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Preface

Clinical nuclear medicine continues to flourish as a result
of the implementation of new techniques into the clinical
evaluation of patients that impact on management and
therapeutic decisions.

Since the previous edition, PET has become firmly estab-
lished as a key clinical imaging modality and there is an
emphasis on combined anatomical and functional imaging
modality with PET/CT and SPECT/CT scannners as well as
image registration techniques. These methods have become
established in oncology, and cardiac, neurological and
other applications are increasing. New SPECT and PET
tracers continue to be developed to explore varied aspects
of human physiology and biology and the discipline of tar-
geted radionuclide therapy techniques continues to evolve
and expand.

These new developments are of importance, not only for
nuclear medicine, but also for a wide vareity of other disci-
plines, including the study of physiology and pathophysiol-
ogy at a molecular level in both humans and animals. The
ubiquity of these methods is a testament to the robustness of

the radiotracer principle stimulating continuing advance-
ment of radiotracers, techniques and instrumentation.

The text is structured in a similar manner to previous edi-
tions in an effort to describe relevant topics of current clin-
ical importance rather than attempting to deal with all of
the basic science. An initial section covers the broad princi-
ples and scope of important areas that are considered to
impact more significantly on currrent and future clinical
practice since the last edition. The second section covers the
clinical systems where nuclear medicine influences clinical
practice and a third section reviews a number of relevant
technical topics.

In the drawning era of molecular medicine, establihsed
and novel nuclear medicine techniques are firmly placed to
ensure that this discipline remains at the heart of main-
stream medical practice.

G.J.R.C., M.N.M., K.E.B. (London, UK)
V.C. (Rochester, USA)
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84Cu-pyruvaldehyde-bis(4N-
methylthiosemicarbazone)
parenchymal transit time index
planning target volume

Pyrexid of unknown origin

quality adjusted life years

red blood cell

regional cerebral blood flow
relative function

recombinant human TSH (q.v.)
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ventriculography = MUGA (q.v.)
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RPF
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SAH
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SMC
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SNR
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TNF-«
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subarachnoid hemorrhage
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squamous cell carcinoma
simplified kinetic model

sentinel lymph node

sentinel lymph node biopsy
6[3-selenomethyl-19-norcholesterol
stable metabolic disease
signal-to-noise ratio

single photon emission computed
tomography

statistical parametric mapping
solitary pulmonary nodule

strain rate imaging; also,
somatostatin receptor imaging
somatostatin receptor scintigraphy
somatostatin receptor
standardized uptake value

triiodothyronine
tetra-iodothyronine

total body weight

tissue Doppler imaging
thyroglobulin

temporal lobe epilepsy
tetrakis-dimethylamino ethylene
tumor necrosis factor alpha
[2-[[2-[[[3-(4-chlorophenyl)-8-
methyl-8-azabicyclo[3,2,1]oct-2-
yllmethyl] (2-mercaptoethyl)amino]
ethyl]amino]ethanethiolato(3-)-
N2,N,S82,52' oxo-1R-(exo-exo)]
thyroid-stimulating hormone
two-dimensional
three-dimensional

ultra-high molecular weight

vascular endothelial growth factor
vertical long axis

vanillyl mandelic acid

volume of interest

visual response index

visual response score

venous thromboembolism
vascular transit time

World Health Organization
whole-kidney transit time
wide local excision
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Reference annotation

The reference lists are annotated, where appropriate, to
guide readers to primary articles, key review papers, and
management guidelines, as follows:

® Seminal primary article
* Key review paper
* First formal publication of a management guideline

We hope that this feature will render extensive lists of
references more useful to the reader and will help to
encourage self-directed learning among both trainees and
practicing physicians.
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Molecular imaging

1A

A.M. SCOTT, S.U. BERLANGIERI, AND D.J. MACFARLANE

OVERVIEW

The radiotracer principle, used for both in vitro studies and
clinical in vivo imaging, was first reported by George de
Hevesy in the 1920s. His pioneering work laid the founda-
tions for nuclear medicine imaging techniques, which have
been successfully applied for decades in a broad range of
human diseases. Radiolabeled tracers enable the imaging of
physiologic events noninvasively, and the vast array of new
targets and signaling pathways identified as playing key roles
in disrupting normal cellular function can be potentially
identified and quantified through these imaging techniques.

The term ‘molecular imaging’ initially appeared in the
medical literature in the late 1990s. Despite a clear definition
the term rapidly became widely incorporated within both
the medical vocabulary and organizational titles. One con-
ceptualization of the underlying construct of ‘molecular
targeting’ is ‘... the specific concentration of a diagnostic
tracer or therapeutic agent by virtue of its interaction with
a molecular species which is distinctly present or absent in
a disease state... ! Although this appears to be a robust def-
inition, it becomes problematic when classifying an agent
such as 2-['®F]-fluoro-2-deoxy-D-glucose (*F-FDG), as
glucose uptake is a feature of virtually all normal cells.
Increased uptake is characteristic of many tumors due to
the over-expression of the GLUT-1 glucose transporters.
On the basis of the above definition, FDG would not con-
stitute a molecular targeting (imaging) agent, although
some authors have claimed that the over-expression of
GLUT-1 qualifies it for the title.” Increasingly, however,
molecular imaging is used to describe imaging technolo-
gies that provide unique information about the function of
cellular processes, and this may extend to any aspect of cell

biology, molecular biology, cell signaling and genetics. While
some uses of this term have extended to laboratory detection
systems, including gene array and microscopy techniques
used for identifying protein expression, and nontracer
imaging methods including magnetic resonance imaging/
magnetic resonance spectroscopy (MRI/MRS) and optical
imaging, tracer-based imaging has a unique ability to
quantify biological processes in living organisms.’> There
is also clear evidence that the development of new bio-
molecules requires sophisticated imaging techniques that
are specifically designed for each new therapeutic.* Molecular
imaging with tracers can therefore provide a link between
disciplines and thus allow a cohesive pattern of normal and
abnormal function to be identified.

When evaluating compounds for a molecular imaging
strategy a variety of mechanistic factors need to be consid-
ered. These have been listed in Table 1A.1, broadly catego-
rized as being relevant to ligand or target, although such a
clear distinction is blurred by many of the factors being rel-
evant to the ligand—target complex rather than its compo-
nents. The pathophysiologic process involved in disease
can also be identified and targeted, including blood flow,
interstitial dynamics, trafficking within organs and cells,
cell membrane kinetics, hypoxia and metabolic processes
(ranging from glucose, to amino acids and proliferation,
fatty acids and phosphoproteins).

The classic tracer approach to receptor targets involves
the labeling of a tracer that simulates ligand that traverses
the receptor cleft in a synapse (Fig. 1A.1). This is of tremen-
dous importance in understanding the natural interactions
of ligand and receptor in neurophysiology, as well as defin-
ing the role of altered binding kinetics in neurologic and
psychiatric disorders. More recently it has become clear
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Table 1A.1  Characteristics of targets and ligands for molecular
imaging
Target Ligand
Location Physical characteristics
Within tissue Size
Within cell Charge
Membrane Lipophilicity/solubility
Cytoplasm Radioisotope labeling
Nucleus Delivery
Accessibility Intravenous
Perfusion Local administration

Presence of barriers Vehicle, e.g. liposomes

Capillary permeability Target binding
Interstitial pressure Affinity
Expression Specificity
Density per cell Conformational changes

Proportion of cells expressing
Conformation

Biological modulation

Internalization of complex
Biologic activity

Toxicity

Function Immunogenicity
Physiologic Receptor activation/
blockade
Kinetics Kinetics
Metabolism Metabolism and
Turnover rate relative to ligand catabolism
Background clearance
Excretion
End terminal

ynaptic membrane

Figure 1A.1  Diagram of a synapse. A neurotransmitter released
from nerve endings traverses the synaptic cleft, and binds to post-
synaptic membrane receptors.

that ligand-receptor interactions play a crucial role in
many other disease states including diabetes and cancer,
where receptor-receptor interactions and resistance to
cognate ligand binding may have end-organ effects that
promote disordered signaling, proliferation and cellular
function. Receptor-ligand binding is, of course, only one
facet of the possible molecular interactions that also extend
to antigen—antibody, transporter—substrate and enzyme-—
substrate complexes. This may also extend to identification
of altered conformation states of receptors which have
implications in receptor activation and cellular signaling
(including constitutive activation).” Although the classic
definition of a receptor includes effector function upon lig-
and binding, with most imaging ligands biological effects
are undesirable. For molecular imaging studies the quan-
tity of imaging ligand is far below therapeutic levels, thus
avoiding any adverse side events, and is specific for the
target. Molecular imaging can allow identification of bio-
chemical processes in normal and diseased cells and organs,
and provide evidence of receptor expression that has impli-
cations in diagnosis and potential therapy, such as somato-
statin receptor expression in carcinoid tumors (Fig. 1A.2).5®

Trace-labeled peptides and proteins can be used for
in vivo characterization of antigen expression suitable for
targeted therapy approaches (Figs 1A.2 and 1A.3). In addi-
tion, trace-labeled infusions of antibodies can also provide
dosimetry information that informs appropriate therapeu-
tic doses required for radioimmunotherapy.”!® This has
become an accepted methodology for confirmation of nor-
mal biodistribution of peptides/antibodies, and uptake in
tumor, prior to therapy infusions. This is important for a
number of reasons. Firstly, it identifies possible targeting of
normal tissue which would lead to potential toxicity with a
subsequent therapy infusion, therefore allowing patients to
be stratified into modified dosing, or even not proceeding
with therapy at all. Examples of this scenario include
abnormal uptake in liver or spleen, or other tissues, that
would impact on dose to those normal organs. Secondly,
identification of uptake in tumor confirms antigen/recep-
tor expression, which informs the potential for delivering
adequate dose to tumor with subsequent therapy infu-
sions. In view of the often heterogeneous nature of anti-
gen/receptor expression in tumors, initial ‘scout’ imaging
studies therefore provide confirmation of target antigen/
receptor expression (in vivo immunohistochemistry) with-
out requiring biopsy and pathology testing of samples.
Thirdly, quantitative measurement of whole body clear-
ance, and blood kinetics, as well as normal organ dose, can
be performed from initial ‘scout’ infusions of radiolabeled
peptide/antibody, and this dosimetry information may be
used for actual dose calculation of the therapy dose. An
example of this is the approved anti-CD20 mAb tositumo-
mab (Bexxar™), where a 75 cGy whole-body dose (based
on scout infusion) is used for therapy dosing in patients
with non-Hodgkin’s lymphoma.® These approaches are
not confined to oncology, as the use of peptides/proteins to
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Figure 1A.3 Biodistribution of '3'|-labeled huA33 monoclonal
antibody, which targets colorectal cancer. Anterior whole-body
images are shown. (a) Initial blood pool image on day 1 of scout
infusion of '¥'I-labeled huA33 in a patient with metastatic colo-
rectal cancer, showing hypoperfusion of a large hepatic metastasis.
(b) Day 6 following scout infusion, demonstrating specific uptake of
1311-huA33 in tumor. Central necrosis in tumor is evident. Some nor-
mal bowel activity is noted. (c) Biodistribution on day 6 following
therapy dose of '3'I-huA33, showing identical tumor uptake and
organ distribution compared to the scout infusion.

Figure 1A.2  Receptor-based molecular imag-
ing. A 56-year-old man with carcinoid presented
with metastatic disease to liver, lung and bone
. which was somatostatin receptor positive on
(a) planar and (c) SPECT """ In-octreotide scan, but
not metabolically active on "8F-FDG PET/CT (b, d).

deliver therapeutic payloads can be used for many indica-
tions including cardiology (e.g. thrombosis and atheroma-
tous plaque) and neurology (e.g. amyloid plaques).

Cellular signaling pathways have been shown to be key
components of abnormal cellular function, and are often
due to aberrant receptor activation. The identification of
therapeutics based on specific signaling pathways check-
points, or on active kinase domains of receptors, is one of
the most active areas of drug development at present.'!
One approach has been to develop small molecules that
bind to ATP pockets of intracellular kinase domains of cell
surface receptors. These kinase domains act by phosphory-
lating key amino acid residues, which in turn lead to a
downstream cascade of further activated molecules, and
ultimately result in changes in cellular function such as
proliferation, growth and apoptosis. Inhibitors of kinase
domains of growth factor receptors have already shown
clinical efficacy, and examples include gefitinib and erlotinib
which inhibit the active kinase domain of the epidermal
growth factor receptor.'? Identification of kinase domains
suited for small molecule inhibition, and particularly kinase
mutations that may prevent efficacy, is a critical area where
molecular imaging may play a role through trace labeling
of substrate moieties, or downstream function activity (e.g.
proliferation).

A further approach to imaging defined molecular events
in living cells is through synthetic oligonucleotide constructs
(aptimers and anti-sense fragments), which have been devel-
oped to bind target peptides and nucleic acid sequences. The
expression of specific genes can be monitored by ‘reporter
genes. In this construct the DNA sequence for the gene
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under investigation is spliced to that coding for a ‘reporter’,
which may be a receptor or an enzyme.® Transcription of
the target gene will be accompanied by transcription of the
reporter, which can be detected by introduction of an
appropriate ligand or radiolabeled substrate, which is
potentially useful in monitoring gene therapy."

The imaging of live cells has long been used in nuclear
medicine for the diagnosis of infection, through labeling
white blood cells with '!In- or **™Tc-based oximes, as well
as for blood pool studies in a range of conditions with
9mTc Jabeled red blood cells. The advent of cell-based
therapies for disease has expanded the use of molecular
imaging to assisting with tracking cells to target organ sites,
as well as monitoring pharmacodynamics of therapy i situ.
Stem cells and progenitor cells have been used experimen-
tally and in clinical trials to improve myocardial function
after acute ischemia, and chronic heart failure.'* The track-
ing of cells is an integral part of the assessment of success-
ful delivery of cells to target areas and biodistribution. Cells
can be labeled with tracers for single photon emission
computed tomography (SPECT) and positron emission
tomography (PET), as well as iron oxide particles for mag-
netic resonance imaging (MRI). Reporter genes have also
been used for imaging (with PET) the successful transfer of
genes to the myocardium.!* Continuing challenges in this
field include the optimization of cell selection and function,
appropriate homing to myocardium, and effective myocar-
dial functional improvement. In neurology, cell-based ther-
apies are in clinical trials for the treatment of Parkinson’s
disease, and Huntington’s disease, with some initial suc-
cesses in symptomatic improvement.!® PET has been used
to monitor disease progression, and identify improvement
in dopamine transport or glucose metabolism following
stem cell treatment. Finally, the use of cell-based therapies in
oncology is continuing to develop, particularly with blood-
derived dendritic cells for vaccination strategies, as well as
engineered T cells for direct tumor cell killing.'®!” The
tracking of cells with SPECT or PET tracers allows confir-
mation of functional trafficking to tumor or lymph nodes,
and demonstrates the kinetics of retention in the target site,
which can be used to evaluate the effectiveness of vaccina-
tion or cell homing. In addition, monitoring the metabolism
of tumor can provide evidence of the functional outcome
from cell-based therapy in oncology patients. Molecular
imaging clearly has a major role to play in optimizing the
development of cell-based therapies, and guiding future
clinical trials.

Through an improved understanding of the fundamen-
tal basis of the human genetic code, combined with the
relevance of transcription and protein expression (and post-
translational changes), the mechanisms of normal cellular
function can be studied. However, it has become clear that
detection of a compound or compounds in an environ-
ment is insufficient, alone, as evidence of biological activity
or interaction. This is exemplified by the genome, where
the linkage between the presence of a gene and expression

of the functioning product is a complex and dynamic rela-
tionship, and epigenetic changes and protein expression
may be a more important link to cellular function.!® It is
through these approaches — genomics, transcriptomics and
proteomics — that there is now the opportunity to develop
new therapeutics, which in turn require more specific
probes to detect and monitor cellular processes that typify
disease, and may be modified by new ‘designer’ therapies.'’
As a consequence, the last decade has seen a rich vein of
new potential imaging agents and targets, and the impact
of molecular imaging in drug development continues to
increase in importance.

MOLECULAR IMAGING METHODS AND
DESCRIPTIONS

Tracers and ligands

A radiotracer is a radioactive substance that is introduced
into and followed through a biological or chemical process
by virtue of its radioactive signature, thus providing infor-
mation on the course of the process or on the components
or events involved. The introduction of this concept into
modern scientific practice is identified as the seminal stud-
ies of 2P disposition in the rat.?

Many nuclear medicine agents are physiologic radio-
tracers, following processes that are characteristic of normal
tissues. Such processes represent the summation of multiple
component steps involving both many gene products and
often nonspecific physical processes such as diffusion. The
input and output of the procedure can be quantified, but
not the component steps within what is essentially a ‘black
box’ (e.g. *™Tc-mercaptoacetyltriglycine (*™Tc-MAG;)
renal scintigraphy).! However, the relationship between
tracer uptake dynamics and organ function can be quanti-
tatively measured and have a definitive diagnostic result,
examples of which include characterization of renal perfu-
sion and function (e.g. ™ Tc MAG3), biliary tract patency
and dynamics (e.g. *™Tc DISIDA).

The term ‘receptor’ dates back to the work of Ehrlich in
the early twentieth century. A modern definition describes
a receptor as ‘a molecular structure within a cell or on the
surface characterized by (1) selective binding of a specific
substance, and (2) a specific physiologic effect that accom-
panies the binding), and the partner ‘ligand’ as ‘a molecule
which binds to another, used especially to refer to a small
molecule that binds specifically to a larger molecule’ (Fig.
1A.1).2! Although receptor-ligand studies have long been
established in the neurosciences, it was only in the late
1970s that radiopharmaceuticals were being proposed to
study changes in receptor concentration in vivo.?* The first
commercial agent in this class was **™Tc-diethylenetri-
aminepentaacetic acid-galactosyl-neoglycoalbumin (GSA),
which is specific for the asialoglycoprotein receptor expressed
solely on the surface of mammalian hepatocytes and used
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in assessment of hepatic functional reserve.?>** Commercial
products such as !''In-pentetreotide and **™Tc-depreotide
(targeted to somatostatin tissue receptors), and **™Tc-
apcitide (for the IIb/IIla platelet receptor) soon followed, and
a range of new diagnostic tracers are under development.

A variety of novel, complex techniques have been devel-
oped to accelerate the development of molecular imaging
probes. In simple terms, these include:

* Phage display libraries, which involve mass expression
of variable regions from antibody libraries using
bacterial phage technologies. Fragments that react
with the target are selected on the basis of affinity,
and produced in quantity. They are then formed into
low molecular weight constructs, usually either scFv
or Fab.?®

o Aptimers — artificially produced =~10kDa
oligonucleotides with a three-dimensional (3-D)
conformation allowing binding to target molecules,
particularly proteins. This is a theoretically attractive
technique, although the resulting molecules are
relatively large, with limited stability and slow
background clearance.?

* Anti-sense fragments — short oligonucleotide sequences
can theoretically be produced with a very high
specificity for a complementary sequence of DNA or
mRNA. Disadvantages include a limited number of
intranuclear targets, and tracer degradation by
ribonucleases.'>?

* High throughput screening of novel chemical libraries,
which although primarily used for identifying potential
therapeutic molecules, can be used for defining imaging
probes for precise intracellular signaling pathways.*®

The development of new drugs is a complex process
that takes tremendous resources and many years of effort.
Molecular imaging is playing a major role in drug develop-
ment through the identification and characterization of
functional effects of drug activity, and trace labeling of the
drugs to determine biodistribution in vivo can be a critical
component of early drug development. While this approach
has been successfully applied to monoclonal antibodies
and peptides, the use of SPECT or PET tracers linked to new
therapeutic molecules including signaling inhibitors and
receptor-based drugs is being increasingly utilized.®?°=!
The identification of biomarkers linked to disease is also an
area of emerging importance, and may extend to novel
imaging agents,?%%3

It is clear that ‘molecular imaging’ is the focus of med-
ical imaging research resources for the foreseeable future.
When devising a ‘molecular imaging’ solution, the imaging
paradigm and tracer selection should be selected on the
basis of the biological question, rather than vice versa. The
optimum imaging solution may require more than one
component or modality. For use in drug development the
relationships between the parameter being measured and
the desired endpoint must also be clearly understood.*

Molecular imaging techniques

SPECT AND SPECT/CT

The detection of gamma rays emitted from radionuclides
used for conventional nuclear medicine scans (e.g. Tk,
1231, 11, 201T7) is performed using gamma cameras, which
can acquire static (planar) images. When image data is
acquired at multiple angles around the object of interest, a
3-D image is produced, and this technique is called single
photon emission computed tomography (SPECT). SPECT
imaging is an integral part of routine nuclear medicine
practice, and provides the ability to identify and accurately
locate physiologic processes.’* The use of SPECT tracers
that can identify receptor and antigen expression in tissue
in neurology, cardiology and oncology patients is a key
component of molecular imaging. Examples include detec-
tion of benzodiazepine and dopamine receptors, apoptosis,
coagulation and infection (including cell-based traffick-
ing), and peptides and antibodies directed against tumor
associated antigens and receptors.

