribute to tumor staging. Usually radiological methods are based on
assessment of lesion size to determine whether a lesion is a metastasis or a
benign lesion. In general, these methods are quite excellent, but they may be
complemented with metabolic imaging methods. For example, metabolic
imaging methods may still  find metastatic disease in radiologically
unsuspicious tissue, or the opposite, no uptake in abnormal tissue. A well
known example is the high sensitivity of bone scintigraphy to detect bone
metastases, but also In-octreotide scanning has proven very valuable in111

whole body staging of carcinoid patients. More recent, FDG PET scanning
even appeared better than CT in mediastinal staging of non-small-cell lung
cancer patients (2). 

Finally, nuclear medicine methods may be used in the monitoring of
therapy, as they may be able to detect tissue activity in areas difficult to assess
by radiological methods because of post therapy scarring, edema or
inflammation. However, the true clinical impact is a priori more difficult to
prove. Therapy has already been given, and what consequence could
diagnostic imaging then still have: different new therapy?, omission of planned
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new therapy? How would final outcome be influenced? It will be difficult to
come up with �level 3 and 4' answers. Potentially more consequences could
result, if imaging methods could reliably predict the final effect early during
therapy.

1.4 TRACERS IN ONCOLOGY  -  [ I] IODO-METHYL-TYROSINE.123

In conventional nuclear medicine many different tracers have been applied to
study a great multitude of tumor types. The mechanism of uptake of such a
tracer is quite relevant in estimating the rationale for clinical application.
Uptake in tumors should be high, and there should be a theoretical model of
uptake, supported by in vitro or other preclinical data. Irrespective of the
responsible mechanism, the degree of tumoral uptake should have a clear
relationship with the tumor �aggressiveness�, as indicated by tumor grade
systems, histological parameters or ultimately patient survival and clinical
status data.

The rationale to study radiolabeled amino acids such as IMT in oncology
seems plausible. It has been sufficiently demonstrated that tumor cells have
increased protein and amino acid metabolism. Since inflammatory tissue
generally has low protein metabolism, amino acid imaging might be less
disturbed by such tissue and therefore be more tumor specific. Furthermore,
protein metabolism might constitute a metabolic target that is more directly
related to the malignant nature than other metabolic targets, such as
mitochondrial activity and Na-K-ATPase activity, that appear responsible for
uptake of two other well known SPECT tracers, Tc-MIBI and Tl-chloride,99m 201

respectively.

Figure 3. Structure of L-3-[ I]iodo-alpha-methyl-tyrosine (IMT).123

The artificial amino acid L-3-[ I]iodo-alpha-methyl-tyrosine (IMT) (Figure123

3) was already synthesized in the 1970's by the group of Stöcklin in Germany
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(3). It was investigated as a melanoma seeking agent and used to visualize the
pancreas, both with limited success (4). A more important clinical application
arose in the end of the 1980's, when again German research groups
discovered IMT uptake in brain tumors (5). It was subsequently demonstrated
that IMT uptake in brain tumors is a measure of amino acid transport activity
(6). IMT appeared to be rapidly taken up into tumor cells, is not incorporated
in protein and slowly leaves the cell again without metabolization. Since the
first paper about brain tumor imaging, much research has been carried out up
to the present day - nearly all by Germany groups - to further study basic and
clinical possibilities of this amino acid tracer for SPECT, but still only in brain
tumor imaging.

Over the last 10 years amino acid imaging for PET has also been
developed by various research groups in the world. One of these is the group
of Vaalburg in Groningen, who developed carbon-11 labeled tyrosine (7). This
amino acid is highly incorporated in protein, and is suitable to study protein
synthesis. A metabolic model was described and validated, automated
radiosynthesis was developed, and clinical studies were started around 1990.
It appeared that many human tumors could be visualized and analyzed using
this tracer. 

Because of the good brain tumor uptake of IMT through specific transport
systems and the good  uptake of its �mother� amino acid C-tyrosine in many11

tumors, we hypothesized that IMT might also be usable to study tumors
outside the brain. Because IMT is a single photon tracer (for conventional
nuclear medicine) potential clinical application would not be restricted to the
scarce PET centers, but be possible in every nuclear medicine department. A
priori, the lower resolution of SPECT systems would be a disadvantage, but
if tumor uptake would be high enough, it could still be possible to detect small
lesions. These considerations became the start of the research project (1996)
now described in this thesis. 

1.6 AIM OF THIS THESIS

It is the aim of this thesis to study the basic properties and potential clinical
application in general oncology of the radiotracer L-3-[ I]iodo-alpha-methyl-123

tyrosine (IMT) in conjunction with the SPECT technique.  

1.7 OUTLINE OF THIS THESIS

Chapter 2 gives an extensive overview on radiolabeled amino acids. First it
describes basic aspects of amino acids and their radiolabeled counterparts
and continues with a review of clinical applications with a strong emphasis on
diagnostic value.
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Chapter 3 focuses on an automated synthesis module to be used for the
preparation of IMT and compares this automated synthesis with the manual
procedure.

Chapter 4 describes studies of the uptake mechanism and kinetics of IMT
uptake in a tumor cell line.

Chapter 5 continues with a pilot study on the feasibility of in vivo tumor
imaging with this tracer in various types of human cancer outside the brain.

Chapter 6 describes clinical application for tumor analysis in a well defined
patient group of patients with soft-tissue sarcoma. Tracer uptake is compared
with immunohistologic parameters for proliferation, mitotic activity, tumor cell
density and vascularity.

In chapter 7 the same tumor type is studied, now with the bone scan tracer
Tc-MDP, and describes the clinical usefulness of routine screening for bone99m

metastases in soft-tissue sarcoma

Chapter 8 focuses on clinical application for tumor staging of IMT in carcinoid
tumors, as these are expected to have increased amino acid uptake. Findings
are compared with the reference method In-octreotide scintigraphy and with111

biochemical activity of these special tumors.

Chapter 9 describes clinical application in tumor detection, staging and
evaluation of radiotherapeutic treatment in patients with non-small-cell lung
cancer.

Chapter 10 contains the summary including future perspectives, 

Chapter 11 contains introductory information in Dutch for those unfamiliar with
nuclear medicine.

and Chapter 12 contains the summary and future perspectives in Dutch
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