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SUMMARY Recent improvements in the understanding of the physiologic and biologic mechanisms
of health and disease have led to an expansion of nuclear medicine applications both in clinical studies
and research. Advances in radiopharmaceutical development, instrumentation and computer processing
have resulted in the implementation of Positron Emission Tomography for clinical studies, and
improved treatments with radiopharmaceuticals particularly in cancer patients. There has also been an
dramatic increase in the techniques available with nuclear medicine to detect and measure cellular
biologic events in-vivo, which have important implications in clinical and basic science research.
Nuclear medicine studies provide unique information on human physiology and remain an integral part
of clinical medicine practice.

1. INTRODUCTION

Nuclear Medicine is a medical specialty that
evaluates physiology and tissue metabolism in-
vivo with tracer techniques. The tracers used
for these studies are generally short-lived
isotopes, and are linked to chemical
compounds that permit specific physiologic
processes to be imaged and/or quantitated non-
invasively. Unlike more conventional imaging
techniques such as x-ray, CT, ultrasound or
MRI, nuclear medicine has as its basis the
analysis of function of tissue and organs, rather
than the anatomical structure of the area
studied.

Nuclear medicine can be used for both
diagnostic and therapeutic applications in
patient care. It has existed as a clinical
specialty in Australia for 30 years, and
approximately 430,000 nuclear medicine
procedures are performed in Australia each
year. Almost every person in Australia will
require a nuclear medicine procedure during
their lifetime.

The role of nuclear medicine has changed
dramatically in the last decade, due to
advances in radiopharmaceuticals and imaging
technology. Evolving areas of clinical utility
include the increased role of nuclear medicine
in therapy (particularly in oncology); the
introduction of Positron Emission Tomography
(PET) as a mainstream technology in
oncology, neurology and cardiology; and the
development of novel radiolabelled molecules
for the biologic characterisation of human
tissues, which has both clinical and research
applications.

2. TISSUE PHYSIOLOGY AND CELL
BIOLOGY

Recent advances in the understanding of
physiologic processes responsible for disease
have allowed a more fundamental
understanding of disease etiology. The
identification of unique tissue and cellular
changes associated with disease are required,
however, in order to implement effective
treatments. Specifically, advances in genetics
and cell biology have led to identification of
gene expression, intracellular signalling
pertubations and cell receptor expression
changes that can be linked to disease and
prognosis (1).

In-vivo detection, measurement and
quantitation of these tissue, cellular and sub-
cellular processes with nuclear medicine
techniques allows the characterisation of
normal and diseased body functions. This has
diagnostic relevance in a range of clinical
conditions. In heart disease, measurements of
myocardial perfusion and viability, combined
with left ventricular ejection fraction, is now
possible through 99mTc-MIBI single photon
emission tomography (SPECT) studies.
Measurements of cerebral perfusion, and
functional brain neuroreceptors, may also be
performed with SPECT and PET imaging (2).
Detection of tumours, and biological
characterisation of antigen or receptor
expression (eg EGF receptor, Her/2-neu
receptor), or metabolic processes (eg glucose
metabolism) is also possible with radiolabelled
ligands, peptides and antibodies (3).
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The therapeutic utility of this aproach relates to
the ability to target specific receptors
expressed on tumours (eg somatostatin
receptors), which can be used to deliver
radioisotopes for therapeutic effect, or to
determine the effects of therapy through
changes in metabolic parameters (eg
glycolysis, amino acid turnover and DNA
proliferation). The in-vivo imaging of gene
expression, and gene therapy approaches, can
also be achieved with nuclear medicine
techniques (4). The development of more
sophisticated therapies is ideally suited to in-
vivo measurement of treatment efficacy with
nuclear medicine.

3. RADIOPHARMACEUTICALS

The most common isotopes used in general
nuclear medicine diagnostic studies are listed
in Table 1. These isotopes are usually short
lived, produced by generator, cyclotron or
reactor, and are linked to specific ligands or
chemical compounds depending on the
physiologic or cellular process that is to be
evaluated.