The introduction of SPECT/CT has had a significant
impact on the interpretation of SPECT studies, by provid-
ing information relevant to the location of tracer uptake, as
well as assisting in image registration (Figs 1A.4 and 1A.5).
SPECT/CT has been shown to improve detection of disease
and facilitate treatment planning particularly in oncology
patients.>>*® SPECT/CT can also be used for more accurate
dosimetric measurement of uptake of tracers in organs and
tumors, which can assist in treatment planning and assess-
ment of therapeutic intent. In cardiology, the integration of
blood flow information with CT provides improvements
in attenuation correction and motion correction that assist
with identifying viable myocardium.”” Further studies are
ongoing to explore the impact of SPECT/CT in patient
management.

PET AND PET/CT

Positron emission tomography (PET) is an imaging tech-
nique that provides in vivo measurements in absolute units
of a radioactive tracer. A scanner is used to detect coincident
photons originating from an annhiliation event where a
positron emitting isotope is located. One of the attractive
aspects of PET is that the radioactive tracer can be labeled
with short-lived radioisotopes of the natural elements of
the biochemical constituents of the body. This provides
PET with a unique ability to detect and quantify physiologic
and receptor processes in the body, particularly in cancer
cells, which is not possible by any other imaging technique.

The short-lived radionuclides (radioisotopes) required
for PET are produced in cyclotrons. In PET clinical appli-
cations, the most commonly used positron-emitting tracer
is '*F-FDG.?® The unique versatility of PET lies in the ability
to study numerous physiologic and biochemical processes
in vivo. For neuroreceptor studies, !'C and '®F compounds
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Figure 1A.4  Receptor-based SPECT/CT molecular imaging. A 50-year-old man with metastatic carcinoid tumor underwent " In-octreotide
SPECT/CT to determine the somatostatin positivity of liver metastases prior to consideration of therapy. Anterior and posterior whole body """ In-
octreotide scans (a) showed somatostatin receptor positive liver metastases, confirmed on (b) CT scan, (d) and (e) SPECT scan. Fused SPECT and
CT images (c) confirm "' In-octreotide uptake precisely corresponding to CT lesions.

(0
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Figure 1A.5 SPECT/CT imaging of a patient with hypercalcemia,
who underwent a %™ Tc-sestamibi scan (c) transaxial, and (d) coronal
slices which showed incidental uptake in the left lung field (arrows,
¢, d). CT (a, transaxial; b, coronal) performed at the time as the SPECT,
localized the activity to a left upper lobe pulmonary mass, suspected
to be a pulmonary malignancy producing parathyroid hormone.

are most commonly used (see Table 1A.4, page 21). The meas-
urement of tissue blood flow, oxygen metabolism, glucose
metabolism, amino acid and protein synthesis, nucleic acid
metabolism, apoptosis and a broad array of neuroreceptor

Table 1A.2  Commonly used positron-emitting radionuclides in
clinical PET studies

Radionuclide Half-life
82Rb 75s

50 1205
13N 10 min
mc 20.4min
18F 110 min
124 4.2 days
86y 13.6h
64Cy 12.8h

targets have all been demonstrated by PET. To exploit these
physiologic and molecular targets, there are a number of
positron emitting radioisotopes that have been used in
clinical PET studies to date (TablelA.2).

The clinical role of PET has evolved considerably over
the last decade. From its first applications principally in
neurology and cardiology, the evaluation of oncology
patients has become a pre-eminent clinical role for PET
worldwide with oncology PET studies now representing
almost 90% of clinical PET studies performed.®**4* The dra-
matic rise in the number of PET oncology studies performed



Methods and descriptions 11

Figure 1A.6 A 54-year-old woman with left breast carcinoma
underwent a "8 F-FDG PET/CT scan. The breast tumor (arrow) is seen
on (a) CT scan, and (b) "8F-FDG PET scan. Whole-body PET/CT scans
also demonstrate widespread metastatic disease (c, d, e).

is related both to recent reimbursement approvals (particu-
larly in the United States), as well as the increasing evidence
for the role of PET in the staging, monitoring treatment
response and biologic characterization of tumors. Cardiac
PET remains an important imaging approach for the
assessment of viable myocardium, and for perfusion
assessment. The assessment of refractory epilepsy remains
an important application of PET, and the evaluation of
neurodegenerative disorders (particularly dementia) is an
increasing area of clinical PET studies.

The development of combined PET/CT scanners has
dramatically changed the approach to PET image interpre-
tation, as the seamless integration of CT anatomic and PET
images allows more accurate determination of abnormal
sites of tracer uptake and potential clinical relevance (Fig.
1A.6).*! The superior accuracy of PET/CT compared to
PET alone has been reported in the assessment of many
cancers including non-small cell lung cancer (NSCLC),
colorectal cancer, lymphoma and melanoma.*>*} Indeed,
the area of PET/CT has emerged as one of the most prolific
in prospective clinical trials and literature reports over the
last 2 years.*>** PET/CT has impacted so significantly on
the field that PET/CT scanners represented over 80% of all
PET scanner sales in the US in 2005. One area of continu-
ing debate regarding PET/CT is whether the CT should be
used for attenuation correction and image registration
(and thus a low mAs scan only is required), or whether a
full contrast enhanced CT should be performed. Factors
such as recent contrast enhanced CT availability, technical
issues with performing routine contrast enhanced CT
scans (and experience of operators), and cost-effectiveness
of this approach are important issues that are guiding this
debate. At the present time the vast majority of PET/CT

scans performed use CT only for attenuation correction
and image registration. Further assessment of this tech-
nology, including the ability to integrate PET/CT data in
radiotherapy treatment planning, is another area of signif-
icant importance for the management of oncology patients
in the future.

In cardiology, the integration of blood flow and tissue
metabolism with anatomic information of coronary artery
position and blood flow are now possible with high resolu-
tion contrast CT and PET imaging. By acquiring dynamic,
gated myocardial perfusion data, PET studies can provide
insight into impairment of regional coronary blood flow
reserve and microvascular endothelial dysfunction. Com-
bining PET with multichannel CT angiography has the
potential to provide information both on the presence and
extent of anatomical luminal narrowing of coronary arter-
ies, and the functional consequences of these changes, in
one imaging session.*® This technology is still at an early
stage of development and implementation.

The use of PET/CT in neurology has some applications,
although the principal anatomic modality remains MRI for
the vast majority of neurological conditions. The early
development of PET/MRI cameras is ongoing, and proto-
type systems for animal imaging have been reported.*®

MRI, MRS, CT AND OPTICAL IMAGING

The analysis of cellular events and phenotype is an integral
part of drug discovery, assessment of cellular trafficking,
and response to drug exposure.*” In vivo imaging of cellu-
lar and organ-based structure can be superbly evaluated
with MRI, and recent advances in instrumentation and
processing techniques permit additional assessment of
physiology.*® The development of a range of novel contrast
agents, including nanoparticulate agents such as superpara-
magnetic agents, liposomes, perfluorocarbon nanoparti-
cle emulsions, and dendrimers, permit the evaluation of
lesion location and size, alterations in tissue structure, per-
fusion defects, cell migration and gene therapy.*” MRI can
also be integrated with MRS, which uses high magnetic fields
and radio-frequency pulses to generate a nuclear magnetic
resonance (NMR) spectrum which reflects the chemical
environment within tissue. Nuclear magnetic resonance
techniques are also opening new possibilities for imaging
neurochemical events in the brain.!> There are potential
applications of MRI/MRS techniques in cardiology, neu-
rology, oncology and infection for assessment of disease
activity and metabolic characterization of cell function.
The principal issues under development for functional
imaging with MRI and MRS are the ability to quantify
functional information, and the specificity for cellular
processes.

The major recent advance in computed tomography
(CT) scanning for molecular imaging is multi-slice 3-D
image acquisition, which combined with contrast injection
permits high resolution images of the anatomy and blood
flow in major vessels (including coronary arteries).>® High
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resolution images also allow unprecedented detail of organs
such as CT colonography.

Optical imaging of fluorescence and bioluminescence in
animal models allows the detection of luminescent probes
induced in tissues through reporter genes or constitutive
expression.”! Cell-based therapies and xenograft experi-
ments where cells have been transfected with luminescent
probes (e.g. luciferase) can also be evaluated with this tech-
nique. This allows detection of cellular trafficking in vivo,
and assessment of therapeutic interventions, without radi-
ation exposure. Recent developments in instrumentation
have resulted in improvements in depth of field and image
resolution which have limited photonic detection tech-
niques in the past. For optical imaging to fully realize its
potential, further progress will be required in refining opti-
cal detection methods and data acquisition techniques.

Animal imaging

The ability to generate transgenic mice that have highly
specific alterations in gene expression and phenotype cre-
ates enormous opportunities for understanding the patho-
physiology of disease. Through molecular engineering
techniques, genes can be removed (knock-out mice), added
(knock-in mice), and there is also the ability to create con-
ditional mutations and study gene dosage effects. The pre-
cise function of gene expression can therefore be evaluated,
both for phenotypic effects as well as to study the implica-
tions of gene expression on the development of disease,
and response to exogenous agents including therapeutics.
More recently, this has extended to the use of gene silencing
approaches using RNA interference which can prevent the
in vivo expression of specific genes in transgenic mice, thus
allowing confirmation of gene expression effects, and also
potential therapeutic approaches in human diseases includ-
ing cancer and infectious diseases.*?

Molecular imaging has a major role to play in the char-
acterization of transgenic mice through identification of
the expression of receptors, and metabolism in organs. The
use of bioluminescent markers expressed endogenously in
mouse tissue can also be imaged and allow the pattern and
temporal nature of gene/protein expression in live ani-
mals.”> Immunodeficient mice can also be studied for
assessment of organ/tumor metabolism, and therapeutic
intervention (Plate 1A.1).># In addition, the response of
animals to drug treatment can be directly imaged with
SPECT/PET/CT/MRI and optical imaging techniques.”
The biodistribution of novel compounds can also be accu-
rately assessed using molecular imaging techniques allow-
ing confirmation of stability and specificity of the
compound in preclinical studies.>

The technology for imaging animals is similar to that
required for humans, with the need for higher resolution
being addressed through systems which combine functional
and anatomic information (e.g. PET/CT, PET/MRI).%6:537

The choice of imaging platform is based on the desired
functional and anatomical information required. The eval-
uation of genetically manipulated animals or new designed
biomolecules requires a thorough understanding of physi-
ology, biochemistry and pharmacology, and molecular
imaging has an important role in experimental approaches
in these models.

MOLECULAR IMAGING IN ONCOLOGY

The role of molecular imaging in oncology traverses the
breadth of cancer drug development, and patient manage-
ment from initial diagnosis through to post-treatment
monitoring. Tracer-based imaging techniques, principally
involving SPECT and PET, permit the biologic characteri-
zation of tumors, and plays a key role in staging and restag-
ing of disease, and monitoring therapy response. Through
a greater understanding of the need for individual patient
treatment planning based on tumor gene and protein expres-
sion profiles, and accurate staging information, molecular
imaging plays an increasing role in treatment planning for
patients. In addition, the introduction and success of new
biologic therapies in oncology has created a need for accu-
rate information on the precise biologic effects of therapy
in individual patients, thus permitting alteration of treat-
ment schedules and optimizing selection of drug therapy.
Molecular imaging is perfectly suited to this requirement,
and is increasingly being used to optimize treatment regimes
in oncology patients.

Molecular characterization of tumors

Molecular imaging takes advantage of the phenotypic
changes that occur in cancer cells to identify protein/receptor
expression and metabolic changes that are specific for
tumors or are over-expressed compared to normal tissue. The
expression of specific receptors can be identified through
imaging with SPECT and PET, allowing determination
of appropriate treatment to be implemented. Examples
of this include somatostatin receptor expression in neuro-
endocrine tumors, imaged with '''In-pentetreotide and
pheochromocytomas with meta-['*I]iodobenzylguanidine
("PI-MIBG) (Figs 1A.2 and 1A.4).°® Antigen expression in
tumors can also be identified, and this information can be
used to indicate the appropriateness of subsequent antibody-
based therapy (Fig. 1A.3).>!° The grade of tumor can also
be stratified with imaging, such as differentiation of low- and
high-grade lymphoma with '8F-FDG PET (Fig. 1A.7).”

The development of new biologic agents for tumors has
also led to the need to characterize the receptor expression
and signaling pathways in tumors, as well as metabolic
changes, prior to therapy. As a result, molecular imaging of
blood flow, proliferation, hypoxia and glucose metabolism
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Figure 1A.7 Staging and therapy
response with PET. A 58-year-old woman
with diffuse large B-cell lymphoma
underwent "8F-FDG PET at initial pres-
entation (a) with "8F-FDG-avid disease

vy in the thorax and upper abdomen and
- - following three cycles of chemother-
apy (b) showing complete metabolic
Transaxial Coronal MiP remission.

(b)

is increasingly required to facilitate optimal drug treatment
(Figs 1A.8 to 1A.11). An example of this approach is the
finding that tumoral hypoxia, assessed by '*F-FMISO PET
imaging, has been shown to be highly predictive of the effi-
cacy of tirapazamine treatment in head and neck cancer.*

Prognostic information can also be obtained from
molecular imaging, with the metabolic activity of tumors
found to be a powerful independent predictor of prognosis
and aggresive behavior of tumors in a range of malignan-
cies including NSCLC, lymphoma, and esophageal can-
cer. 456162 This application of molecular imaging is of
considerable importance in being able to accurately stratify
patients into high and low risk groups, and therefore assist
in selecting treatment regimes that can produce optimal

Figure 1A.8 PET/CT assessment of
therapy response. A 72-year-old woman
with metastatic carcinoma of the colon
to liver underwent "8F-FDG PET/CT prior
to (o, b) and following chemotherapy
(c, d). The pre-therapy CT shows a low
attenuation lesion in the liver (a, arrow)
which is FDG-avid (arrow, b). On the
post-therapy study (c, d), there has been
anatomical and metabolic resolution of
the hepatic metastasis.

outcomes of improved response and minimizing morbid-
ity from futile and expensive therapies.

Staging and restaging

The accurate staging of tumors is dependent on both assess-
ment of tumor, nodal spread and distant metastatic disease.
The evaluation of tumor extent is of particular relevance to
surgical resection, and both SPECT- and PET-based tech-
niques may not be able to precisely identify the anatomical
infiltration of surrounding tissues as accurately as anatomic
imaging with CT, MRI or ultrasound (including endoscopic
ultrasound). The principal role of SPECT- and PET-based
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imaging is in defining the extent of nodal spread and dis-
tant metastases. The spread of tumor to locoregional
lymph nodes may, however, be underestimated by
anatomic and molecular imaging techniques due to the

Figure 1A.9 Molecular characteriza-
tion of renal cancer. A 59-year-old man
who presented with a left kidney mass
(0, d, arrows) underwent preoperative
staging with '8 F-FDG PET, which showed
increased metabolism in the renal mass
(b). PET imaging with "8F-FLT, @ marker
of tumor proliferation, performed prior
to surgery show increased proliferation
in the tumor mass (e, arrow). Co-regis-
tered (c) "8F-FDG PET/CT and (f) "8F-FLT
PET/CT images are also shown.

Figure 1A.10 Molecular imaging of
glioma. A 56-year-old man with glio-
blastoma multiforme in the left temporal
lobe on MRI (c, arrow) underwent '8F-FDG
PET (0, arrow) which showed increased
metabolic activity at the tumor margins.
PET imaging with "8F-FMISO, a hypoxic
tissue marker (b, arrow) indicates signi-
ficant tumor hypoxia along the medial
temporal margin of the tumor.

Figure 1A.11  Hypoxia imaging of lung
cancer. A 63-year-old woman with newly
diagnosed left lung carcinoma on CT scan
(a, d) underwent '8F-FDG PET which
showed intense uptake in the tumor mass
(e). (f) Fused "F-FDG PET/CT image. (b)
PET imaging with " F-FMISO shows mod-
erate uptake indicating hypoxia in tumor.
(c) Fused "F-FMISO/CT image.

small size of metastatic disease — breast, melanoma, gastric
and prostate cancer are examples of this. Sentinal node
imaging has a pre-eminent role to play in assisting surgical
identification of nodal spread, and preventing unnecessary
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Figure 1A.12 Molecular imaging of
thyroid cancer. A 75-year-old woman
with an initial diagnosis of papillary car-
cinoma of the thyroid with lymph node
involvement, treated with surgery and
radioiodine ablation, presents with a ris-
ing thyroglobulin and negative whole
body '3'I scan (a, b). (c) "8F-FDG PET
shows a locally recurrent nodal meta-
stasis (arrow), seen on (d) CT scan and (e)
fused PET/CT scans, and subsequently

confirmed at surgical resection.

lymph node resection in a number of malignancies includ-
ing breast cancer and melanoma.®>¢*

The staging of malignancies with planar and SPECT
imaging has an established role in thyroid cancer, para-
thyroid tumors, neuroendocrine tumors, lymphoma and
bone metastases (Figs 1A.2, 1A.4, 1A.5 and 1A.12). SPECT/
CT has provided improved anatomic localization of lesions,
and increased accuracy in diagnosis.”® Although PET imag-
ing with "*F-FDG has shown advantages over gallium-67 cit-
rate for lymphoma imaging, many centers still successfully
utilize gallium-67 citrate scanning in the assessment of
lymphoma patients. Conventional imaging may also be
complemented by PET in some malignancies; in differen-
tiated thyroid cancer lack of '%I/13'T uptake in lesions show-
ing positive ®F-FDG PET often indicates a more aggresive
behavior of recurrent disase (Fig. 1A.12). In addition, while
8E-FDG PET has a high sensitivity for bone metastases for a
range of malignancies, conventional bone scans remain an
important and sensitive test for screening for bony metas-
tases in most cancer patients.

The principal role for clinical PET is in oncology. In
most cancers, '5F-FDG PET has been shown to be the most
accurate noninvasive method to detect and stage tumors
(Figs 1A.6, 1A.7 and 1A.8).5%%57% This has major implica-
tions in terms of improving the planning of treatment and
avoiding unnecessary treatment and its associated morbid-
ity and cost. High uptake of '®F-FDG is not always seen in
primary tumors, however, and many renal cell carcinomas,
low-grade lymphomas, hepatocellular carcinomas and low-
grade gliomas show low "®*F-FDG uptake. While a range of
other PET tracers have been explored for the primary stag-
ing of malignancies, including '®F-FLT, to date, virtually
none have shown definitive improved sensitivity or accu-
racy compared to '®F-FDG for primary tumor or spread of

disease. An exception to this is in glioma, where a range of
tracers, including ''C-methionine, has been shown to be
accurate in defining extent of disease, and particularly char-
acterizing low-grade gliomas.”! In solitary pulmonary nod-
ules, "8F-FLT has been reported to have improved specificity
for malignancy compared to '8F-FDG, but the sensitivity is
lower for primary and nodal spread, and histologic analysis
of lesions is usually required.”

Evaluation of the evidence for PET in clinical oncology
practice has, however, been complicated by the inherent
diagnostic nature of this imaging technique. While standard
evidence-based approaches to treatment require random-
ized controlled trials to establish the appropriate outcome
or efficacy measures for assessment, imaging techniques
provide information which is commonly used as only a part
of the management paradigm of most patients. As such, the
practical and ethical issues surrounding this make random-
ized controlled trials for PET extremely difficult to perform
or inappropriate in the majority of clinical scenarios.®’?
The establishment of diagnostic accuracy, and impact on
patient management (including cost), are therefore the
most appropriate levels of evidence that can be accurately
obtained for PET in clinical practice.

Treatment planning

An emerging role of molecular imaging is in providing
information that directly impacts on the mode of delivery
of treatment to cancer patients. This can range from evalu-
ation of the expression of receptors/antigens suited to bio-
logic treatment, to the assessment of tumoral hypoxia prior
to treatment with hypoxia-avid chemotherapy.”®®’* In
addition, the ability of molecular imaging to accurately
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stage tumors can dramatically impact on management
decision making including the appropriateness and type of
surgery and radiotherapy that should be undertaken in
individual patients.

The incorporation of molecular imaging techniques in
the work-up of patients planned for radiotherapy has
become an important new area of clinical investigation. The
advent of 3-D conformal radiation therapy has resulted in a
need to identify the optimal spatial regions for boosting
radiation dose. PET has emerged as one of the most accu-
rate methods to identify viable tumor in masses seen on
CT/MRI, and the incorporation of PET data into treatment
planning has been shown to markedly improve the accuracy
of dose delivery and outcomes in treated patients.%7>76
BE_FDG PET has been shown to improve target volume,
and assist in avoidance of relapse due to undiagnosed nodal
or distant metastases, in a range of tumors including lung
cancer and head and neck cancer.**’>’¢ In addition, the
incorporation of PET/CT data directly into radiation treat-
ment planning systems has been demonstrated to markedly
improve the accuracy of radiation delivery to tumor (Fig.
1A.13). This is an area of continued development and it is
likely that PET/CT will have an increasingly important role
in radiotherapy of malignancy in the future.

A further application of imaging in treatment planning
is in the confirmation of dose delivery for locoregional
treatment of tumors with chemotherapy and radiolabeled

Figure 1A.13  PET/CT in radiotherapy
treatment planning. A 65-year-old man
with squamous cell carcinoma of the
epiglottis underwent '8 F-FDG PET/CT for
radiotherapy planning. The patient was
scanned using a flat radiotherapy palet
and head restraint (0, b) with fiducial
markers placed in the field of view (c, d)
to assist in fusion of PET with CT.

compounds. For example, the treatment of hepatic tumors
(primary hepatocellular carcinoma or metastatic disease
usually from colorectal cancer primary) with infusion of
chemotherapy or radiolabeled spheres directly into the
hepatic artery requires the confirmation of the correct
placement of vascular catheters prior to treatment (Fig.
1A.14). These techniques are invaluable whenever loco-
regional infusions are performed and catheter placement
confirmation is required.*

Treatment response

The accurate and early assessment of response to therapy is
a central theme in modern oncology practice. This is
related in part to the emergence of biologic therapies (e.g.
tyrosine kinase inhibitors, monoclonal antibodies, proteo-
some inhibitors) that target specific types of receptors or
signaling/metabolic pathways that may or may not be rele-
vant for each tumor type. The individualization of cancer
therapies requires careful screening of tumors and patients
for optimal treatment but, ultimately, response assessment
early in treatment is the mainstay of patient care to ensure
that optimal treatment is provided. Molecular imaging can
clearly assist in identifying early response or nonresponse,
across a broad range of tumor types with SPECT and PET
imaging techniques.
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Planar and SPECT imaging can play a major role in the
identification of early response, particularly in lymphoma
treatment (*’Ga scans). A key component of assessment of
tumor response following many types of cancer therapy is
the ‘flare’ phenomenon, which can induce increased meta-
bolic activity in tumors soon after treatment (particularly
chemotherapy). This is particularly the case for bone scans
soon after treatment when assessing extent of bony metasta-
tic disease.

An emerging area of clinical utility of PET is in the moni-
toring of tumor response to therapy, principally with '®F-
FDG. Accurate evaluation of response to both chemotherapy
and radiation therapy, often prior to CT scan changes, have
been reported in glioma, colorectal, NSCLC, lymphoma,
head and neck tumors, and soft tissue sarcomas (Figs 1A.7
and 1A.8, page 13).*677>7782 PET s able to provide infor-
mation on response to therapy earlier than most conven-
tional imaging techniques, therefore providing confirmation
of the efficacy of that treatment regime, or alternatively allow-
ing an early change to alternate treatments that may have
improved efficacy. The timing and reliability of '*F-FDG PET
studies in predicting tumor response is the subject of numer-
ous prospective studies. The implications of this approach
are significant in terms of optimizing treatments, minimizing
unnecessary morbidity and reducing costs.

While "®F-FDG is the principal tracer used for monitor-
ing treatment response in oncology patients, a number of
other tracers have been studied and are showing consider-
able promise. '8F-FLT has been shown to accurately iden-
tify a range of tumors, and the assessment of proliferation
response to therapy is being explored in a range of trials at
present. Analysis of changes in blood flow or intratumoral
hypoxia in response to anti-angiogenic therapy, and evalu-
ation of reporter gene expression following gene therapy,
are further examples of molecular imaging with PET
impacting on assessment of novel therapeutics.®

Figure 1A.14 Locoregional therapy assessment with
SPECT. (a) 9™Tc-MAA injected into (c) hepatic artery
catheter confirms perfusion to location of (b) metasta-
tic disease in liver. °Y-microspheres were subsequently
infused, and (a) SPECT imaging confirmed selective
delivery to sites of metastatic disease.

Molecular imaging in oncology drug discovery

There has been a dramatic change in recent years in the
techniques used to select new targets and new drugs for
cancer. This has been driven by the information available
following the sequencing of the human genome, and a
greater understanding of the changes in gene expression
and function that can be linked to oncogenesis. A key com-
ponent of this process has been the identification of links
between genes and epigenetic events, and the translation of
proteins that play key roles on cellular function. In addition,
the complexity of protein expression, with post-translational
changes and multiple escape pathways in signaling path-
ways that are responsible for cell function, has meant that
selection of targets for new anti-cancer drugs requires both
insight into tumor biology and the ability to screen and test
new drugs with high efficiency.

The use of molecular imaging is crucial in the develop-
ment of these new generation compounds. An example of
successful selection of target and drug, and the role of
molecular imaging in development, is in gastrointestinal
stromal tumors (GISTs). The majority of GIST tumors are
characterized by an activating or gain-of-function muta-
tion in the c-kit proto-oncogene.®* This led to the develop-
ment of a tyrosine kinase inhibitor that inhibits KIT
phosphorylation (as well as Bcr-Abl and platelet derived
growth factor receptor (PDGFR)), imatinib mesylate
(Gleevec). Gleevec was shown to have marked efficacy for
GIST tumors expressing this mutation, and has been
approved for this indication. The role of molecular imaging
in development of Gleevec was through the integral use of
8F-FDG PET imaging in monitoring the profound effects
of Gleevec on tumor metabolism within a short period of
time following initiation of therapy, and even before tumor
shrinkage occured on anatomic imaging (Fig. 1A.15).%°
This has led to '*F-FDG PET being an integral part of the
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routine assessment of patients being treated with Gleevec,
both for response assessment and for detection of residual
active disease. Interestingly, the development of KIT and
PDGEFR kinase mutations has been shown to occur in GIST
tumors, and produce resistance to Gleevec therapy, and
BE-FDG PET scans can demonstrate residual active tumor
that express these mutations.

The specific trace labeling of new drugs can greatly
facilitate drug development preclinically as well as in early
phase clinical trials. Directly labeling drugs with SPECT or
PET tracers allows the determination of interaction of the
drug with its binding site. This is achieved through (1)
radiolabeling the drug (or precursor) without change in
function, and (2) validating uptake of the drug through
competitive binding studies. The assessment of the biodis-
tribution of the drug in in vivo preclinical models, as well as
in human studies, provides essential information on the
stability of the drug in vivo, pharmacokinetics, and the
retention of binding specificity and affinity. This can be
achieved with SPECT and PET tracers, and has been
reported successfully for chemotherapy drugs, small mole-
cules and both peptides and proteins (including mono-
clonal antibodies) (Fig. 1A.3, page 7).5%>43>86-90 The uptake
of drug in tumor can also be assessed, which combined
with pharmacokinetics and metabolite analysis allows vali-
dation of the targeting of drug to tumor, and can assist in
selection of optimal formulation, and dosage and schedul-
ing of treatment.

Figure 1A.15 A 67-year-old man with a gastrointesti-
nal stromal tumor of the rectum underwent '8F-FDG
PET/CT prior to treatment with Gleevec (a, arrows, b). The
post-therapy "®F-FDG PET/CT scan showed a residual
mass on CT (d, arrows) but complete metabolic response
on "8F-FDG PET (c, arrows).

Pharmacodynamics is the evaluation of the effects of a
drug on the physiology of a particular organ or system.
Molecular imaging can impact on preclinical development
of new drugs through the assessment of a broad array of
physiologic changes in tumors, including changes in metab-
olism, proliferation, blood flow, and induction of events
such as apoptosis in vitro and in animal models.*®>°
Pharmacodynamic changes in tumors can be assessed in
early phase clinical trials, and this information can be used
to inform the efficacy and optimal dosage schedule of novel
anticancer biologics.

MOLECULAR IMAGING IN NON-ONCOLOGY
APPLICATIONS

Cardiology

Routine cardiac nuclear medicine has centered on meas-
ures of myocardial perfusion and ventricular function. The
utility of myocardial perfusion scans to identify areas of
viable myocardium, and hence aid in risk stratification and
treatment decisions, is well known and this is a common
imaging test worldwide.’! Quantification of ventricular
function and ejection fraction is also widely used for assess-
ment of cardiac patients and to assist in monitoring toxic-
ity of chemotherapy. SPECT remains the principal nuclear
medicine technique, and the introduction of SPECT/CT
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Figure 1A.16  Myocardial SPECT/CT study. (a) SPECT and CT images show effects of respiratory motion on SPECT anatomic location (lower

panel). (b) CT motion correction results in precise SPECT localization.
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allows improvements in attenuation correction and motion
correction (Fig. 1A.16). PET myocardial perfusion and
metabolic imaging remains an important component of
the work-up of many patients with ischemic heart disease
and poor left ventricular function (Fig. 1A.17).

Molecular imaging of the myocardium has included
assessment of sympathetic innervation, using ligands directed
at specific components of the cardiac sympathetic nerve
varicosities, including '»’I-MIBG (and PET derivatives),
6-['®F]fluorometaraminol, ''C-meta-hydroxyephedrine,
"'C-epinephrine, and !'C-phenylephrine. These are all

£)

Figure 1A.17 PET cardiac imaging.
Perfusion imaging with >NH; (a, b and
c) shows a dilated left ventricle and
impaired perfusion to extensive areas of
the anterolateral and apical walls.
'8F_FDG imaging (d, e and f) shows viable
myocardium in areas of reduced perfu-

2
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analogs of norepinephrine, with substantial differences
between agents in neuronal kinetics. Imaging of the
parasympathetic system is more difficult due to its pre-
dominant location in the atria and nodes, and the much
greater selectivity of the acetylcholine uptake carrier.”” The
heart and coronary blood vessels pose challenges to nuclear
imaging, including small target volume, significant rapid
motion, and adjacent blood pool activity.”?

The realization that atherosclerotic plaque undergoes
characteristic changes prior to rupture has led to consider-
able interest in detecting these ‘vulnerable’ or ‘unstable’

sion in the anteroapical walls.
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Table 1A.3 Pathological processes, targets, and ligands used in
human subjects for imaging of vulnerable atherosclerotic plaque

Process Target Example tracer

Lipid accumulation LDL 123).1DL
Oxidized LDL 99mTe-oxLDL
Apolipoprotein B

Activated macrophages Labeled monocytes "In-monocytes
Glucose "8F-FDG

Endothelium Endothelin "C-ABT-627,

18F_SB209670

Apoptosis Phosphatidylserine  %™Tc-annexin V

Coagulation Platelet I1b/Illa 99mTCe-P280
Fibrin 131)_fibrinogen

plaques. Key features include a large necrotic/lipid core, a
fibrous cap with a marked infiltration of inflammatory
cells, and few smooth muscle fibers.”* Each of these fea-
tures has provided impetus to develop a range of ligands,
some of which are listed in Table 1A.3. It should be noted
that none of these agents have been extensively studied in
human subjects, with mixed results in trials to date.

Restoration of perfusion to ischemic myocardium by
induction of angiogenesis has been an area of interest to
cardiologists. Strategies to achieve this include direct intra-
coronary administration of autologous stem cells, vascular
endothelial growth factor (VEGF), and DNA coding for
VEGE " Imaging of this process has predictably been
required to monitor delivery and expression of the various
agents. Probes include ''In-VEGF12, a,B; integrins, and
reporter genes.”>®” Unfortunately, none of these approaches
have yielded encouraging responses in human trials.

Neurology

Until recently the role of nuclear medicine in clinical
neuroimaging has largely comprised mapping of regional
cerebral blood flow (e.g. ['?’I]iodoamphetamine, **™Tc-
ethylenecysteinediamine) and more recently glucose
metabolism (**F-FDG). This has only been augmented by
the European availability of '*I-ioflupane (DATScan,
Amersham plc) since 2000. However, the receptor—ligand
paradigm is most advanced in neurology, with the first
in vivo studies dating to the early 1980s, and a very exten-
sive array of research ligands and targets (Table 1A.4).24%
Functional MRI (fMRI) has become ascendant in stud-
ies that require repeated examinations in a short period of
time or high anatomical resolution. Magnetic resonance
spectroscopy (MRS) is able to detect compounds at micro-
molar concentrations, whereas the threshold for scinti-
graphic techniques extends to 10~ to 10~ '2mol L™.%
However, MRS is able to characterize movement of some

compounds through chemical processes; for example,
analysis of aerobic and anaerobic contributions to cerebral
metabolism following administration of *C-glucose.!® It
is likely that optimum imaging solutions for some biologi-
cal problems will involve a combination of modalities.
The specific applications of molecular imaging in neu-
rology can be conceptualized in the following categories:

¢ Neurobiology and neuropathology
e Psychiatry

¢ Neuropharmacology

¢ Drug abuse and dependency

e Epilepsy

¢ Neurodegenerative conditions

¢ Dementing illnesses

e Movement disorders

¢ Brain ischemia

e Traumatic brain injury

Several characteristics of an imaging ligand are of par-
ticular interest when selecting agents for use in neurology,
including potency, toxicity, plasma protein binding, pene-
tration of the blood-brain barrier and the specific activity
(and hence administered mass). This can be applied
depending on the clinical situation and the pathophysiol-
ogy of the disease process. For example, blood flow is
highly relevant to the evaluation of epilepsy where anatom-
ical imaging may not be able to identify the actual epilep-
togenic focus (Fig. 1A.18). However, receptor studies and
metabolic imaging with *F-FDG may also have potential
roles in the assessment of the patient with epilepsy, partic-
ularly when diagnosis is difficult (Figs 1A.18 and 1A.19).

As quantitative analysis of image datasets is frequently
performed in neurological studies, meticulous attention is
required to characterize the model of ligand—receptor inter-
action and factors that may impact upon this such as tracer
metabolism, nonspecific binding, and presence of ligand
and metabolites in blood. Model-based quantitative analyses
relate input function (generally arterial time—activity curve)
to response function through a defined model.!”! Kinetic,
reference region, graphical and equilibrium approaches are
all used, with selection of the appropriate model depending
upon the system under study and available resources. As
intimated above, quantitative analysis often requires arterial
blood sampling and dynamic imaging. Examination of a
neurotransmitter pathway in isolation is artificial and often
not feasible in vivo, since every aspect of synthesis, release
and metabolism of neurotransmitter is subject to complex
feedback and modulation by both physiological and patho-
logical processes.'*?

Amongst the wide variety of probes and targets, perhaps
the two best established and characterized clinically are
movement and dementing disorders, specifically Parkinson’s
disease and Alzheimer’s disease.

Assessment of movement disorders, particularly differen-
tial diagnosis of Parkinson’s disease, is a good example of a
well-defined imaging paradigm applied to the dopaminergic
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Table 1A.4 Radiotracers available for studying neuropharmacology

Biological application

Blood flow

Oxygen metabolism

Hypoxia

Glucose metabolism

Dopamine storage/DDC activity
Monoamine vesicle transporters

Dopamine transporters

Dopamine D1 type sites
Dopamine D2 type sites

Noradrenaline transporters
Noradrenaline a2

Serotonin storage

Serotonin transporters
Serotonin HT,,

Serotonin HT,,
Acetylcholinesterase activity
Cholinergic vesicle transporters
Muscarinic M1 sites
Nicotinic sites

Histamine H1 sites

Opioid . sites

Opioid w, k, and 8 sites
Central benzodiazepine sites

Central benzodiazepine sites (a5 subunits)

Peripheral benzodiazepine sites
Substance P/NK1 sites
Adenosine A, sites

NMDA voltage channels
Amyloid

Phosphoglycoprotein activity

Tracers

H,'°0, °0-butanol 9" Te-HMPAG, '33Xe, ['%|Jiodoamphetamine (IMP)
1502

18E_FMISO, "8F-FAZA, 5*Cu-ATSM

2-["®F]fluoro-2-deoxy-p-glucose (FDG)

6-["®Flfluorodopa (F-dopa), B-"'C-dopa

"TC_dihydrotetrabenazine (DTBZ)

"C-CFT, "'C-RTI 32, '8F-CFT, '%|-B-CIT

1231_FP-CIT, '23I-IPT, '23|-altropane

""C-SCH 23390

"TC-raclopride, " C-FLB456, "C-methylspiperone, 'F-spiperone, ["®Flfluorethylspiperone,

[6Br]bromospiperone, '?3I-epidepride, [*lliodobenzamide (IBZM)
"TC-BATA

2-["8F]fluorethoxyidazoxan

""C-methyltryptophan

"TC-DASB, '?31-8-CIT

"C-WAY 100635

"TC-MDL100907, ®F-altanserin, '8 F-setoperone
"TC-MP4A, "' C-physostigmine
["8F]fluoroethoxybenzovesamicol, "' C-vesamicol, '?3I-benzovesamicol
""C-tropanylbenzylate, "' C-NMPB, "8F-FP-TZTP, 3|-QNB
TC-MPA, "' C-A-85380, '8F-A-85380, '%3|-A-85380
""C-dothiepin

"TC-carfentenil, "8F-cyclofoxy

"'C-diprenorphine

"C-flumazenil

"C-RO15-4513

"C-PK11195, '8F-PK11195, '23]-PK 11195

'8F-SPARQ, "' C-GR205171

"C-SCH 442416

"C-CNS 5161

8F_.FDDNP, "' C-PIB, '8F-PIB, "' C-SB13, 123|-IMPY
"'C-carfentenil

Table modified from Brooks.™

system. Strategies to assess presynaptic dopaminergic func-
tion include:

* Amino acid decarboxylase activity through
decarboxylation of ['®F]fluorodopa to
["®F]fluorodopamine

e Dopamine transporter density using variety of ligands,
both SPECT and PET (e.g. tropanes)

* Activity of vesicular dopamine (monoamine) trans-
porter type 2 (VMAT2) with ''C-tetrahydrobenazine

e General metabolic activity using '*F-FDG PET

Although all these approaches evaluate different aspects of
disease biology, a recent review concluded that there was

insufficient or contradictory evidence to support any of these
approaches being used alone for diagnosis of Parkinson’s dis-
ease, to assess disease progression, or effect of treatment.'%
However, it should be noted that 'I-ioflupane (DATScan,
Amersham plc) is approved in Europe to assist in distin-
guishing parkinsonian syndromes from essential tremor. A
small series suggests that both visual interpretation and sta-
tistical parametric mapping of '*F-FDG images using defined
criteria can be employed to reliably distinguish classical from
variant forms of parkinsonism.!%* As the study used a control
group comprised of healthy normal subjects, validation in a
larger population with co-morbidities is required before this
can be considered for routine clinical practice.
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Figure 1A.18 SPECT and PET imaging of temporal lobe epilepsy. A 28-year-old woman with temporal lobe epilepsy, (c) lesion negative on MR,
showed (b) right temporal hyperperfusion on ictal SPECT (arrows), and (a) right temporal hypometabolism on "8F-FDG PET (arrows).

(b) ()
m
-

Figure 1A.19 Molecularimaging of temporal lobe epilepsy. A 24-year-old woman with left temporal lobe epilepsy, (a) lesion negative on MRI
(arrow), had a subclinical seizure during the uptake phase of the (b) '®F-FDG PET study resulting in a focus of increased metabolism in the left
mesial temporal cortex (arrow). (c) A ' C-flumazenil study shows decreased density of benzodiazepine receptors in the left mesial temporal cor-

tex (arrow).

A key application of molecular imaging in neurology is
Alzheimer’s disease, which is estimated to affect approxi-
mately 2% of the population in developed countries, with
approximately 50 compounds currently under investiga-
tion for treatment.'% Imaging targets reflect the wide vari-
ety of potential therapeutic targets, and include cholinergic,
dopaminergic and serotonergic systems; and benzodiazepine
receptors, both central and peripheral. The hypothesis that
AP has a causal role in Alzheimer’s disease has led to a flurry
of activity in developing an imaging agent. Given the puta-
tive role of AR plaques in neurotoxicity there has been con-
siderable interest in imaging these. Most candidates are small

molecules, derivatives of dyes and fluophores including
thioflavin-T, Congo red, stilbene and acridine. The actual
binding sites for these agents are still being elucidated.'%®
One of the more promising compounds to date is ''C-
PIB, which appears to exhibit selectivity for AR over other
B-pleated sheets (Fig. 1A.20).!%7 As cognitive impairment
does not appear to clearly correlate with AP plaques, a vari-
ety of alternative hypotheses have been advanced, including
neurotoxic effect being mediated by oligomeric AR rather
than established plaques. Other proposals suggest that
neurofibrillary tangles of hyperphosphorylated tau protein
may be neurotoxic, but that this in turn lies downstream
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Figure 1A.20 Alzheimer's disease. A 90-year-old woman with cognitive impairment underwent (a) a '8F_FDG PET scan which showed mild
reduction in frontal, parietal and posterior cingulate metabolism (arrows). (b) A "' C-PIB PET scan showed widespread cortical and subcortical
amyloid deposition (arrows) typical of Alzheimer's disease.

(a)

Figure 1A.21 Alzheimer's disease variant. A 64-year-old woman with apraxia, neglect and Balint's syndrome, characterized by optic ataxia,
optic apraxia and simultanagnosia, underwent (a) a "8F-FDG PET scan, which showed bilateral hypometabolism in frontal, parietal and tem-
poral cortex (arrows) extending posteriorly on the left consistent with the posterior cortical atrophy variant of Alzheimer's disease. (b) MRI
shows enlarged ventricular spaces and ischemic white matter changes.
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from AR accumulation, and is not reversible through
measures that deplete AB.!%® Alternative hypotheses hold
aggregation of tau protein to be a neuroprotective response
to oxidative stress.' Until the lack of concordance regard-
ing aetiology, pathogenesis and clinicopathological corre-
lates of Alzheimer’s disease is resolved it is highly unlikely
that a reliable imaging probe with clinical role in diagnosis
or treatment monitoring can be identified.