Table 1.
Isotopes Commonly Used in

Nuclear Medicine

Diagnostic Therapeutic
131

89,

"'In
67Ga
123j

153

9<k

32T

I
'Sr
Sm

Advances in diagnostic radiopharmaceuticals
include novel chemical compounds that permit
the study of neuroreceptors with SPECT (eg
bezodiazepine receptors), somatostatin
receptors in tumours, and acute clot detection
with peptides against gpIIb/IIIa receptors on
activated platalets. The use of a and p
emitting isotopes for therapy applications is an
area of active development at present.

4. INSTRUMENTATION

4.1 Gamma Camera Design

Recent developments in gamma cameras
include improved resolution instruments, and
more advanced computers for image
reconstruction. New camera developments
also include the incorporation of attenuation
correction (for improved quantitation and
SPECT studies), and coincidence detection for

PET. This latter approach has been
complemented by the use of slightly thicker
detector crystals, which allow higher
sensitivity for 18F-FDG while retaining the
ability to image conventional nuclear medicine
isotopes.

Image analysis methods have been improved
by coregistration techniques for anatomic
studies (eg CT scan) with nuclear medicine
SPECT and PET. Modelling of image datasets
for statistical analysis or receptor binding
parameters is also performed. The use of
digital data storage is routine in most
Departments, and archiving and display
systems (PACS) are being implemented in
major Institutions.

4.2 PET Instrumentation

Modifications to scanner design have enabled
the production of lower cost PET scanners for
clinical PET studies (see Section 6). One new
camera design incorporates Nal crystals (of
one inch thickness) in the detector array with a
large field of view and operation in 3D mode.
This allows rapid image acquisition and
potentially lower doses of I8F-FDG to be used
for clinical studies. Another camera design
uses bismuth germanate ("BGO") crystals
(used in standard PET design cameras) but
installed over a 120° gantry that rotates around
the patient and also acquires images in 3D
mode. Both of these designs reduce the cost of
the PET scanner, without sacrificing image
quality and patient throughput (5).

Current research into new crystal materials (for
example, leutetium) for PET scanners has
indicated that higher resolution instruments
will be possible, although no commercial
systems currently are available. Larger field of
view PET cameras, and cameras combining
PET imaging and CT scanning, are the subject
of continuing research overseas.

5. DIAGNOSTIC STUDIES

The most common nuclear medicine diagnostic
procedures are in cardiac, neurology, skeletal,
lung, liver and kidney disorders. The most
recent developments in diagnostic studies
relate to improved imaging and processing
methods, and new imaging agents based on
peptides and antibodies.

In cardiology, developments in image
processing now permit routine examination of
myocardial perfusion and contractility with
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calculation of ejection fraction in a single
study (either 99mTc-MIBI or 201Tl-chloride).
The implementation of pharmacologic stress,
and newer agents eg 99mTc-tetrofosmin, have
also occured.

The development of new peptide and antibody
constructs has been translated into diagnostic
tests for somatostatin receptors (tumour
characterisation), acute clot detection (platelet
gpIIb/IIIa receptor), and detection of colon,
ovarian and prostate cancer (1,2). Peptide
studies in infection, inflammation and other
cancers are also in Phase II/III trials at present.

6. POSITRON EMISSION
TOMOGRAPHY

Positron emission tomography (PET) is an
imaging technique that provides in vivo
measurements in absolute units of a
radioactive tracer. One of the attractive aspects
of PET is that the radioactive tracer can be
labelled with short-lived radioisotopes of the
natural elements of the biochemical
constituents of the body.

In clinical applications, a very small amount of
a biological compound labelled with a
positron-emitting radionuclide is introduced
into the patient, usually by intravenous
injection, and the concentration of that
compound in tissue is measured by a PET
scanner. During its decay process, the
radionuclide emits a positron (positively-
charged electron) which, after travelling a
short distance, encounters a negatively-charged
electron from the surrounding environment.
The two particles combine and "annihilate"
each other, converting their rest mass into
energy and resulting in the emission in
opposite directions of two gamma rays of 511
keV each (Figure 1).