This may be further complicated by Alzheimer’s disease
having several stages of progression and multifactorial etiol-
ogy, with many of the current postulated causes actually
being epiphenomena or responses. This, in turn, may require
a multifaceted treatment process.!!® The identification of a
single definitive diagnostic imaging test may also be prob-
lematic, and illustrates the importance of knowledge of
the disease process to understand the target and process
addressed by a particular molecular imaging probe. Indeed,
BBE_FDG is sensitive for detection of dementing illnesses even
prior to development of symptoms, but may not be capable
of reliably distinguishing the specific disease entity (Fig.
1A.21).1M8112 Sophisticated parametric image analysis, or
combination of information from studies using two agents
evaluating different processes (e.g. !C-DTBZ and '®F-FDG)
may help overcome this.!? It should be realized that a diag-
nostic test is not necessarily the same as that which will be
useful in determining prognosis or even treatment outcome.
Validation of imaging paradigms in Alzheimer’s disease is
also complicated by lack of a ‘gold standard’ clinical diagnosis
and in some cases, definite neuropathological criteria.''*
Many research studies use highly selected ‘control” groups,
raising the question as to applicability of imaging tests in an
unselected population with co-existent diseases.'!?

CONCLUSIONS

Molecular imaging is a broad-based functional imaging
approach that can characterize key components of normal
cellular and organ function, and identify changes that occur
in disease. Nuclear medicine studies can play a crucial role
in drug discovery, assisting with patient diagnosis, defining
extent of disease, monitoring and informing choices for
optimal therapies, and improving patient management.
The future will no doubt bring a vast array of new opportu-
nities for tracer-based molecular imaging techniques.
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Peptide receptor imaging

DIK J. KWEKKEBOOM AND ERIC P. KRENNING

INTRODUCTION

Peptide receptor scintigraphy in man started with the
in vivo demonstration of somatostatin receptor positive
tumors in patients using a radioiodinated somatostatin
analog.! Later, other radiolabeled somatostatin analogs
were developed, and two of these subsequently became
commercially available. Because of the almost worldwide
availability of radiopharmaceuticals for somatostatin recep-
tor imaging, most of this chapter will focus on this type of
receptor scintigraphy. At the end of the chapter other pep-
tide receptor imaging agents will be briefly discussed.

SOMATOSTATIN RECEPTORS

Somatostatin is a regulatory peptide widely distributed in
the human body, particularly in the endocrine glands, the
nervous system, the gastrointestinal tract, as well as the
immune system. In the nervous system, somatostatin acts
as a neurotransmitter, whereas its hormonal activities
include the inhibition of the physiologic and tumorous
release of growth hormone, insulin, glucagon, gastrin,
serotonin, and calcitonin.? Other actions are an antiprolif-
erative effect on tumors, and also specific regulation of
immune responses.’

The action of somatostatin is mediated through
membrane-bound receptors, of which five have been
cloned.* Only receptor subtype-2, subtype-5 and, to some
extent, subtype-3 have a high affinity for the commer-
cially available synthetic analogs octreotide, lanreotide or
vapreotide.”> Somatostatin receptors are expressed in

several normal human tissues, including brain, pituitary,
gastrointestinal tract, pancreas, thyroid, spleen, kidney,
immune cells, vessels, and peripheral nervous s.ystem.6‘9
Somatostatin receptors have also been identified in a
large number of human neuroendocrine tumors, such as
pituitary adenoma, pancreatic islet cell tumor, carcinoid,
pheochromocytoma, paraganglioma, medullary thyroid
cancer, and small-cell lung carcinoma. In addition, other
tumors, such as meningioma, neuroblastoma, medullo-
blastoma, lymphoma, breast cancer, renal cell cancer, hepato-
cellular cancer, prostate cancer, sarcoma, and gastric cancer
can express somatostatin receptors.' Non-tumoral lesions,
like active granulomas and inflamed joints in active rheuma-
toid arthritis may also express somatostatin receptors.!!2

SCINTIGRAPHY

Radiolabeled somatostatin analogs

Because the radioiodinated somatostatin analog that was
first used in patients, ['**I-Tyr’]-octreotide, had several
drawbacks, soon a chelated and !''In-labeled somato-
statin analog, ["''In-DTPA’]-octreotide, was developed.
[""'In-DTPA®]-octreotide (Octreoscan®) is commercially
available and is the most commonly used agent for somato-
statin receptor imaging. The scanning protocol and scinti-
graphic results that are discussed below are therefore based
on the use of ['''In-DTPA?]-octreotide.

99mTc-depreotide (Neotect®) is another commercially
available somatostatin analog that has been approved
specifically for the detection of lung cancer in patients with
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pulmonary nodules."® Because of the relatively high abdom-
inal background and the impossibility of performing
delayed imaging due to the short half-life of the tracer, it is
less suited for the detection of abdominal neuroendocrine
tumors.'

['"'In-DOTA]-lanreotide is another somatostatin recep-
tor imaging agent with a slightly different affinity profile
than ["''In-DTPA%]-octreotide.”® In comparison with
Octreoscan, it has a lower sensitivity in demonstrating neuro-
endocrine tumor, but it may have advantages in other
tumors, for instance in differentiated thyroid cancer.'®

Scanning protocol

The preferred dose of [!!'In-DTPA’]-octreotide (with at least
10 g of the peptide) is about 200 MBq. With such a dose it
is possible to perform single photon emission computed
tomography (SPECT), which may increase the sensitivity.

Planar images are obtained with a double head or large
field of view gamma camera, equipped with medium-energy
parallel-hole collimators. The pulse height analyzer win-
dows are centered over both '''In photon peaks (172 keV
and 245keV) with a window width of 20%. The acquisi-
tion parameters for planar images (preferably spot views)
are 300000 preset counts or 15min per view for the head
and neck, and 500 000 counts or 15 min for the remainder
of the body. If ‘whole-body’ acquisition is used, scan speed
should not exceed 3 cm min~'. Using higher scan speeds,
like 8 cm min~!, will result in failure to recognize small
somatostatin receptor-positive lesions and lesions with a
low density of these receptors.!” For SPECT images with a
triple-head camera the acquisition parameters are: 40 steps
of 3° each, 128 X 128 matrix, and at least 30 s per step (45s
for SPECT of the head).

Planar and SPECT studies are preferably performed
24h after injection of the radiopharmaceutical. A higher
lesion detection rate by 24 h planar imaging over 4 h acqui-
sition was reported by Jamar et al.,'® as well as the addi-
tional value of SPECT imaging. Repeat scintigraphy after
48h is especially indicated when 24 h scintigraphy shows
accumulation in the abdomen, which may also represent
radioactive bowel content.

Normal scintigraphic findings and artifacts

Normal scintigraphic features include visualization of the
thyroid, spleen, liver, and kidneys, and in a portion of the
patients of the pituitary and gallbladder (Fig. 1B.1). Recently,
the visualization of one or both adrenal glands on SPECT
images has also been reported in about 25% of patients
without known adrenal pathology.'® Also, the urinary blad-
der and the bowel are usually visualized. The visualization
of the pituitary, thyroid, spleen, and adrenals is due to
receptor binding. Uptake in the kidneys is for the most part

Figure 1B.1  Normal distribution in somatostatin receptor imaging.
Variable visualization of the pituitary and thyroid (arrows, upper
panel). Faint breast uptake can sometimes be seen in women (right
middle panel, arrows). Normal uptake in the liver, spleen, and the kid-
neys, and also some bowel activity in the lower panels. Gallbladder
visualization in the lower right panel (arrow). Anterior views.

Figure 1B.2  Anterior abdominal views in a patient with two liver
metastases of a carcinoid tumor, 24 h (left) and 48 h post-injection
(right). Intense uptake at the site of the tumors. Note that bowel
radioactivity which is present in the abdomen at 24 h post-injection
(arrow), has disappeared on the delayed images (right panel), due to
the ongoing use of laxatives.

due to re-absorption of the radiolabeled peptide in the
renal tubular cells after glomerular filtration, although
somatostatin receptors have been demonstrated in human
renal tubular cells and vasa recta.?’ There is a predominant
renal clearance of the somatostatin analog, although
hepatobiliary clearance into the bowel also occurs, necessi-
tating the use of laxatives in order to facilitate the interpre-
tation of abdominal images (Fig. 1B.2).

False positive results of somatostatin receptor imaging
(SRI) have been reported. In virtually all cases the term
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‘false positive’ is a misnomer because somatostatin
receptor-positive lesions that are not related to the pathol-
ogy for which the investigation is performed, are present.
Examples are the visualization of the gallbladder, thyroid
abnormalities, accessory spleens, recent cerebrovascular
accidents, activity at the site of a recent surgical incision,
etc. Many of these have been reviewed by Gibril et al.?!
Also, chest uptake after irradiation and diffuse breast
uptake in female patients can be mistaken for other pathol-
ogy. In some patients, the co-existence of two different
somatostatin receptor-positive diseases should be consid-
ered. During ongoing treatment with unlabeled octreotide,
the uptake of ['In-DTPA’]-octreotide in somatostatin
receptor-positive tumors and the spleen is diminished.

IMAGING RESULTS IN NEUROENDOCRINE
AND OTHER TUMORS

Pituitary tumors

The majority of growth hormone-producing and clinically
nonfunctioning pituitary adenomas can be visualized with
SRI, but other pituitary tumors as well as pituitary meta-
stases from somatostatin receptor-positive neoplasms, para-
sellar meningiomas, lymphomas or granulomatous diseases
of the pituitary may be positive as well. Therefore the diag-
nostic value of SRI in pituitary tumors is limited.>?

Endocrine pancreatic tumors

The majority of the endocrine pancreatic tumors can be
visualized using SRI. Reported data on the sensitivity of
SRI in patients with gastrinomas vary from about 60 to
90%,2°726 and part of the discrepancy in results is likely due
to insufficient scanning technique.

Using ultrasound, computed tomography (CT), magnetic
resonance imaging (MRI), and/or angiography, endocrine
pancreatic tumors can be localized in about 50% of cases.?’
Endoscopic ultrasound has been reported to be very sensi-
tive in detecting endocrine pancreatic tumors, also when
CT or transabdominal ultrasound fail to demonstrate the
tumor.?® Studies comparing the value of endoscopic ultra-
sonography with SRI in the same patients point to more
favorable results for SRI.***® In a prospective study in
80 patients with Zollinger — Ellison syndrome, Gibril et al.*®
found that SRI was as sensitive as all other imaging studies
combined and advocated its use as the first imaging method
to be used in these patients. Lebtahi et al.? reported that the
results of SRI in 160 patients with gastro-entero-pancreatic
(GEP) tumors modified patient classification and surgical
therapeutic strategy in 25% of patients. Also, Termanini
et al.®® reported that SRI altered patient management in
47% of 122 patients with gastrinomas. However, results in
patients with insulinomas are disappointing, possibly

Figure 1B.3  Anterior abdominal view in a patient with carcinoid
syndrome. Irregular uptake in the liver with focal areas of increased
uptake in carcinoid metastases. Also uptake in the presumed pri-
mary in the lower right abdomen.

because part of these tumors may either be somatostatin
receptor-negative or contain somatostatin receptors that
do not bind octreotide.

Lebtahi et al.'* compared *™Tc-depreotide (Neotect®)
and [M"'In-DTPA°]-octreotide (Octreoscan®) in the same
43 patients with neuroendocrine tumors. With ['!!In-
DTPA]-octreotide 203 tumor sites in 39/43 (91%) patients
were detected, whereas with *™Tc-depreotide, 77 sites in
28/43 (65%) patients were recognized. It can therefore be
concluded that ["In-DTPA®]-octreotide scintigraphy is
more sensitive for the detection of neuroendocrine
tumors.

Carcinoids

Reported values for the detection of known carcinoid
tumor localizations vary from 80 to nearly 100% (Figs 1B.2
and 1B.3).>17%* Also, the detection of unexpected tumor
sites, not suspected with conventional imaging, is reported
by several investigators.>!"*

Treatment with octreotide may cause a relief of symp-
toms and a decrease of urinary 5-HIAA levels in patients
with carcinoid syndrome. In patients with carcinoid syn-
drome, SRI, in consequence of its ability to demonstrate
somatostatin receptor-positive tumors, could therefore be
used to select those patients who are likely to respond
favourably to octreotide treatment. On the other hand,
only for those patients who have somatostatin receptor-
negative tumors, is chemotherapy effective.’

The impact on patient management is four-fold: SRI
may detect resectable tumors that would be unrecognized
with conventional imaging techniques; it may prevent sur-
gery in patients whose tumors have metastasized to a
greater extent than can be detected with conventional
imaging; it may direct the choice of therapy in patients
with inoperable tumors; and it may be used to select
patients for peptide receptor radionuclide therapy (PRRT,
see below).
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Figure 1B.4 Anterior view of the head in a patient with a carotid
body paraganglioma.

Paragangliomas

In virtually all patients with paragangliomas, tumors are
readily visualized (Fig. 1B.4).>® Unexpected additional para-
ganglioma sites are frequently found. Multicentricity and
distant metastases are each reported to occur in 10% of
patients; in our study with SRI, we found multiple sites of
pathology in nine of 25 patients (36%) with a known para-
ganglioma.®® One of the major advantages of SRI is that it
provides information on potential tumor sites in the whole
body in patients with paraganglioma. It could thus be used
as a screening test, to be followed by CT scanning, MRI or
ultrasound of the sites at which abnormalities are found.

Medullary thyroid carcinoma and
other thyroid cancers

In patients with medullary thyroid carcinoma (MTC) the
sensitivity of SRI in detecting tumor localizations is 50-70%
(Fig. 1B.5).**7 In a series of 17 patients with MTC whom
we studied,?® the ratio of serum calcitonin over carcino-
embryonic antigen (CEA) levels was significantly higher in
patients in whom SRI was successfully applied. This may
imply that somatostatin receptors can be detected in vivo
on the more differentiated forms of MTC. Also, SRI is more
frequently positive in patients with high serum tumor mark-
ers and large tumors,’” and seems therefore less suitable for
demonstrating microscopic disease.

Although papillary, follicular, and anaplastic thyroid
cancers, and also Hiirthle cell carcinomas, do not belong to
the group of classical neuro-endocrine tumors, the major-
ity of patients with these cancers show uptake of radio-
labeled octreotide during SRI1.*** Also, it is not necessary to
withdraw patients from L-thyroxine suppression therapy in
order to perform SRL.*’ Interestingly, differentiated thyroid
cancers that do not take up radioactive iodine may also
show radiolabeled octreotide accumulation.”® In some
patients, this could open new therapeutic options: surgery,
if the number of observed lesions is limited, or, alterna-
tively, PRRT if the uptake is sufficient.

Figure 1B.5 Lateral view of the head and anterior view of the
chest in a patient with medullary thyroid carcinoma with bone
metastases. There is visualization of a huge tumor mass in the chest
with metastases in a rib and the cervical spine.

Merkel cell tumors

Trabecular carcinomas of the skin or Merkel cell tumors,
are aggressive neoplasms which tend to occur in skin
exposed to the sun. Often these tumors metastasize and,
despite therapy, disease-related death is high. In four out of
the five patients studied with SRI in whom tumor had also
been detected by CT and/or ultrasound, these sites were
recognized on the scintigrams. In two patients SRI demon-
strated more metastatic tumor localizations than previ-
ously recognized.!

Lung cancer

With SRI the primary tumors can be demonstrated in vir-
tually all patients with small-cell lung cancer (SCLC).*>~#4
A proportion of the known metastases may be missed,
however. The unexpected finding of brain metastases, in
particular, is reported by several authors.*>** Others, how-
ever, have reported the lack of any additional information
with SRL.*

9mTc-depreotide was used in a multicenter trial compris-
ing 114 patients who had indeterminate solitary pulmonary
nodules (SPNs).*® The sensitivity of *™Tc-depreotide scinti-
graphy for detecting malignancy was 97% and its specificity
73%. Six of seven false positive studies were caused by
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tracer accumulation in granulomas. The sensitivity of
9mTc-depreotide scintigraphy for detecting malignancy
in SPN is comparable to that of ['*F]fluorodeoxyglucose
("8F-FDG) and might serve as an alternative for the latter.

Breast cancer

SRI localized 39 of 52 primary breast cancers (75%).*” Imag-
ing of the axillae showed nonpalpable cancer-containing
lymph nodes in four of 13 patients with subsequently his-
tologically proven metastases. In the follow-up after a
mean of 2.5 years, SRI in 28 of the 37 patients with an orig-
inally somatostatin receptor-positive cancer, was positive
in two patients with clinically recognized metastases, as well
as in six of the remaining 26 patients who were symptom-
free. SRI may be of value in selecting patients for clinical
trials with somatostatin analogs or other medical treatments.

Malignant lymphomas

In vitro, somatostatin receptors can be detected in the major-
ity of lymphomas. However, their density is often very low.*
Although in many patients with non-Hodgkin’s lymphoma
(NHL) one or more lesions may be somatostatin receptor-
positive; receptor-negative lesions also occur in a substantial
number of patients.*” Also, uptake of ['!!In-DTPA’]-
octreotide in lymphomas is lower compared to the uptake
in neuroendocrine tumors.”® In a prospective study in
50 untreated patients with low-grade NHL, SRI was positive
in 84% (42/50) of patients.’! In 20% of patients, SRI revealed
lesions that had not been demonstrated by conventional stag-
ing procedures. However, in 19 patients (38%), lesions were
missed by SRL. Because of the limited sensitivity, SRI is rec-
ommended only in selected cases of low-grade NHL.

In 126 consecutive untreated patients with histologically
proven Hodgkin’s disease, the results of SRI were compared
with physical and radiological examinations.”* SRI was pos-
itive in all patients. The lesion-related sensitivity was 94%
and varied from 98% for supradiaphragmatic lesions to
67% for infradiaphragmatic lesions. In comparison with
CT scanning and ultrasonography, SRI provided superior
results for the detection of Hodgkin’s disease localizations
above the diaphragm. In stages I and II supradiaphragmatic
patients, SRI detected more advanced disease in 18%
(15/83) of patients, resulting in an upstaging to stage III or
IV, thus directly influencing patient management. These
data support the validity of SRI as a powerful imaging tech-
nique for the staging of patients with Hodgkin’s disease.

Melanoma

Positive results of SRI have been reported in 16 out of 19
patients with melanoma.>® The exact impact of SRI on stag-
ing and patient management remains to be determined.

Neuroblastomas and pheochromocytomas

In about 90% of patients with neuroblastoma, SRI visual-
ized tumor deposits.>* Patients with neuroblastomas that
are somatostatin receptor-positive in vitro have a longer
survival compared with the receptor-negative ones.>
A drawback of the use of SRI for localization of this tumor
in the adrenal gland is the relatively high radioligand
accumulation in the kidneys. Scintigraphy using meta-
iodobenzylguanidine (MIBG) is preferred for its localiza-
tion in this region.

In a large retrospective study in patients who underwent
surgery for pheochromocytoma, the overall preoperative
detection rate for tumors larger than 1 cm in diameter was
90% for '*’I-MIBG, and only 25% for SRL.>® Most of the
patients had primary benign pheochromocytomas. In
patients with metastases, SRI detected lesions in seven of
eight patients, including '**I-MIBG negative cases. Therefore,
it can be concluded that SRI should be tried in suspicious
metastatic pheocromocytomas, especially if '**I-MIBG is
negative.

Cushing's syndrome

In a study of 19 patients with Cushing’s syndrome, none of
the pituitary adenomas of 8 patients with Cushing’s disease
or the adrenal adenoma of another patient could be visual-
ized with SRI. In eight of the other 10 patients, the primary
ectopic corticotropin or corticotropin-releasing hormone
(CRH) secreting tumors were successfully identified with
SRI.%7 Also, the successful localization of a 6 mm and a 10 mm
diameter corticotropin-secreting bronchial carcinoid have
been reported.”®> Therefore, SRI can be included as a
diagnostic step in the work-up of Cushing’s syndrome with
a suspected ectopic corticotropin or CRH-secreting tumor.
Others, however, conclude that although SRI may be help-
ful in selected cases, it is not a significant advance over con-
ventional imaging.®

Brain tumors

SRI localizes meningiomas in virtually all patients.®!?
Also astrocytomas have been visualized with SRI.®> A pre-
requisite for their localization with this radioligand is a
locally open blood-brain barrier. Especially in the lower
graded astrocytomas this barrier may be unperturbed and
the astrocytomas not visualized. It is presently not com-
pletely clear to what extent a positive octreoscan identifies
somatostatin receptors located on glial tumor cells; recent
studies have shown that many of these receptors may
also be localized on tissues contaminating the tumor sam-
ples, such as neurofibres and vessels.®® Therefore, the grad-
ing of glial-derived brain tumors with SRI should not be
recommended.
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IMAGING RESULTS IN OTHER DISEASES

In vivo SRI is also positive in a number of granulomatous
and autoimmune diseases, like sarcoidosis, tuberculo-
sis, Wegener’s granulomatosis, DeQuervain’s thyroiditis,
aspergillosis, Graves’ hyperthyroidism, and Graves’ oph-
thalmopathy.! 646> [t is expected that SRI may contribute
to a more precise staging and a better evaluation of several
of these diseases.

Sarcoidosis

In a cross-sectional study in 46 patients with sarcoidosis,
known mediastinal, hilar, and interstitial disease were rec-
ognized in 36 of 37 patients (Fig. 1B.6).% Also, such pathol-
ogy was found in seven other patients who had normal
chest X-rays. In five of these, SRI pointed to interstitial dis-
ease. SRI was repeated in 13 patients. In five of six patients
in whom a chest X-ray monitored an improvement of dis-
ease activity, SRI also showed a decrease of pathologic
uptake. In two of five patients in whom the chest X-ray was
unchanged, although serum ACE concentrations decreased
and lung function improved, a normalization was found
with SRI. To determine the value of SRI in the follow-up of
patients with sarcoidosis a prospective longitudinal study
will have to be performed.

Uveitis may be the presenting symptom of sarcoidosis.
In our experience, in patients with uveitis, SRI can not
infrequently be of help because of the typical pattern
of uptake in the mediastinum, lung hila, and parotid
glands that can be seen in patients who eventually appear
to have sarcoidosis, even when the chest X-ray or CT are
normal. Thus, SRI can be used to reach a diagnosis, and
also influence the decision of how to treat this type of
patient.

Graves' disease

In Graves” hyperthyroidism, accumulation of radiolabeled
octreotide in the thyroid gland is markedly increased and
correlates with serum levels of free thyroxine and thyro-
tropin binding inhibiting immunoglobulins. In vitro stud-
ies showed that the follicular cells express somatostatin
receptors in Graves’ disease.”’” In clinically active Graves’
ophthalmopathy the orbits show accumulation of radio-
activity 4h and 24h after injection of ['''In-DTPA]-
octreotide.% SPECT is required for a proper interpretation
of orbital scintigraphy. There is also a correlation between
orbital [!''In-DTPA®]-octreotide uptake and clinical activ-
ity score and total eye score.***® The clinical value of SRI in
Graves’ disease has yet to be established. Possibly this tech-
nique could select those patients with Graves’ ophthalmopa-
thy who might benefit from treatment with octreotide.5>®

Figure 1B.6  Bihilar (left image) and diffuse lung uptake (right image)
in patients with sarcoidosis.

Figure 1B.7 Images, 24h post-injection, after ["'In-DTPA°J-
octreotide (left panel) and after [77Lu-DOTA® Tyr’]-octreotate
(right panel) in a patient with an inoperable neuroendocrine pancre-
atic tumor. The uptake in the tumor sites is higher after
['77Lu-DOTA®, Tyr®]-octreotate.

PEPTIDE RECEPTOR RADIONUCLIDE THERAPY

In patients with somatostatin receptor-positive pathology,
SRI is useful if it can localize otherwise undetectable dis-
ease, or if it can be used for treatment selection (usually the
choice between symptomatic treatment with somatostatin
analogs or other medical treatment). In patients with known
metastatic disease, however, in whom little or no treatment
alternatives are available, SRI has a limited role. This situa-
tion changes if imaging has a sequel in treatment. Recently,
new somatostatin analogs such as [DOTA, Tyr’]-octreotide
and [DOTA, Tyr’]-octreotate have been developed. This
last compound has a considerably better binding affinity at
subtype-2 receptors, ' reflected by a three-fold to four-fold
higher uptake than ['''In-DTPA°]-octreotide (Fig. 1B.7).%°
Because of the promising results in patients with neuro-
endocrine tumors of treatment with these somatostatin
analogs coupled to yttrium-907%7 or the beta- and gamma-
emitting radionuclide lutetium-177,7® we expect that SRI
will be increasingly used to select patients for such therapy
(see Chapter 17B).

OTHER RADIOLABELED PEPTIDES

In vitro investigations have identified other peptide recep-
tors expressed in high amounts by human tumors, opening
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new possibilities for peptide receptor scintigraphy. For
instance, substance P receptors are expressed in high amounts
in glioblastomas, MTC, and breast tumors.”* This might be
a basis for substance P receptor scintigraphy in these types
of tumors. While such in vivo studies have not been per-
formed in cancers, van Hagen et al.”® reported the visuali-
zation of the thymus and disease-invaded sites in patients
with autoimmune diseases, after the injection of an
1In-labeled chelated substance P analog (!'!In-DTPA-
Arg!-substance P). It is speculated that this type of scinti-
graphy may be used to investigate the role of the thymus in
immune-mediated diseases.

Virgolini et al.”® reported the successful visualization
of neuroendocrine tumors and adenocarcinomas with
123]_vasoactive intestinal peptide (VIP). The cumbersome
peptide labeling with '#I is, amongst others, yet a limita-
tion to the widespread use of this type of scintigraphy.
However, the development of chelated VIP analogs, which
can be labeled with '!!In, or of *™Tc-labeled compounds,
might change this.”’

Receptors for cholecystokinin (CCK) have been demon-
strated in vitroin various tumors, especially MTC.”® Depend-
ing on the analogs used, the reported results of scintigraphy
with !"In-labeled, DTPA-chelated CCK-B analogs in
patients with MTC vary.””® Interestingly, Béhé and Behr®
reported the successful visualization of known lesions in all
43 studied patients, and also the targeting of at least one
tumor site in 29 of 32 patients with negative conventional
imaging studies.

One of the newer, promising peptide receptors to be tar-
geted may possibly be the gastrin-releasing peptide (GRP)
receptors which are expressed in high incidence and den-
sity in two frequently occurring cancers: breast and prostate
carcinomas.®82 Van der Wiele et al.®®> were recently able to
visualize with a ®™Tc-labeled bombesin(7-14) analog both
breast and prostate carcinomas, providing the proof of
principle for GRP receptor scintigraphy in vivo.

CONCLUSIONS AND PERSPECTIVE

[''In-DTPA’]-octreotide is a radiopharmaceutical with
great potential for the visualization of somatostatin
receptor-positive tumors. The overall sensitivity of SRI in
localizing neuroendocrine tumors is high. In a number of
neuroendocrine tumor types, as well as in Hodgkin’s dis-
ease, inclusion of SRI in the localization or staging proce-
dure may be very rewarding, in terms of cost-effectiveness,
patient management, or quality of life. The value of SRI in
patients with other tumors, such as breast cancer, or in
patients with granulomatous diseases, has to be established.

Other radiolabeled peptide analogs hold great promise
for the future, both for diagnosis and for therapy. Finally,
the development of PRRT is expected to stimulate peptide
receptor imaging.

REFERENCES

1 Krenning EP, Bakker WH, Breeman WAP, et al.
Localization of endocrine related tumors with radio-
iodinated analogue of somatostatin. Lancet 1989; 1:
242-5.

2 Brazeau P. Somatostatin: a peptide with unexpected
physiologic activities. Am J Med 1986; 81(Suppl 6B):
8-13.

3 Lamberts SWJ, Krenning EP, Reubi JC. The role of
somatostatin and its analogs in the diagnosis and treat-
ment of tumors. Endocr Rev 1991; 12: 450-82.

4 Patel YC, Greenwood MT, Warszynska A, Panetta R,
Srikant CB. All five cloned somatostatin receptors
(hSSTR1-5) are functionally coupled to adenylyl cyclase.
Biochem Biophys Res Commun 1994; 198: 605—12.

5 Hoyer D, Epelbaum J, Feniuk W, et al. Somatostatin
receptors. In: Girdlestrom D. (ed.) The IUPHAR com-
pendium of receptor characterization and classification.
London: ITUPHAR Media, 2000: 354—64.

6 Sreedharan SP, Kodama KT, Peterson KE, Goetzl EJ.
Distinct subsets of somatostatin receptors on cultured
human lymphocytes. ] Biol Chem 1989; 264: 949-53.

7 Reubi]C, Horisberger U, Waser B, Gebbers JO, Laissue J.
Preferential location of somatostatin receptors in ger-
minal centers of human gut lymphoid tissue. Gastro-
enterology 1992; 103: 1207—-14.

8 Reubi JC, Schaer JC, Markwalder R, Waser B,
Horisberger U, Laissue JA. Distribution of somato-
statin receptors in normal and neoplastic human tis-
sues: recent advances and potential relevance. Yale |
Biol Med 1997; 70: 471-9.

9 Csaba Z, Dournaud P. Cellular biology of somatostatin
receptors. Neuropeptides 2001; 35: 1-23.

10 Reubi JC. Regulatory peptide receptors as molecular
targets for cancer diagnosis and therapy. Q J Nucl Med
1997; 41: 63-70.

11 Vanhagen PM, Krenning EP, Reubi JC, et al. Somato-
statin analogue scintigraphy in granulomatous dis-
eases. Eur | Nucl Med 1994; 21: 497-502.

12 Reubi JC, Waser B, Krenning EP, Markusse HM,
Vanhagen M, Laissue JA. Vascular somatostatin recep-
tors in synovium from patients with rheumatoid arthri-
tis. Eur ] Pharmacol 1994; 271: 371-8.

13 Menda Y, Kahn D. Somatostatin receptor imaging of
non-small lung cancer with *™Tc depreotide. Semin
Nucl Med 2002; 32: 92—6.

14 Lebtahi R, Le Cloirec J, Houzard C, et al. Detection of
neuroendocrine tumors: (99m)Tc-P829 scintigraphy
compared with (111)In-pentetreotide scintigraphy.
J Nucl Med 2002; 43: 889-95.

15 Reubi JC, Schaer JC, Waser B, et al. Affinity profiles for
human somatostatin receptor sstl—sst5 of somato-
statin radiotracers selected for scintigraphic and radio-
therapeutic use. Eur ] Nucl Med 2000; 27: 273-82.



36

Peptide receptor imaging

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Virgolini I, Britton K, Buscombe J, Moncayo R,
Paganelli G, Riva P. ""'In- and *°Y-DOTA-lanreotide:
results and implications of the MAURITIUS trial.
Semin Nucl Med 2002; 32: 148-55.

Van Uden A, Steinmeijer MV], De Swart J, et al.
Imaging with octreoscan: haste makes waste. Eur J
Nucl Med 1999; 26: 1022P.

Jamar F, Fiasse R, Leners N, Pauwels S. Somatostatin
receptor imaging with indium-111-pentetreotide in
gastroenteropancreatic neuroendocrine tumors: safety,
efficacy and impact on patient management. J Nucl
Med 1995; 36: 542-9.

Jacobsson H, Bremmer S, Larsson SA. Visualisation
of the normal adrenals at SPET examination with
111In—pentetreotide. Eur ] Nucl Med Mol Imag 2003; 30:
1169-72.

Reubi JC, Horisberger U, Studer UE, Waser B,
Laissue JA. Human kidney as target for somatostatin:
high affinity receptors in tubules and vasa recta. J Clin
Endocrinol Metab 1993; 77: 1323-8.

Gibril E Reynolds JC, Chen CC, et al. Specificity of
somatostatin receptor scintigraphy: a prospective
study and effects of false-positive localizations on
management in patients with gastrinomas. ] Nucl Med
1999; 40: 539-53.

Kwekkeboom DJ, de Herder WW, Krenning EP.
Receptor imaging in the diagnosis and treatment of
pituitary tumors. ] Endocrinol Invest 1999; 22: 80-8.
Kwekkeboom DJ, Krenning EP, Oei HY, van Eyck CHJ,
Lamberts SWJ. Use of radiolabeled somatostatin to
localize islet cell tumors. In: Mignon M, Jensen RT.
(eds.) Frontiers of gastro-intestinal research. Vol 23.
Endocrine tumors of the pancreas. New York: Karger,
1995: 298-308.

De Kerviler E, Cadiot G, Lebtahi R, Faraggi M,
Le Guludec D, Mignon M. Somatostatin receptor
scintigraphy in forty-eight patients with the Zollinger—
Ellison syndrome. Eur ] Nucl Med 1994; 21: 1191-7.
Gibril F, Reynolds JC, Doppman JL, et al. Somatostatin
receptor scintigraphy: its sensitivity compared with
that of other imaging methods in detecting primary
and metastatic gastrinomas. A prospective study. Ann
Intern Med 1996; 125: 26-34.

Zimmer T, Stolzel U, Bader M, et al. Endoscopic ultra-
sonography and somatostatin receptor scintigraphy in
the preoperative localisation of insulinomas and gas-
trinomas. Gut 1996; 39: 562-8.

Lunderquist A. Radiologic diagnosis of neuro-
endocrine tumors. Acta Oncol 1989; 28: 371-2.

Rosch T, Lightdale CJ, Botet JE et al. Localization of
pancreatic endocrine tumors by endoscopic ultra-
sonography. N Engl ] Med 1992; 326: 1721-6.

Lebtahi R, Cadiot G, Sarda L, et al. Clinical impact of
somatostatin receptor scintigraphy in the management
of patients with neuroendocrine gastroenteropancre-
atic tumors. J Nucl Med 1997; 38: 853-8.

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Termanini B, Gibril E Reynolds JC, et al. Value of
somatostatin receptor scintigraphy: a prospective
study in gastrinoma of its effect on clinical manage-
ment. Gastroenterology 1997; 112: 335-47.
Kwekkeboom DJ, Krenning EP, Bakker WH, et al.
Somatostatin analogue scintigraphy in carcinoid
tumors. Eur | Nucl Med 1993; 20: 283-92.

Kalkner KM, Janson ET, Nilsson S, Carlsson S,
Oberg K, Westlin JE. Somatostatin receptor scintigra-
phy in patients with carcinoid tumors: comparison
between radioligand uptake and tumor markers.
Cancer Res 1995; 55(Suppl 23): 5801-4.

Westlin JE, Janson ET, Arnberg H, Ahlstrom H,
Oberg K, Nilsson S. Somatostatin receptor scintigra-
phy of carcinoid tumours using the ['!'In-DTPA-D-
Phe']-octreotide. Acta Oncol 1993; 32: 783—786.

Kvols LK. Medical oncology considerations in patients
with metastatic neuroendocrine carcinomas. Semin
Oncol 1994; 21(Suppl 13): 56—60.

Kwekkeboom DJ, Van Urk H, Pauw KH, et al
Octreotide scintigraphy for the detection of para-
gangliomas. J Nucl Med 1993; 34: 873-878.
Kwekkeboom DJ, Reubi JC, Lamberts SWJ, et al. In
vivo somatostatin receptor imaging in medullary thy-
roid carcinoma. J Clin Endocrinol Metab 1993; 76:
1413-17.

Tisell LE, Ahlman H, Wéngberg B, et al. Somatostatin
receptor scintigraphy in medullary thyroid carcinoma.
Br ] Surg1997; 84: 543-7.

Postema PTE, De Herder WW, Reubi JC, et al
Somatostatin receptor scintigraphy in non-medullary
thyroid cancer. Digestion 1996; 1(Suppl): 36-7.

Gulec SA, Serafini AN, Sridhar KS, et al. Somatostatin
receptor expression in Hurthle cell cancer of the thy-
roid. J Nucl Med 1998; 39: 243-5.

Haslinghuis LM, Krenning EP, de Herder WW,
Reijs AEM, Kwekkeboom DJ. Somatostatin receptor
scintigraphy in the follow-up of patients with differen-
tiated thyroid cancer. J Endocrinol Invest 2001; 24:
415-22.

Kwekkeboom DJ, Hoff AM, Lamberts SWJ, et al. Somato-
statin analogue scintigraphy: a simple and sensitive
method for the in vivo visualization of Merkel cell tumors
and their metastases. Arch Dermatol 1992; 128: 818-21.
Kwekkeboom DJ, Kho GS, Lamberts SW, Reubi JC,
Laissue JA, Krenning EP. The value of octreotide
scintigraphy in patients with lung cancer. Eur J Nucl
Med 1994; 21: 1106-13.

Bombardieri E, Crippa F, Cataldo I, et al. Somatostatin
receptor imaging of small cell lung cancer (SCLC) by
means of "In-DTPA octreotide scintigraphy. Eur ]
Cancer 1995; 31A: 184-8.

Reisinger I, Bohuslavitzki KH, Brenner W, et al.
Somatostatin receptor scintigraphy in small-cell lung
cancer: results of a multicenter study. ] Nucl Med 1998;
39:224-7.



References 37

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Kirsch CM, von Pawel J, Grau I, Tatsch K. Indium-111
pentetreotide in the diagnostic work-up of patients
with bronchogenic carcinoma. Eur | Nucl Med 1994;
21:1318-25.

Blum J, Handmaker H, Lister-James J, Rinne N.
A multicenter trial with a somatostatin analog (99m)Tc
depreotide in the evaluation of solitary pulmonary
nodules. Chest 2000; 117: 1232-8.

Van Eijck CH, Krenning EP, Bootsma A, et al. Somato-
statin-receptor scintigraphy in primary breast cancer.
Lancet 1994; 343: 640-3.

Reubi JC, Waser B, Vanhagen M, et al. In vitro and
in vivo detection of somatostatin receptors in human
malignant lymphomas. Int ] Cancer 1992; 50: 895-900.
Van Hagen PM, Krenning EP, Reubi JC, et al. Somato-
statin analogue scintigraphy of malignant lymphomas.
Br ] Haemat 1993; 83: 75-9.

Leners N, Jamar E Fiasse R, Ferrant A, Pauwels S.
Indium-111-pentetreotide uptake in endocrine tumors
and lymphoma. J Nucl Med 1996; 37: 916-22.
Lugtenburg PJ, Lowenberg B, Valkema R, et al
Somatostatin receptor scintigraphy in the initial stag-
ing of low-grade non-Hodgkin’s lymphomas. | Nucl
Med 2001; 42: 222-9.

Lugtenburg PJ, Krenning EP, Valkema R, et al
Somatostatin receptor scintigraphy useful in stage I-II
Hodgkin’s disease: more extended disease identified.
Br ] Haematol 2001; 112: 936—44.

Hoefnagel CA, Rankin EM, Valdés Olmos, Israéls SP,
Pavel S, Janssen AGM. Sensitivity versus specificity in
melanoma imaging using iodine-123 iodobenzamide
and indium-111 pentetreotide. Eur ] Nucl Med 1994;
21: 587-8.

Krenning EP, Kwekkeboom DJ, Bakker WH, et al
Somatostatin receptor scintigraphy with [!!'In-DTPA-
D-Phe!]- and ['ZI-Tyr’]-octreotide: the Rotterdam
experience with more than 1000 patients. Eur J Nucl
Med 1993; 20: 716-31.

Moertel CL, Reubi JC, Scheithauer BS, Schaid DJ,
Kvols LK. Expression of somatostatin receptors in child-
hood neuroblastoma. Am J Clin Pathol 1994; 102: 752—6.
Van der Harst E, de Herder WW, Bruining HA,
et al. [(123)I]Jmetaiodobenzylguanidine and [(111)In]
octreotide uptake in begnign and malignant pheochro-
mocytomas. J Clin Endocrinol Metab 2001; 86: 685-93.
De Herder WW, Krenning EP, Malchoff CD, et al.
Somatostatin receptor scintigraphy: its value in tumor
localization in patients with the Cushing syndrome
caused by ectopic cortictropin and/or CRH secretion.
Am ] Med 1994; 96: 305-12.

Philipponneau M, Nocaudie M, Epelbaum J, et al.
Somatostatin analogs for the localization and preoper-
ative treatment of an ACTH-secreting bronchial carci-
noid tumor. J Clin Endocrinol Metab 1994; 78: 20—4.
Weiss M, Yellin A, Huszat M, Eisenstein Z,
Bar-Zif ], Krausz Y. Localization of adrenocorticotropic

60

61

62

63

64

65

66

67

68

69

70

71

72

73

hormone-secreting bronchial carcinoid tumor by
somatostatin-receptor scintigraphy. Ann Intern Med
1994; 121: 198-9.

Torpy DJ, Chen CC, Mullen N, et al. Lack of utility of
(111)In-pentetreotide  scintigraphy in localizing
ectopic ACTH producing tumors: follow-up of
18 patients. ] Clin Endocrinol Metab 1999; 84: 1186-92.
Haldemann AR, Rosler H, Barth A, et al. Somatostatin
receptor scintigraphy in central nervous system
tumors: role of blood-brain barrier permeability.
J Nucl Med 1995; 36: 403-10.

Schmidt M, Scheidhauer K, Luyken C, et al. Somato-
statin receptor imaging in intracranial tumours. Eur
J Nucl Med 1998; 25: 675-86.

Cervera P, Videau C, Viollet C, et al. Comparison of
somatostatin receptor expression in human gliomas and
medulloblastomas. ] Neuroendocrinol 2002; 14: 458-71.
Postema PTE, Krenning EP, Wijngaarde R, et al.
['"'In-DTPA-D-Phe!]-octreotide scintigraphy in thy-
roidal and orbital Graves’ disease: a parameter for dis-
ease activity? ] Clin Endocrinol Metab 1994;79: 1845-51.
Krassas GE, Dumas A, Pontikides N, Kaltsas T. Somato-
statin receptor scintigraphy and octreotide treatment
in patients with thyroid eye disease. Clin Endocrinol
(Oxford) 1995; 42: 571-80.