~ZZZZZ. Region of coincidence detection

•fa Annihilation Event

-« «- y-rays accepted by coincidence

•• >• y-rays rejected by coincidence

Figure 1. Basic principal of PET: coincidence
detection

PET image acquisition is based on the external
detection in coincidence of the simultaneously

emitted 511 keV y-rays and therefore
localisation of the annihilation event inside the
patient.

The most commonly used positron emitting
radiopharmaceutical in clinical studies is 18F-
FDG (Table 2). This tracer utilises the
characteristic of malignant cells of an
enhanced rate of glycolysis in the presence of
oxygen, and FDG enters the cell and competes
for the enzyme hexokinase by the same
mechanism as glucose. 18F-FDG has been used
in clinical studies in neurology, cardiology and
in oncology. 13N-ammonia has been used for
measurement of blood flow, principally in
cardiac PET studies.

Table 2.
Positron-Emitting Radionuclides

used in Clinical Studies

Radionuclide Half-Life
15O 120 seconds

13N 10 minutes
U C 20.4 minutes
18F 110 minutes

Research studies in PET include the use of
oxygen-15 for measurement of oxygen
metabolism (15O-water, 15O-carbon dioxide).
" C has been used for labelling molecules that
allow the study of a range of neuroreceptor-
ligand interactions non-invasively, which has
research applications in neurology and
psychiatry. Labelling of a large array of other
compounds including hypoxic markers, amino
acids, DNA proliferation markers and
chemotherapy drugs have also been studied in
clinical trials (1,6).

The experience over the last decade is that the
most important clinical role of 18F-FDG PET is
in oncology. In many cancers, 18F-FDG PET
has been shown to be the most accurate non-
invasive method to detect and stage disease (7-
9). This has major implications in terms of
improving the planning of treatment and
avoiding unnecessary treatment and its
associated morbidity and cost.

The ability of 18F-FDG PET to monitor cancer
response to treatment (including radiotherapy
and chemotherapy) is an area where increasing
attention is now being directed and is
potentially one of the most important
applications of 18F-FDG PET in clinical
practice (10).
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PET has also been used in coronary artery
disease patients to detect viable myocardium,
which has immediate relevance in the
evaluation of patients prior to cardiac surgery
or transplantation (11). 18F-FDG PET has also
been studied in epilepsy and neurodegenerative
disorders, where it has been found to have an
important diagnostic and prognostic role
(2,12).

7. THERAPY

An increasingly important area in nuclear
medicine practice is in therapy, particularly in
oncology. The established therapy procedures
in nuclear medicine are listed in Table 3.

Table 3.
Therapeutic Studies

Treatment

Hyperthyroidism
Thyroid carcinoma
Bone pain
Polycythemia Rubra Vera
Synovectomy

89Sr, 153Sm
32p
90y

The identification of receptors and antigens
highly expressed on tumour cells that can be
targeted with peptides and antibodies has led to
a range of clinical trials in recent years.
Promising results have been obtained with B1I-
Bl, directed against the CD20 antigen on non-
Hodgkins lymphoma, with greater than 70%
response rates in Phase II/III trials (3). Similar
results have also been achieved with 90Y-
labelled anti-CD20 antibody. Phase I/II trials
with radiolabelled antibodies against colon,
lung and renal cancer, and in acute myeloid
leukemia, are also underway (3). 90Y-peptide
studies (against somatostatin receptor) are also
in development. These approaches will
become more widely available in the next few
years.

Locoregional therapy of tumours with 131I- and
90Y- labelled microspheres (particularly
colorectal liver metastases and hepatoma) is in
Phase I/II trials at present, and the treatment of
glioma with 131I- and 90Y- labelled antibodies,
and ovarian cancer with intraperitoneal
radiolabelled anti-MUC antibody have
achieved impressive response rates and
survival results (1,3). The application of
nuclear medicine therapy continues to be one
of the most active areas in oncology research
at present.

8. CONCLUSIONS

The last decade has seen dramatic changes in
nuclear medicine in both diagnostic and
therapy applications. The inherent ability of
this technology to provide insight into basic
physiologic events in the body, and cellular
processes in response to disease, through non-
invasive techniques, is a unique and powerful
tool for the clinician and researcher. The
future development of this field is limited only
by our understanding of the basic biologic
events that occur in health and disease.
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