Kwekkeboom DJ, Krenning EP, Kho GS, Breeman WAP,
Van Hagen PM. Octreotide scintigraphy in patients
with sarcoidosis. Eur ] Nucl Med 1998; 25: 1284-92.
Reubi JC, Waser B, Friess H, Krenning EP, Biichler M,
Laissue J. Regulatory peptide receptors in goiters of the
human thyroid. ] Nucl Med 1997; 38(Suppl): 266P.
Gerding MN, van der Zant FM, van Royen EA, et al.
Octreotide-scintigraphy is a disease-activity parameter
in Graves’ ophthalmopathy. Clin Endocrinol (Oxford)
1999; 50: 373-9.

Kwekkeboom D], Bakker WH, Kooij PP, et al
['”Lu-DOTATyr’]octreotate: ~ comparison  with
['"'In-DTPA%]octreotide in patients. Eur ] Nucl Med
2001; 28: 1319-25.

Waldherr C, Pless M, Maecke HR, et al. Tumor response
and clinical benefit in neuroendocrine tumors after
7.4 GBq (90)Y-DOTATOC. J Nucl Med 2002; 43:
617-20.

Paganelli G, Bodei L, Handkiewicz Junak D, et al.
“Y-DOTA-D-Phe'-Tyr’-octreotide in therapy of neuro-
endocrine malignancies. Biopolymers 2002; 66: 393-8.
Valkema R, Pauwels S, Kvols L, et al. Long-term follow-
up of a phase 1 study of peptide receptor radionuclide
therapy (PRRT) with [*°Y-DOTA’,Tyr’]octreotide in
patients with somatostatin receptor positive tumours.
Eur ] Nucl Med Mol Imaging 2003; 30(Suppl 2): 5232.
Kwekkeboom DJ, Bakker WH, Kam BL, et al. Treat-
ment of patients with gastro-entero-pancreatic (GEP)
tumours with the novel radiolabelled somatostatin
analogue ['”’Lu-DOTA(0),Tyr*]octreotate. Eur ] Nucl
Med Mol Imaging 2003; 30: 417-22.



38

Peptide receptor imaging

74

75

76

77

78

Hennig IM, Laissue JA, Horisberger U, et al. Substance
P receptors in human primary neoplasms. Int ] Cancer
1995; 61: 786-92.

Van Hagen PM, Breeman WAP, Reubi JC, et al
Visualization of the thymus by substance P receptor
scintigraphy in man. Eur ] Nucl Med 1996; 23:
1508-13.

Virgolini I, Raderer M, Kurtaran A, et al. Vasoactive
intestinal peptide-receptor imaging for the localization
of intestinal adenocarcinomas and endocrine tumors.
N Engl ] Med 1994; 331: 1116-21.

Thakur ML, Marcus CS, Saeed S, et al. ™ Tc-labeled
vasoactive intestinal peptide analog for rapid localiza-
tion of tumors in humans. J Nucl Med 2000; 41:
107-10.

Reubi JC, Schaer JC, Waser B. Cholecystokinin
(CCK)-A and CCK-B/gastrin receptors in human
tumors. Cancer Res 1997; 57: 1377-86.

79

80

81

82

83

Kwekkeboom DJ, Bakker WH, Kooij PPM, et al.
Cholecystokinin receptor imaging using an octa-
peptide DTPA-CCK analogue in patients with medullary
thyroid carcinoma. Eur ] Nucl Med 2000; 27: 1312—-17.
Béhé MP, Behr TM. Cholecystokinin (CCK)-B/gastrin
receptor targeting peptides for staging and therapy of
medullary thyroid cancer and other CCK-B receptor
expressing malignancies. Biopolymers 2002; 66: 399—418.
Markwalder R, Reubi JC. Gastrin-releasing peptide
receptors in the human prostate: relation to neoplastic
transformation. Cancer Res 1999; 59: 1152-9.

Gugger M, Reubi JC. GRP receptors in non-neoplastic
and neoplastic human breast. Am ] Pathol 1999; 155:
2067-76.

Van de Wiele C, Dumont E, Vanden Broecke R, et al.
Technetium-99m RP527, a GRP analogue for visuali-
sation of GRP receptor-expressing malignancies: a fea-
sibility study. Eur ] Nucl Med 2000; 27: 1694-9.



Radioimmunoscintigraphy

1

K.E. BRITTON AND M. GRANOWSKA

INTRODUCTION

Nuclear medicine techniques are known for their sensitivity
to changes of function induced by disease, but not for their
specificity in determining the nature of the disease process.
To address this problem, nuclear medicine has developed
new procedures for tissue characterization additional to
functional measurements, by receptor binding techniques
and antigen—antibody interactions. The use of radiolabeled
antibodies to image and characterize the nature of the dis-
ease process in vivo is called radioimmunoscintigraphy
(RIS). In principle, the RIS technique is applicable to both
benign (as in the identification of myocardial infarction by
radiolabeled antimyosin) and malignant pathology.

CANCER RADIOIMMUNOSCINTIGRAPHY

Cancerous tissue differs from the normal tissue in a number
of subtle ways that enables it to invade surrounding tissues.
This ability appears to be determined mainly by the surface
properties of the cancer cell. Differences have been found in
the biochemistry, the adhesion properties, the receptor
characteristics, the responses to cytokine and autocrine
factors, and the antigenic determinants of the cancer cell
surface, in comparison with an equivalent population of
normal cells.

Thus, the modern approach to cancer detection attempts
to exploit these features and to demonstrate the presence of
a cancer not by relying on its physical attributes such as
size, shape, position, space occupation, density, water content
or reflectivity, for example, as for conventional radiology,

X-ray computed tomography (CT), magnetic resonance
imaging (MRI) or ultrasound (US), but through the essen-
tial and specific ‘cancerousness’ of a cancer. This chapter is
concerned with techniques designed to take advantage of
the specific antigenic determinants of cancer tissue, in
order to demonstrate the tumor, its local recurrence and its
metastases. RIS is getting closer to achieving the goal of
specific cancer detection.!
Five factors are required for RIS:

1. An antigen as specific as possible to the cancer and
present in profusion at the cell surface

2. An antibody or antibody derivative capable of
detecting and binding avidly to the cancer antigen

3. A radiolabel to give the best signal

4. A radiolabeling method with appropriate quality
control to give a labeled antibody suitable for human
use while maintaining full immunoreactivity

5. An imaging system optimized to the radionuclide that
is used and the region under study, with single photon
emission tomography (SPET) and/or serial image
data analysis

The selective localization of cancer tissue by radiolabeled
antibodies carries with it the hope of selective therapy and
explains much of the motivation behind the development
of RIS. However, for radioimmunotherapy (RIT) there are
two additional requirements: the ratio of uptake of radio-
label by the target cancer compared with that in the most crit-
ical non-target organ should be a value of at least 10:1; and
estimates of the absorbed radiation dose delivered to the
tumor as compared to the critical non-target organ such as
bone marrow and to the whole body pose severe limitations
on the current techniques.
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THE ANTIGEN

The key to RIS is the discovery of an antigen that is as spe-
cific as possible to the disease process under study. Four
decades of saturation analysis techniques using antigen—
antibody binding characteristics to measure hormones and
other biological substances in vitro have shown the feasibil-
ity and specificity of this approach when the appropriate
antigen or ligand is identified and purified. An avid and
specific antibody is then raised against it. The part of an
antigen with which an antibody reacts is called an ‘epitope’
or antigenic determinant.

The first problem for RIS is lack of specificity of the
antigen for the disease process. There is no completely
cancer-specific antigen, but a range of tumor-associated
antigens may be used in the appropriate clinical context for
the demonstration of cancer (Table 1C.1).

The expression of antigen by the cell is a dynamic process.
It needs to be on the surface accessible to antibody. The higher
the antigen density the greater the amount of antibody
binding capacity. The possibility of binding is given by the
binding constant K of the antigen—antibody reaction; cur-
rent antibodies have Kj values of 107 to 107! I mol ™.
Antigen density can be increased by certain circumstances,
such as exposure to gamma-interferon, but no practical
clinical technique has been devised. Attachment to nuclear
antigens would require the internalization of the antibody
by endocytosis or other mechanisms that occur with cer-
tain antibodies.

The degree of antigen expression changes with time and
the amount of the antigen on a cell surface can be reduced
after exposure to a specific antibody and by other factors.
This process is known as antigen modulation, which can
lead to internalization and metabolism of the labeled anti-
body with either loss of the label or its fixation in the cell.
Important for detection and crucial to radioimmunother-
apy is the requirement that the antigen expression is not
too heterogeneous. Ideally, all the cancer cells should express
the chosen antigen. However, while this is usual in lym-
phoma, it is not so common in solid tumors. More usually
some clumps of cells are antigen positive and others anti-
gen negative. This does not affect RIS detection, but influ-
ences the success of RIT. Some cancers do not express a
particular antigen at all. Thus, antibodies against placental
alkaline phosphatase (PLAP) are excellent for RIS of ovar-
ian cancer, but only 70% express this antigen.

Current tumor-associated antigens are chosen in dif-
ferent ways (Table 1C.1). The de-differentiation antigens
such as carcinoembryonic antigen (CEA), human chorio-
gonadotrophin (HCG) and alpha-fetoprotein (AFP) are
widely used. These are expressed in greater numbers on
malignant cell surfaces than in normal tissues. They are
secreted from such cells and are easily detectable in the
blood and body fluids. Surprisingly, the injected antibody
is not inactivated by, for example, circulating CEA and

Table 1C.1  Examples of tumor-associated antigens

Type of antigen Monoclonal antibodies

Epithelial surface antigens

These are separated from HMFG1, HMFG2, SM3, PR1A3
the blood by biological
barriers and exposed by the

architectural disruption of

malignancy
Oncofetal antigens Anti-CEA, anti-alpha-fetoprotein
Tumor-derived antigens B72.3, Mov 18
Viral antigens Anti-hepatoma
Synthetic antigens 170 H82
Receptor antigens Anti-EGF receptor

immune-complex formation does not appear to be a prob-
lem unless serum CEA is over 500 ng ml~!. However, these
cancer antigens are not specific: CEA expression occurs in
lung, bladder, breast, and gastric cancers and also in col-
orectal cancer. They can be increased in nonmalignant dis-
ease (e.g. Crohn’s disease) and are present in the related
normal tissues and colonic mucosa. The secretion of the
antigen is essential for its use as a serum marker. It is not
helpful for RIS, because the presence of the antigen, for
example in a lymph node, does not mean the presence of a
cancer cell. Virus-related antigens may be used, e.g. anti-
hepatitis antibody for liver cancer. Idiotypic antigen may
be used for the leukemias and lymphomas.

An alternative approach is to use normal epithelial tis-
sue antigens lining ducts, which by their situation are not
normally exposed to blood. Human milk fat globule (HMFG)
is a glycoprotein (one of the polymorphic epithelial mucin
(PEM) group) found in the lining epithelium of the lacti-
ferous ducts of the breast, the internal lining of an ovarian
follicle and in the crypts of the colon. The architectural dis-
ruption of the malignant process exposes these antigens in
increased density directly to the bloodstream and antibod-
ies against these, such as HMFG1, HMFG2 and SM3 (stripped
mucin antigen) are used for RIS. The preferred antigen is
membrane-fixed and specific to the cancer.

THE ANTIBODY

Antibodies are complex molecules: one part of the mole-
cule is highly variable in terms of its structure (variable
region, idiotype) and is associated with binding to antigen,
while the other part varies little within different classes of
antibodies (constant region, isotype). Biological functions
of antibodies such as complement activation and binding
to cell surface receptors are controlled by their constant ‘Fc’
regions. The basic structure of an IgG antibody molecule
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Figure 1C.1  Structure of the IgG molecule.

contains four polypeptide chains — two heavy and two light
chains — held together by a variable number of disulfide
bonds (Fig. 1C.1). It can be cleaved into smaller fragments
that retain their ability to bind antigen by the two enzymes
pepsin and papain. When radiolabeled, these fragments,
because of their small size and loss of the biological Fc
region, have markedly different pharmacokinetic and imag-
ing properties compared with the whole antibody mole-
cule. The specificity and accuracy of RIS depends on the
production of a pure antibody against the selected antigen
in a form acceptable for human use. This has been made
possible through the development of monoclonal antibody
technology.

THE MONOCLONAL ANTIBODY

A monoclonal antibody is the secreted product of a single
B-lymphocyte clone. Since each B lymphocyte and its descen-
dants are genetically destined to make a single antigen-
combining site (idiotype), all the antibody molecules
produced by a B-cell clone are homogeneous in terms of

their structure and antigen-binding specificity. In patho-
logical terms, malignant transformation of a single
B lymphocyte may give rise to a plasma cell tumor, a
myeloma or plasmacytoma, that produces a homogeneous
antibody product or myeloma protein. Tumors of this type
produce monoclonal gammopathies that can be diagnosed
serologically by detecting them as sharp narrow bands on
serum electrophoretic scans. In the past, these monoclonal
antibodies have been invaluable in elucidating the struc-
ture of antibodies. Kohler and Milstein® devised a way of
making monoclonal antibodies in the laboratory by the
technique of somatic cell hybridization. This involved the
fusion of B lymphocytes with a myeloma cell line (adapted
for growth in vitro) to make hybrid cells known as hybrido-
mas. Essentially, these hybridomas retain the two impor-
tant functions of their parental cells, namely the ability to
produce specific antibodies and to grow indefinitely in tis-
sue culture. To make a hybridoma secrete a single antibody,
a non-antibody-secreting myeloma mutant is used.

In a normal antibody response to a foreign antigen, a large
number of B lymphocytes are activated to secrete specific
antibodies that bind to antigenic determinants expressed
on the surface of the antigen. Added together, these antibod-
ies constitute a polyclonal antibody response to a given anti-
gen and they will have a range of antibody affinities. The term
‘antibody affinity’ refers to the summation of the attrac-
tive and repulsive forces existing between a single antibody-
combining site, epitope and its antigenic determinant.

Each time a polyclonal antiserum is made to a given
antigen it will contain a different mix of antibody affinities
which collectively give a mean value (called avidity) for
their binding to the antigen. This means polyclonal anti-
sera are difficult to standardize from one batch to another.
Also these antisera will contain only a small proportion (1%)
of their total IgG antibody as the antigen-specific antibody
and so further purification steps are required before they
can be radiolabeled for RIS. Most of these problems can be
avoided by using monoclonal antibodies. Unlike polyclonal
antibodies, monoclonal antibodies bind to antigen with
one specificity and one affinity and can be produced in
large amounts in the laboratory under standard condi-
tions. All these factors make them ideal standard reagents
for a wide range of biological and clinical applications. The
names of antibodies in clinical use have been systematized
and have become largely unpronounceable (Table 1C.2).

BIOLOGICAL FACTORS AFFECTING UPTAKE

At present, only antibodies or their derivatives against tumor-
associated antigens have been used for cancer RIS. Apart
from specificity, the antibody must have access to the anti-
gen, so that local factors are very important. The arrival of
the antibody in the vicinity of the antigenic binding sites
on the cells depends on physical factors: the flow to the
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Table 1C.2 Some monoclonal antibodies and derivatives in
clinical use

Common

Official name name Nature

Capromab Prostascint ~ ""In-DTPA CYT-356 anti-PSMA
pendetide
- Oncoscint ~ "In-DTPA B72 3 anti-TAG
- Hu-CC49 Humanized anti-TAG
Arcitumomab ~ CEA scan 99mTe-anti CEA-Fab’
Nofetumomab  Verluma 99mTc-NR-Lu-10-Fab’
merpentan
Sulesomab Leukoscan 9" Tc-IMMO-MN3
Trastuzumab Herceptin Humanized IgG1 HER2
Rituximab Mabthera Murine IgG anti CD 20
Ibritumomab Zevalin 9OY_retuximab
tiuxetan
Tositumomab ~ Bexxar 137|_anti-B1 antibody

Epratuzumab - 90Y_DOTA anti-CD 22

tumor, the capillary permeability and the effects of the cel-
lular environment on the diffusion and convection of the
antibody. The higher the avidity of the antibody for the
antigen, the greater the probability of an interaction and
binding on the cell membrane. The tumor blood supply is
amajor determinant of the kinetics of antibody uptake: the
higher the flow, the more rapid the uptake, the earlier the
imaging and the more short-lived the radionuclide label
may be. Tumor blood supply is not under autonomic con-
trol, so attempts have been made to enhance tumor uptake
by pharmacological vascular intervention. Tumor capillar-
ies are abnormally leaky, allowing proteins to pass from the
circulation to the tumor. This accounts for the nonspecific
antibody uptake by tumors. Extracellular fluid-to-cell ratio
of tumors is greater than normal tissues. The charge and
composition of this fluid may affect the rate of uptake of
antibody onto the tumor cell antigens. Intra-tumor pres-
sure may be greater than its environment and reduce anti-
body penetration. Locally secreted antigens, such as the
CEA from colorectal cancer may enhance the uptake in the
environment of the tumor. Tumor growth leads to depriva-
tion of central blood supply, with necrotic and cystic areas
without specific antigen. In general, the larger the tumor,
the smaller the fraction of cancer cells to tumor mass and
the greater the degree of nonspecific uptake. An inverse
relation between the uptake of anti-CEA by primary colo-
rectal tumors and tumor mass has been shown.* Thus, the
specific uptake of labeled antibody is designed best for
demonstrating small tumors. Note also that each cancer
cell should have over 5000 and preferably nearer 50000
available epitopes to bind the monoclonal antibody. It is
this biological magnification factor that helps RIS to
compete with physical radiological techniques in tumor

Figure 1C.2 Radioimmunoscintigraphy with '?%I-labeled human
milk fat globule 2 in patient with large fibroids in the uterus, anterior
abdominal views at top left, T min; top right, 10 min; bottom left, 4 h;
and bottom right, 22 h. Note the high early activity fading with time
typical of non-specific uptake (compare with Fig. 1C.3).

detection. Other factors are also important in determin-
ing the uptake of antibody by cancer cell antigens. If the
amount of antibody administered per study is increased,
the amount taken up by both the tumor and its environ-
ment is greater, so the tumor-to-mucosa ratio does not
show a corresponding increase. The more antibody that is
given the greater the likelihood of side effects and forma-
tion of the human anti-mouse antibody, HAMA, particu-
larly when over 2 mg of antibody is given.

The degree of tumor differentiation is important — poorly
differentiated tumors taking up much less antibody per
gram than the well-differentiated tumors; a four-fold dif-
ference in a study of colorectal cancer has been reported.’
In vivo staging of cancer is not possible if normal lymph
nodes draining the site of cancer take up a secreted antigen
as frequently as the involved nodes, which occurs with CEA.
Co-existing disease may compete for the antibody and large
benign tumors may also take up the antibody. Another
considerable influence on detection of small tumors is the
degree and distribution of uptake in the blood and tissue
background. Kinetic factors play an important part in the
differentiation of specific and nonspecific antibody uptake
and in the choice of radiolabel. Taking RIS of ovarian can-
cer as an example (see also Chapter 13G), whereas after an
initial distribution period, nonspecific uptake decreases with
time due to a falling blood and tissue fluid concentration
and due to local metabolism by reticuloendothelial cells
(Fig. 1C.2), specific uptake of antibody continues to increase
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Figure 1C.3  Radioimmunoscintigraphy with '?3|-labeled human milk fat globule 2 in a patient with a large ovarian adenocarcinoma,
anterior abdominal views: left, 10 min; center, 4 h; right, 22 h. Note the increasing uptake with time typical of specific uptake (compare with

Fig. 1C.2).

Figure 1C.4 Radioimmunoscintigraphy with %™Tc-labeled F(ab'), fragment of 225.285 monoclonal antibody against high molecular
weight melanoma antigen. Both images are at 20 min. Left: normal distribution with high renal uptake due to filtration, reabsorption, metab-
olism and deposition of %™Tc in the proximal tubules. Right: abnormal distribution due to allergic reaction (skin test negative, no previous
exposure to antibody). There is very high liver uptake and low renal excretion due to immune complex formation which is too large to be

filtered.

with time over the first 24 h (Fig. 1C.3), although at a pro-
gressively slower rate as its concentration in the supplying
blood falls.

The development of human anti-mouse antibodies,
HAMA occurs in response to most injections of whole mouse
monoclonal IgG gamma-globulin, particularly when
intradermal skin testing was combined with intravenous
injection. This was the main reason why skin testing was
abandoned. There is usually no HAMA response to the first
injection of F(ab'), fragments, but response to a second
injection may occur in up to 50%. A strong HAMA response
may significantly alter the biodistribution: its presence after
the second injection of whole antibody may show a more
rapid blood clearance to liver and other reticuloendothelial
systems and slightly less tumor uptake.

Occasionally, a systemic reaction occurs (frequency about
1 per 1000 studies which is about the same as for a bone
scan, provided that less than 2mg antibody is used and
patients with known allergy to foreign protein are
excluded) and the liver uptake may be rapid. This is illus-
trated in Fig. 1C.4: on the left is the normal renal uptake of

99mTc ]labeled F(ab'), 225.28S antimelanoma monoclonal
antibody with low liver uptake at 20 min: on the right, the
20-min image in a patient with a negative skin test who had
an episode of nausea and faintness shortly after injection of
the same antibody shows high and rapid liver uptake.

QUALITY CONTROL

Since monoclonal antibodies are a biological product derived
from cell culture, stringent quality control procedures are
necessary to prevent undesirable products, particularly
genetically active material and virus, from being present in
the final product. A reasonable set of guidelines has been
set out by a working party on the clinical use of antibod-
ies,® but the regulations in Europe and USA are becoming
increasingly demanding, including tests for numbers of
unlikely mouse viruses at all stages of the production.

The European Directive on Clinical Trials which is being
implemented requires much more detailed information
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and a formal sponsor who has to be willing to provide
indemnity for any clinical trial including ‘pilot’ studies.
The rationale for the use of a monoclonal antibody or
its derivative in RIS should include its demonstrated speci-
ficity and affinity for the chosen tumor and absence of
reactivity with clinically relevant other tissues or tumors. It
must be remembered that tissue sections have lost the bio-
logical barriers present in living tissues and may give a mis-
leading apparent distribution of a monoclonal antibody
in normal tissues. Human tumor xenograft uptake in an
experimental animal such as the nude mouse may give mis-
leadingly optimistic results since the human tumor anti-
gens have no competition in the mouse, the ratio of tumor
mass to mouse is inappropriately large and the tumor
stroma is made up by mouse connective tissue. The find-
ings may also be misleadingly pessimistic if antigenic mod-
ulation or cytochemical modification has occurred.

HUMANIZED MONOCLONAL ANTIBODIES

The limitations of monoclonal antibody production have
been overcome by genetic engineering.”® This requires the
following:

1. The separation of the immunoglobulin gene sequences
and their amplification by the polymerase chain
reaction (PCR)

2. The use of an appropriate carrier to grow up or ‘clone’ the
product, so that the amplified genes may be expressed

3. The selection of the ‘antibody’ for a particular antigen
and for high affinity

In this way the frame or constant part (Fc portion) of
the murine monoclonal antibody has been replaced by the
equivalent Fc portion of a human monoclonal to give a
‘chimeric antibody’’ The next approach was to replace all
but the hypervariable region of the murine antibody by the
human equivalent.!® This is called a ‘humanized’, human
reshaped or CDR (complementarity determinant region)
grafted antibody. Usually the frame amino acids around
the CDR may need to be altered also to improve stability
and affinity.

The next advance was to develop phage antibodies.
Human B cells, of which there are millions, contain the
genes for the heavy and light chains that make up an anti-
body. Foreign antigen exposure leads to its binding to the B
cells causing their differentiation into memory cells and
into plasma cells. These produce V (variable region) genes.
These code for the particular antibody, which is released.
The V (variable region) genes retained in the memory cells
are subject to mutation, one result of which is to increase
the binding affinity of the antibodies produced in response
to a subsequent encounter with the antigen. It is possible to
capture and insert these human V genes into bacteria and
infect them with filamentous bacteriophages with the result
that antibody components such as the variable region and
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its frame may be expressed on the ‘nose’ of the bacterio-
phage. From immunized or even normal human B cells, all
combinations of heavy and light chain V genes can be con-
structed each expressed on bacteriophages to form a ‘com-
binatorial library’ of such potential antibodies. To increase
the number of heavy and light (Viy V1) genes the poly-
merase chain reaction is used which is a method of ampli-
fying DNA sequences (as in genetic fingerprinting). These
genes can be combined to form gene products that are sin-
gle chain fragments of one heavy and one light chain,
called ScFv.!"* These can be grown up and expressed in the
bacteriophage system.!'”!> Initially, the phage produced
ScFv were of moderate affinity. The selection of the appro-
priate phage to grow up is done by an ‘affinity’ column in
which the chosen antigen is fixed. Only phages with the
appropriate antibody will bind when the mixture of phages
is run through the column. The chosen phages are dissoci-
ated, grown up in bacteria and re-run through the column
containing only a few of the chosen antigens. Only the
phage with the highest affinity will then bind. This cloning
and selection process gives ScFv of very high affinity which
are produced into the culture medium by the phage-infected
bacteria and harvested. In principle, antibodies can be made
to any antigen, hapten or ligand without the bother of
immunization. Success with an anti-CEA equivalent anti-
body MFE-23 is reported.'® By genetic engineering two or
more ScFv may be combined'”!® and/or have linkers inserted
with properties to enable easier labeling with radionuclides
for RIS or RIT.'*"? This combinatorial library approach
circumvents the problems of obtaining human antibodies
by immunizing humans which is clearly unethical for a
range of toxic substances or malignant cells.

The immortalization of human peripheral B lymphocytes,
e.g. from a patient who already has a cancer, is a problem
which has been overcome in some situations.?* The method
of genetic engineering antibody-like molecules from com-
binatorial libraries with specific labeling sites is the way
forward.

THE RADIOLABEL

What are the properties of an ideal radiolabel for radio-
immunoscintigraphy and how do the available radionuclides
match up? The key requirement for static imaging of a
tumor through the distribution of a radiotracer is a high
count rate delivered from the tissue-of-interest to the imag-
ing system. The major determinants of the suitability of
radionuclide for antibody labeling are the appropriateness
of its energy for the modern gamma camera and its half-
life. The shorter the half-life, the greater the activity that may
be administered and the higher the count rate obtained,
given an upper limit of the absorbed dose of radiation that
is permitted for diagnostic nuclear medicine. Ideally, the
half-life should be matched with kinetic information on
the rate of antibody uptake by the target. If the uptake of
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antibody follows the Michaelis—Menten (enzyme—substrate)
kinetics as expected, then the uptake rate is initially great-
est, with a decrease in the fractional uptake of the amount
administered as the blood concentration decreases with
time. The temporal requirement concerns the rate of clear-
ance of the injected antibody from the blood and tissues
providing the environment for the target, in relation to its
residence time on the target tissue. A typical biological
clearance half-life of clearance of whole antibody from
blood is 43 h, with a range of 24—64 h and an antibody frag-
ment is cleared at approximately twice this rate, a biologi-
cal half-life of 21.5 h, with a range of 15-30 h. For a typical
whole antibody and a typical compact reasonable vascular
tumor about 75% of the total uptake of labeled antibody
occurs in the first 12 h, favoring the use of a radionuclide
with a physical half-life (T},,) of about 12h (e.g. for %1,
T, = 13.2h). For some antibodies uptake will be more
rapid, as Buraggi et al.”® have shown for anti-melanoma
antibody, giving an optimal time between 6 and 12 h, favor-
ing a radiolabel such as *™Tc with a 6-h physical half-life.
Other malignancies, such as prostate cancer and particu-
larly relatively avascular tumors like scirrhous carcinoma
of the breast, may show slower uptake requiring a longer-
lived radionuclide such as "'In (physical T}, = 67.4h).

(a)

(b)

An appreciation of the need for higher sensitivity in
order to detect small tumors requires an understanding of
the sources of signal degradation. ‘Noise’ is a term used gen-
erally for anything that degrades the signal and has many
sources, but the most important is the signal itself. Since
one of the aims of RIS is to visualize recurrences or spread
of cancer not detectable by conventional radiology, CT,
MRI or US through the properties of a specifically targeted
antibody, the optimization of a significant signal from a
small target is essential. Most of the noise that prevents this
objective is due to the weakness of the signal itself. This
primary type of signal degradation severely reduces tumor
detectability. Low count rates give ‘noisy’ images where the
tumor is less separable from the background and the high
variability of the background itself may produce ‘noise
blobs’ that may be falsely interpreted as tumor signals.

This may be illustrated by consideration of RIS in a child
with neuroblastoma using 40 MBq '*'I-labeled UJ13A (an
antibody reacting with neuroblastoma) on one occasion
(Fig. 1C.5(a)) and 40 MBq '*’I-labeled UJ13A 3 weeks later
(Fig. 1C.5(b)). For the same activity and the same amount
of antibody with T as the radiolabel, the tumor is lost in
the noisy background of liver, heart and spleen at 21 h, and
can just be visualized at 70 h. In contrast, with 12’ as the

Figure 1C.5 Radioimmunoscintigraphy
of neuroblastoma using radioiodinated
UJ13Ain a 4-year-old child. (a) Posterior
abdominal images 21 and 70h after
injection of 40 MBq 3'I-labeled UJ13A.
General uptake is seen in the liver, spleen
and blood pool at 21h. Focal low-
contrast uptake is seen at 70h in the
tumor. (b) Posterior abdominal images
at 10min and 21h after injection of
40 MBq '2|-labeled UJ13A in the same
child. At 10min the spleen and liver
are identified with an area of reduced
uptake superior to the spleen. At 21 h, a
focal area of increased uptake is evident
in the tumour superior to the spleen (see
also Plate 1C.1).
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radiolabel, the spleen and liver are clearly outlined at 10 min
and by 21 h the space seen superior to the spleen had been
replaced by a focal area of high uptake in the tumor. With
31, the signal-to-noise ratio at 70 h was 25:1, but the signal
was poor, whereas with '#°I, at 21 h the signal-to-noise ratio
was 1.5:1, yet the tumor is evident. The tumor is evi-
dent at 4h on a color-coded image (Plate 1C.1) when the
tumor-to-background ratio was only 1.23:1. This example
demonstrates the greater importance of the signal itself
over the calculated signal-to-background ratio. For %I, the
count content per pixel was 25 times that from !, for the
same administered activity. A good signal enables detec-
tion, however high the nonspecific background activity.2®
Thus, in principle, a pinhead-sized radiolabeled tumor will
be visualized if it gives a good enough signal.

While the avidity, affinity and selectivity of the antibody
are crucial to that signal, the choice of a radiolabel itself
is very important. The requirements include the number
of radiolabels allowable per antibody while retaining its
immunoreactivity, the efficiency and abundance with which
the gamma rays are emitted from the radiolabel, their
gamma-ray energy, the total number of radioactive mole-
cules that may be injected into the patient and the avail-
ability of the radiolabel. These all contribute to the choice
of ideal radionuclide.

Even ignoring its excessive gamma-ray energy, '*'I with
its half-life of 8 days and beta emission that gives 80% of
the radiation due to this radionuclide in vivo, should no
longer be used for modern RIS but limited to RIT. However,
a beta-emitting radionuclide suitable for therapy which
also emits a gamma ray whose energy is close to that of *™Tc
such as '®Re or 7"Lu has advantages for imaging and
dosimetry. Pure beta emitters such as *°Y and *?P in thera-
peutic amounts are imageable through their Bremsstrahlung
radiation using a wide window.

The immunoreactivity of the antibody must be preserved
during the radiolabeling. This usually requires a radiolabel-
to-antibody molar ratio of 1:1 or 2:1, since labeling of the
antigen-combining site of the antibody must be avoided.
Site-specific labeling of the Fc region of the antibody mole-
cule away from the antigen-combining site is being devel-
oped to overcome this problem. Methods for labeling must
therefore be ‘gentle’ so as not to denature the molecule by
altering its three-dimensional conformation. Genetically
engineered mouse antibodies which are ‘humanized’ to
make them less immunogenic, may have a specific label-
ing site introduced. Improvements may be made to their
antigen specificity. They may be produced by a continuous
fermentation-like process. All these technological improve-
ments should eventually overcome many of the present
problems relating to quality control.

Radiolabeling

Radiolabeling with T or %1 is usually undertaken using the
chloramine T or Iodogen techniques labeling the protein

through the tyrosine radical. Radiolabeling with ''!In com-
monly uses the method described by Hnatowich et al.?’
in which the bicyclic anhydride of diethylenetriamine-
pentaacetic acid (DTPA) is first coupled to the antibody with
subsequent chelation of ''In with this conjugate. To achieve
good ""In labeling, a balance has to be struck between the
amount of DTPA attached to the antibody and the effects
of this DTPA coupling on the physicochemical and biolog-
ical properties of the antibody. Newer DTPA derivatives are
more stable. A general finding with all '''In-labeled anti-
bodies given intravenously to patients is the high ''In
uptake in the liver. This occurs for a number of reasons:
transchelation of '''In onto plasma transferrin (6-10% per
day), its binding to liver and sinusoid cells; the localization
of antibodies in liver by virtue of its large blood supply;
and antibody uptake by Kupffer cells of the reticulo-
endothelial system. New types of metal chelates and differ-
ent methods of linking them to antibodies will help reduce
this problem in the future.

Labeling antibodies with *°™Tc

The in vivo stability of *™Tc-labeled monoclonal antibodies
has been successfully improved by the development of new
techniques. In a widely used method,?® the S-S bonds hold-
ing the heavy chains are opened using 2-mercaptoethanol
(2-ME). The antibody is concentrated by ultrafiltration to
approximately 10 mg ml~'. To a stirred solution of antibody,
sufficient 2-ME is added to provide a 2-ME-to-antibody
molar ratio of 1000:1. The mixture is incubated at room tem-
perature for 30 min with continuous rotation. The reduced
antibody is purified by gel filtration on Sephadex-G50
using phosphate-buffered saline as the mobile phase. The
antibody fractions are collated and divided into 0.5-mg
aliquots. These are frozen immediately at —20°C and stored
ready for use. When imaging is required, the antibody aliquot
is thawed and reconstituted (using a methylene disphos-
phonate (MDP) kit) with 5ml 0.9% sterile saline. A 35 pl
aliquot of MDP solution is added to the antibody aliquot
and mixed. The required amount of *™Tc-pertechnetate
(approximately 700 MBq) is added to the antibody/MDP
mixture, which is gently shaken for 10 min. The labeling
efficiency is assessed by thin-layer chromatography devel-
oped in 0.9% saline and should be over 95%; if below this,
the labeled antibody can be further purified by gel filtra-
tion on Sephadex-G50. The *™Tc-labeled antibody is sta-
ble in vivo with an in vitro stability of a few hours. There is
no thyroid uptake of ®™Tc even after 24 h in patients who
have received no thyroid-blocking medication. This tech-
nique has been used successfully for many different anti-
bodies in clinical use in this department to date. An
alternative method used a photoelectric system for labeling
proteins with #™T¢.?

A new approach for labeling genetically engineered
antibodies and peptides with *™Tc is to introduce a histi-
dine tag for labeling via a *™Tc-carbonyl derivative.?!
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CLINICAL PROTOCOLS AND DATA ANALYSIS

A typical protocol is as follows:

1. Before injection of a labeled antibody, the patient
must be asked about allergies. A history of severe
allergic reactions or sensitivity to foreign protein is
a contraindication to RIS. Skin testing is ineffective
and sensitizes the patient.

2. The nature of the test is explained to the patient
and informed consent is obtained.

3. Potassium iodide, 60 mg twice daily, is given the
day before, during and for a day after the test for
123] and for 2 weeks in the case of '*'I. No such
preparation is required when ''In or *™Tc is
the label.

4. The patient is then positioned supine on the scanning
couch under the gamma camera, which is fitted with
an appropriate collimator and set up for the particular
radionuclide.

5. The labeled antibody in an appropriate amount
and activity is injected intravenously and for
example, in the context of ovarian or colorectal
cancer, anterior and posterior images of the lower
and upper abdomen are obtained at 10 min, 6h
and 22 h for '?*I and *®™Tc, and at 1, 48 and 72 h for
n, A minimum of 800 kcounts per view is
recommended.

Evaluation of results

The series of transparent films or workstation displays are
evaluated for the distribution of uptake in normal struc-
tures: vascular activity, bone marrow, liver, spleen, kidneys,
gastrointestinal, and urinary activity; for sites of abnormal
uptake; and for how the distribution of uptake varies with
time. Thus, the activity in vascular structures, tissue back-
ground and at sites of nonspecific uptake after an initial
increase in distribution seen on the 10-min images tends to
decrease with time (Fig. 1C.2) whereas areas of specific
uptake may show little or no uptake on the 10-min image,
but show increasing uptake with time during the first 24 h
(Fig. 1C.3). Gastrointestinal, liver, and marrow activity for
"In and urinary activity for '**T and *™Tc, may increase
with time. Focal tumor uptake may be best seen at 6h
for ®MTc-labeled F(ab’), RIS in ocular and cutaneous
melanoma,*®3! with ™Tc-labeled whole antibodies at 24 h
for ovarian,?>?® breast,**¢ and colorectal cancer,”” and for
ovarian cancer with '2’I-labeled HMFG2.%%*° In colorectal
cancer, 24- or 48-h images may give the best contrast using
n-labeled anti-CEA (Plates 1C.2 and 1C.3) and 48- and
72-h images in prostate cancer. The key to identifying the
tumor site are the changes occurring in the series of trans-
parent films or workstation displays between the first early
and the later images.

Image enhancement

The following additional techniques are used to improve
the contrast between the target and its background:

® Background subtraction using a second
radiopharmaceutical*’

® Single photon emission tomography (SPET)*!

® The use of F(ab’), fragments*

® The use of a second antibody to speed the clearance of
the radiopharmaceutical from the blood*’

® Subtracting an early image from a later image**

® The use of a ‘chase’ in a two-or-three stage system

® Kinetic analysis with probability mapping or statistical
change detection®>~ %% (see also Chapter 13H).
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The Fab’ is a monovalent fragment and the F(ab’), a
bivalent fragment obtained by enzyme digestion of the
whole antibody to remove the Fc portion, leaving the active
antigen-binding site intact (Fig. 1C.1). The advantages of
using an F(ab’), fragment include: the absence of the Fc
protein that binds specifically to the reticuloendothelial
cells, tending to increase the liver, marrow, lymph node,
and splenic uptake; a more rapid clearance (about two-fold)
from blood; and a more rapid diffusion into the tumor tis-
sue. The disadvantages include: usually lower avidity than
the whole antibody; loss by glomerular filtration into the
kidney followed by absorption and metabolism in the
proximal tubules, depositing the metal !''In and *™Tc there
(but not '?°I, which is released by deiodinases); greater dif-
fusibility into a wider volume of distribution than the
whole antibody contributing to tissue background; and an
additional preparative step. However, matched to a short-
lived radionuclide such as *™Tc or %I, the advantages
probably outweigh the disadvantages.

The main requirement for SPET is a high count rate
from the target, so that the rotation can be completed in a
time that is reasonable to expect a patient to remain still.
This favors the use of the shorter-lived radionuclides for
antibody labeling. It is the registration of sites of suspected
abnormality in relation to anatomical landmarks that is the
main problem for interpretation. Major vessel activity and
incidental bone marrow uptake help, but the presence of
activity in the bowel makes for difficulties. Co-location by
SPET/CT systems or computer-assisted superimposition of
separate SPET and CT images is helpful. The advantage
of SPET is the increased contrast of the target in the plane of
the section and particularly the ability to separate objects
from in front of and behind the target, e.g. the bladder
from a pelvic tumor, which may overlap on a conventional
planar image. Another potential advantage is the ability to
quantify the amount of activity in a region of the transverse
section, for example, for dosimetry purposes. However,
this is much more difficult than expected: errors occur due
to less than perfect rotation and linearity of response of the
camera, Poisson statistical noise, algorithm noise, artefacts
due to overlapping tissue activities, the partial volume
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effect, patient and organ movement, and difficulties in cor-
recting for scatter and for tissue attenuation. Accuracy is
thereby considerably reduced and the anatomical relation-
ships of tissues and target may be difficult to visualize and/or
interpret. Once created, SPET sections cannot be reposi-
tioned. The SPET technique is a potentially useful adjunct
to, but not a substitute for, planar imaging in RIS. Removal
of unwanted objects, such as the bladder activity for prostate
imaging, from the SPET data can be undertaken before
reconstruction by ‘image surgery’.*® The advent of SPET/CT
systems has given a great impetus to improving RIS, partic-
ularly in prostate cancer (see Chapter 13E).

It is clearly important to distinguish specific tumor uptake
from nonspecific uptake and to reduce the effects to tissue
and blood background. The concept of subtracting the
early post-injection antibody images (showing distribution
of activity in the blood and tissue) before significant tumor
uptake has occurred, from the delayed images was intro-
duced.** This approach overcomes the problem of subtract-
ing the distribution of two radionuclides with differing
energies and allows considerable enhancement of tumor
uptake. However, it requires the repositioning and normal-
ization of the two images. The repositioning must be rea-
sonably accurate between the first and second visits of the
patient and then the computer images must be completely
superimposed. For each image of the patient, marker images
are also obtained. For the latter the patient’s bony landmarks
(such as xiphisternum, costal margins, anterior superior
iliac spines, and symphysis pubis) are marked with indeli-
ble ink and *’Co radioactive markers are positioned over
these. Transparent films of the marker positions on the
persistence scope are made at the early visit. At each subse-
quent visit, the markers are replaced on the patient and the
patient is repositioned until the image of the markers on
the persistence scope fits that on the previously recorded
films placed over the scope. The computer is also pro-
grammed so that the recorded images can be moved one
pixel at a time, vertically, horizontally or by rotation so that
an exact superimposition of the later image over the earlier
image may be made in order that detailed analysis of the
images may be performed, for example, by proportional
subtraction of the early image from the later image.

A more sophisticated approach makes use of the kinetic
information and also the count-rate distribution. As noted
above, the specific tumor uptake increases with time whereas
the nonspecific blood and tissue activity decreases with
time. By analysing pairs of images separated in time, for
example, the 10-min image with the 22-h image, for tem-
poral changes in the count-rate distribution between the
pairs of images, sites of specific uptake will be identified as
positive derivations from a line of correspondence calcu-
lated from the count-rate frequency distribution of the two
images for the areas where there has been no change
between the two images. This technique of kinetic analysis
with probability mapping satisfies the basic requirements
of detectability of low contrast differences and insensitivity

to statistical noise over the range encountered in a typical
RIS study. Biopsy-proven 0.5-cm diameter deposits have
been correctly identified using this approach.*’ Alternative
change-detection algorithms based on statistical compar-
isons of multiple small regions in each image are being
implemented, for example in the determination of axillary
node involvement in primary breast cancer®*~® and distin-
guishing benign from malignant adnexal masses™ and
Chapters 13D and 13E. Three-dimensional change detec-
tion analysis is being investigated in prostate cancer.*’

CLINICAL STUDIES

When introducing any new imaging technique the crucial
requirement is to define the principal circumstances under
which it should be able to contribute to clinical manage-
ment. Many diagnostic tests are undertaken in relation to a
particular clinical problem and this strict criterion of a
successful test is now being met by RIS. A number of gen-
eralizations about the technique in the management of
malignant disease may be made:

® RIS has no role as a screening test for the presence of
cancer in healthy people as it involves the injection of a
foreign protein, a radioactive source and an antibody
that is not completely cancer-specific.

® RIS is gaining a role in the evaluation of patients
picked up on a preliminary investigation; e.g. the
demonstration of an ultrasound abnormality in the
pelvis may be supplemented using RIS to determine
whether it contains ovarian cancer.*

® RIS is a natural counterpart to the increasing search for
tumor markers in serum. However, the ideal antigen
for detection in serum has to be released easily from
the tumor as is CEA or AFP and most markers do not
show a rise in serum until the tumor has reached a
sufficient size to release enough antigen and/or some
tumor necrosis has occurred. In contrast, for RIS an
antigen well fixed to the tumor gives more specific
results, localizes the site and is able to detect tumor
before serum markers are elevated.

® RIS has a prime role in the re-evaluation of the patient
after the management of the primary cancer by
surgery, radiotherapy or chemotherapy, or
combinations of these. It is of no clinical benefit to
image by RIS, the large metastases already evident
on ultrasound or CT. It is of particular benefit to
show that a mass in the pelvis does not represent
post-surgical fibrosis, but is a tumor recurrence; that
a normal sized node does contain or that an enlarged
lymph node does not contain metastases; and that a
clinically or radiologically normal abdomen does, in
fact, contain tumor, usually in the form of plaques, a
few cells thick, which have no ‘mass’ for radiological
detection. This role in demonstrating previously
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unsuspected metastases has been confirmed in
cutaneous melanoma,’! in peritoneal plaques and
pelvic recurrence of ovarian cancer’>* where
ultrasound and CT are unreliable, in colorectal cancer
recurrences,”*! in involved nodes that are clinically
impalpable, in breast cancer,>*° and in recurrences of
prostate cancer*>>** and Chapters 13D and 13E.
® RIS is an essential precursor to RIT to demonstrate
the in vivo uptake of the chosen antibody. Immuno-
histochemistry showing evidence of specific antibody
binding by the patient’s tumor cells is important but
not sufficient evidence to justify RIT, particularly in
solid tumors.

COLORECTAL CANCER

The detection of colorectal cancer depends on the clinical
history and digital rectal examination, barium enema and/or
endoscopy. Nuclear medicine techniques have no routine
role in this phase of the patient’s management. Their main
applications were in the detection of para-aortic nodes and
liver involvement, in the demonstration of recurrent can-
cer before serum markers were elevated, in the demonstra-
tion of the site of recurrent cancer when serum markers are
elevated,* in the evaluation of the success of chemother-
apy and/or radiotherapy, in the demonstration of the distri-
bution of the recurrence for radiotherapy planning and
surgery and in the demonstration of antibody uptake
before consideration of RIT.

Radiolabeled monoclonal antibodies may be injected
before surgery to enable the use of the per-operative
probe.?>*-5% This may aid in the detection of unsuspected
disease, in the demonstration that a tumor bed is free of
tumor after operation, in the demonstration that a piece of
bowel for anastomosis is free from tumor and in showing
that tissue removed at operation does or does not contain
malignancy before being sent for frozen section.’* The
absorbed radiation dose to the operator is negligible.®®

Tumor-associated antigens present in colorectal cancer
are of several types. First, the epithelial surface antigens are
separated from the blood by being in the inner surfaces of
cells and by biological barriers, so do not react with a mono-
clonal antibody injected intravenously. However, with the
architectural disruption that characterizes the malignant
process, such antigens become exposed to blood and thus
such colorectal tumors may be detected using radiolabeled
monoclonal antibodies that react with these antigens. One
such example is PR1A3 produced by the Imperial Cancer
Research Fund, now Cancer Research-UK.37°! A well-used
group are the oncofetal antigens such as the carcinoembry-
onic antigen, CEA.%54%62-65 Antibodies such as B-72.3 against
the tumor-associated antigen TAG 72 are available.5®
Antigens may either be fixed to the tumor or released from
the tumor. CEA is released from the tumor and therefore is

available as a serum marker for cancer. However, a tumor
must reach a certain size to release sufficient CEA to over-
come uptake by the liver and reticulo-endothelial system
and the normal biological variations in the blood to make
it useful as a serum marker. Both CEA and B-72.3 are
released by the tumor into lymphatics and therefore detec-
tion of the antigen in lymph nodes does not mean that
tumor cells are present.® Conversely the PR1A3 antigen is
fixed to the tumor. It is not found in lymph nodes draining
a primary cancer and therefore detection of uptake in lymph
nodes represents malignant involvement when PR1A3 is
used.*”®” When the cancer cell dies, the PR1A3 antigen is
destroyed with it, whereas the CEA antigen may be still
detectable in the environment of dead cancer cells.

It has now been shown that the CEA molecule is very
complex. Its three-dimensional structure consists of a large
extra-membrane portion with a tail buried in the surface
membrane of the cell. The part known as CEA breaks off
from this tail and thus is able to diffuse into the lymphatics
and the blood vessels. This breaking off process causes
a conformational change to conceal the antigen against
which the monoclonal antibody PR1A3 is produced. Thus,
PR1A3 only binds to the membrane fixed antigen. The sites
of the two negative charges that bind to the antigen have
been identified in the structure of the monoclonal anti-
body PR1A3. This information should help in the develop-
ment of peptides derived from antibodies with even higher
binding affinity to the cancer antigen.”’ Antibody frag-
ments,” "2 chimeric antibodies,”? ScFv,®°>7476 and human
antibodies’” have been studied. The principles remain the
same although the timings differ.

Patient protocol

The test is explained in detail to the patient. Since these
studies are usually performed under the control of an ethics
committee, signed informed consent must be obtained
from the patient. It is essential to ask the patient whether
there is history of an allergy to foreign proteins and such
patients should not be studied. The patient is then set on the
imaging couch with the camera over the pelvis. The injec-
tion consists of 600 MBq of *™Tc monoclonal antibody or
120 MBq of 'In monoclonal antibody of the chosen type.
The amount of protein injected is normally <1 mg and this
reduces the chance of side effects, sensitization or HAMA.
Before and after the injection, the vital signs are observed.

"IN-RADIOLABELED ANTIBODY

For "'In-labeled antibody, the camera is set up with a
medium-energy (up to 300keV) general-purpose, parallel-
hole collimator with windows of 15% around the 171 keV
and 20% around the 247keV photopeaks of ''In. The
camera is set so that the data are transferred automatically
to the mini-computer for subsequent image analysis and
presentation. The injection is given intravenously into an
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antecubital vein slowly over 10s. Vital signs are recorded
before and after the injection.

A series of images are made over the anterior and poste-
rior lower abdomen, pelvis, upper abdomen and chest,
starting about 10 min after the injection. Other images are
taken at 24 and 72h (Plates 1C.2 and 1C.3) with SPET at
about 24 h. The camera undergoes a 360° rotation with 64
projections and takes about 32 min. It is essential the patient
remains still during this period. Each planar image should
contain at least 800 kcounts. To aid re-positioning, a similar
image to each of the planar images maybe undertaken with
radioactive markers over prominent bony landmarks.>’®
The planar and SPECT images are analysed without clinical
and radiological information and decisions are made as to
whether a site of abnormal antibody uptake is seen.

Pre-targeted imaging of colorectal cancer undertaken
using an '''In bivalent hapten and a bispecific antibody
conjugate has given satisfactory results.”’

9SMTC-RADIOLABELED MONOCLONAL ANTIBODY

For #™T¢, the gamma camera is set up with a low-energy,
general-purpose or preferably a high-resolution, parallel-hole

collimator. The photopeak is set at 140keV with a 15%
window and for data transfer on line to the mini-computer.
The patient protocol is as above. A 600-MBq **™Tc-labeled
dose of intact monoclonal antibody (either anti-CEA or
PR1A3) is injected intravenously over 10 s. Images are taken
of the upper and lower abdomen and pelvis, upper abdomen
and chest anteriorly and posteriorly, at 10 min, 5-6 h, and
18-24h (Fig. 1C.6). Each planar image should contain a
minimum of 800 kcounts. Thyroid blockade is not required.
The **™T¢ Fab’ fragment of anti-CEA has also been shown
to be effective.”!

Primary colorectal cancer

The identification of primary colorectal cancer is straight-
forward using *™Tc-anti-CEA or **™Tc-PR1A3. The 10-min
image shows normal vascular, marrow, renal, urinary, and
liver uptake. The 5-h and 22-h images show the focal area
of increased uptake at the site of the cancer. Because of the
release of CEA normal lymph nodes may be imaged (Plate
1C.3) and areas affected by inflammatory bowel disease.
Through the series of images these areas of bowel show

Figure 1C.6  Colorectal cancer: radioimmunoscintigraphy with 9°"Tc-PR1A3. (a) Left: anterior view of the pelvis at 24 h. Focally increased
uptake in the center of the pelvis due to primary sigmoid adenocarcinoma. In the left iliac fossa, a second unsuspected adenocarcinoma is seen.
Right: liver metastasis in the same patient seen as a small focal area of increased uptake in the left lobe, not identified on ultrasound but con-
firmed at surgery. (b) Posterior view of the pelvis in a patient with recurrent rectal carcinoma. Left, 10 min; center, 5 h; right, 22 h. Increasing
irreqular uptake is seen in the pelvis confirming computed tomography findings, but further focal para-aortic uptake is seen which was unsus-

pected and made the patient inoperable.
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fixed uptake, whereas some secretion into normal bowel
contents will show movement between the 5-h and the 24-h
images. It is not unusual to see some diffuse uptake in the
ascending colon, particularly if the patient has undergone
bowel preparation before colonoscopy or surgery, where
the slightly inflamed bowel becomes somewhat leaky to
protein such as the gamma-globulin injected. Besides iden-
tifying the primary colorectal cancer, on occasion a second
site of focal uptake may be seen; this may represent a sec-
ond cancer, for example if the distal primary cancer has
caused a stricture of the large bowel so that a colonoscope
cannot pass (Fig. 1C.6(a)). Liver metastases may be detected.
The injection of the *™Tc-labeled monoclonal antibody
24h before surgery allows the imaging to be combined
with the use of the pre-operative probe during surgery.

If rectal cancer is suspected, it is helpful to obtain a series
of squat views at the three time points, since this may be
the best indicator of the fact that a low-lying rectal cancer
is posterior to the bladder. The planar anterior and poste-
rior views may not define it due to superimposition with
the bladder or genitalia, which usually appear vascular.
Some genitalia activity persists with time and is thought to
be due to binding of the Fc portion of the whole antibody
to the gonadal tissue. SPET of the pelvis is always under-
taken. This gives a good definition of the position of the
bladder in relation to any abnormality in the pelvis. Note
with excision of a rectal cancer, the bladder may lie more
posteriorly than usual. The uterus may be seen as a vascu-
lar area on the early image but uptake fades with time.

Liver metastases

Liver metastases from colorectal cancer are mainly sup-
plied by the hepatic artery, rather than the portal vein.
Since the hepatic artery supply is less than the portal vein
supply per unit volume of the liver, a liver metastasis will
usually show as a defect in uptake on the 10-min image
against the normal liver uptake, background and vascular-
ity. Four patterns of liver metastases are seen on radio-
immunoscintigraphy.

1. A defect in uptake seen on the 10-min image, which
persists on the 5-h and 24-h images. This is usually
large and may represent a space-occupying lesion due
to a cause other than a liver metastasis.

2. A more typical pattern is a defect on the 10-min image
that appears slightly smaller on the 5-h image and even
smaller on the 24-h image, often with a halo of
increased uptake around its periphery. This is typical of
a moderate-sized liver metastasis.

3. A small metastasis in the liver may show as a defect on
the 10-min image but appear undetectable on the 5-h
and 24-h images since its uptake is balanced by the
uptake in the normal liver. Without the 10-min image,
this sort of liver metastasis, which is not uncommon,
would not be detectable.

4. The last pattern is a normal 10-min image and a normal
5-h image, with a focal area of increased uptake seen
on the 24-h image (Fig. 1C.6(a)). This is usually found
in a very small metastasis (an accuracy of 92% can be
achieved using *™Tc-PR1A3).>

Liver SPET may help to confirm the presence of a
metastasis when interpreted in conjunction with the planar
images. A very small focal metastasis with increased uptake
may be detected on SPET when the planar scan is normal.
It should be confirmed on all the orthogonal, coronal, trans-
verse, and sagittal sections before being called a metastasis.
SPET is not so helpful in large metastases where a defect
may be difficult to distinguish from the normal variation of
the liver lobes.

Focal areas of increased uptake in the para-aortic region
should be interpreted with caution when anti-CEA is used,
but indicates positive involvement when an antibody against
a fixed antigen such as PR1A3 is used (Fig. 1C.6(b)). Rarely,
lung metastases are identified but these usually occur only
when the liver has been widely invaded. They are, however,
not uncommon once liver metastases have been treated.
Left supra-clavicular node metastases may be seen.

RECURRENT COLORECTAL CANCER

This is the main application of RIS.#*8! Recurrences may
be plaque-like, a few cells thick, over a wide area and not
detectable by CT, MRI or ultrasound. They may be detectable
on RIS, before any change in serum markers or symptoms.
Dukes’ C primary colorectal cancer has up to 50% chance
of recurrence at 1 year. Imaging of such patients at a year
after primary surgery, at a time when they may have no
symptoms and a normal serum CEA, has shown evidence
of recurrence in approximately 30% of cases. The RIS imag-
ing technique is by its nature more sensitive than serum
markers. With a good signal such as *™Tc, focal recur-
rences having the pattern of increasing uptake with time
can be seen. Indeed, RIS may be the only modality capable
of detecting such recurrences. As surgeons become confi-
dent with this technique, so surgery (with the help of the
probe) or radiotherapy, may be undertaken on the basis of
positive RIS alone. When serum markers are elevated, RIS
can identify the site(s) of recurrence in the pelvis, abdomen
or liver, even when other radiological modalities are nega-
tive. CT and MRI can demonstrate an abnormal mass in
the pelvis or abdomen in a patient who has had surgery for
primary colorectal cancer. However, these techniques are
often unable to identify whether such a mass represents
post-surgical, post-radiotherapy fibrosis, recurrent viable
tumor, or indeed an inflammatory mass. The monoclonal
antibody uptake will be absent if the mass is due to fibrosis;
uptake will be early, and fade with time if the mass is due to
an inflammatory process; and it will show no uptake on the
early image with progressively increasing uptake with time,
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if the mass is due to a viable recurrent tumor. The greater
extent of a recurrence in the abdomen may be seen by RIS
due to the plaque-like spread of the tumor over the abdomen,
whereas only the more mass-like part of the tumor recur-
rence may be appreciated on CT. Para-aortic lymph node
involvement may be well visualized. There is no doubt now
that FDG PET is a better detector of liver metastases than
RIS in colorectal cancer.®

RIS in breast and ovarian cancer is considered in
Chapter 13G and prostate cancer in Chapter 13H.
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INTRODUCTION

Medical science is constantly working towards understand-
ing the basic cause of a disease and is no longer satisfied
with morphological and gross cellular level pathology. The
science has moved to the molecular level as the scientists
have now realized that the cure to many devastating diseases
lies in targeting molecular events. With the advent of new
technologies like positron emission tomography (PET), mag-
netic resonance spectroscopy (MRS) and functional mag-
netic resonance imaging (fMRI), camulatively mentioned as
molecular imaging, it is now possible to not only image but
also quantify the pathophysiology of a disease process at the
molecular level. Most of the advances of these molecular
imaging methodologies have been concentrated in the field
of oncology. Demands from molecular imaging technolo-
gies have increased, keeping pace with the advances in treat-
ment modalities to assess the response to therapy. Until now,
conventional imaging tools like ultrasound (US), X-ray
computed tomography (CT) and MRI have been assessing
the response to therapy by measuring the change in anatom-
ical size of a tumor. However, in the present era of advancing
oncology, with the availability of so-called tailor-made drug
therapy for individual patients, cytostatic drugs, cancer vac-
cines, immunotherapy and cytokines, it has become essential
to gauge the therapy response of tumors at a very early stage,
even prior to the changes in the anatomical size and clinical
symptoms. Through molecular imaging, the ability to evalu-
ate response to therapy at an early stage helps in reducing the
toxicity and deciding whether the treatment protocol used is
appropriate or an alternative therapy should be started.
Positron emission tomography (PET) has contributed
considerably in properly assessing the response of tumors
towards therapy by applying a whole armamentarium of

radiopharmaceuticals. It has been used to monitor tumor
metabolism, tissue perfusion, hypoxic tumor volume, cell
proliferation, receptor status, uptake of therapeutic agents,
shedding light on the mechanism of drug resistance, and
many other tumor-specific interactions.! This chapter cov-
ers the role of PET in monitoring therapy response of the
tumors listed in Table 1D.1. The different radiopharma-
ceuticals which have been mainly applied and the patho-
physiological parameters underlying their use as well as the
different tumor entities and the response predicted are
mentioned in Table 1D.2.2

Table 1D.1  Use of positron emission tomography to monitor
the response of various tumors to therapy
Malignancy

Molecular imaging method

Thyroid cancer 131) 18F_FDG PET

Lung cancer '8F_FDG PET

Breast cancer '8F-FDG PET, 9" Tc-sestamibi
Lymphoma '8F-FDG PET

Colorectal cancer '8F_FDG PET, "8 F-FU PET

Neuroendocrine tumor SRS, %Ga-DOTA SMS analogs

Gastric carcinoma '8F_FDG PET

Esophageal carcinoma "8F-FDG PET

Gastrointestinal stromal '8F_FDG PET
tumor

Cervical carcinoma '8F_FDG PET

Prostate cancer "C "8F_choline, "' C-acetate PET
'8F_FDG, "' C-thymidine,
'8F_thymidine, " C-methionine,

'8F-tyrosine PET

Brain tumor
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Table 1D.2  The response of tumors to various radiopharmaceuticals

Radiopharmaceutical Measured effect

18F-FDG
"TC-thymidine, '8F-thymidine
"TC-methionine, ['®F]fluorothymidine

"TC-choline, "8F-choline
proliferation

"C-tyrosine, ['®F]fluorotyrosine and
["®F]fluoroethyityrosine

"TC-acetate Lipid synthesis
5-["8F]fluorouracil
['8Flfluoro-17-B-estradiol
99mTe_annexin V, "8 F-annexin V

Apoptotic cell death

["8F]fluorodihydroxyphenylalanine
acid transport

Glycolysis, glucose consumption and metabolism

DNA synthesis and tumor cell proliferation

Protein synthesis and tumor cell proliferation

Cell membrane metabolism and tumor cell

Natural amino acid transport

Accumulation of 5-FU in tumors

Estrogen receptor status

Dopamine synthesis and natural amino

Application in therapy response

Staging, restaging, treatment response
of different types of cancer

Staging, restaging, treatment response
of different types of cancer

Staging, restaging, treatment response
of different types of cancer

Staging, restaging, treatment response
of different types of cancer

Staging, restaging, treatment response
of different types of cancer

Staging, restaging, treatment response
of different types of cancer

Prediction of tumor response to 5-FU
(e.g. colorectal carcinoma)

Monitoring response of estrogen
receptor positive breast cancer
Monitoring treatment response of
different types of cancer

Staging, restaging, treatment response
of brain tumors and neuroendocrine
tumors

Modified from the article by Juweid et al.2

Apart from PET, single photon emission computed
tomography (SPECT) using sestamibi has been used in cer-
tain cancers for assessing multidrug resistance and in differ-
entiating viable tumor tissue from scar or necrosis.”'*
Thyroid cancer is one of the oldest examples, and probably
the first cancer type, where nuclear medicine not only con-
tributed significantly in therapy monitoring, but also in the
treatment of disease, paving the way for future develop-
ments in the field (Fig. 1D.1).

BASIC PRINCIPLES OF THERAPY MONITORING

Therapy options ava