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Since the publication of the fi rst edition of “Diagnostic Nuclear Medicine” rapid 

progress has occurred in the fi eld of nuclear medicine imaging.

Multimodality imaging, image fusion and molecular imaging techniques are being 

developed at a swift pace and some of these new methods, such as PET/CT scanning, 

have already had a major impact on the detection and staging of malignant tumors 

in daily clinical practice.

The second edition of this successful volume offers a comprehensive and com-

pletely updated overview of the current applications of modern nuclear medicine 

imaging and a fascinating perspective on future developments in this fi eld.

The editor, Christiaan Schiepers, is a leading international expert in the fi eld. He 

has been able to recruit several other widely known specialists, each dealing with his 

specifi c area of expertise.

It is my great privilege to congratulate the editor and all of the authors for their 

excellent contributions to this superb volume.

I am convinced that all specialists involved in clinical imaging as well as those 

concerned with the clinical care of oncological patients will benefi t greatly from 

this book, which will help them to maintain their high standards of good clinical 

practice.

I wish this volume the same success as the fi rst edition.

Leuven Albert L. Baert

Foreword
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Preface

The number of diagnostic nuclear medicine procedures has grown in the fi rst few 

years of the new century. Nuclear cardiology has diversifi ed, stimulating develop-

ment of new equipment and imaging protocols. Gated myocardial perfusion imaging 

completed with quantifi cation is now a standard procedure. Faster computers have 

led to improved reconstruction techniques, higher image quality, increased patient 

throughput and more automated acquisition and processing protocols. In addition, 

automated processing and reporting and tele-radiology have made higher work-

loads possible despite the decreasing amount of money available.

In this volume of the Medical Radiology series, imaging procedures in the nuclear 

medicine fi eld are presented and put in perspective. The success of the fi rst edition 

has led to this revised book, with updates and additions. The infl uence of molecular 

biology is readily appreciable and a move from functional to molecular imaging is 

in progress. Gene imaging is promising and initial results are visible on the horizon, 

although gene therapy for human disease has stalled temporarily because of unan-

ticipated side effects.

The predicted demise of nuclear medicine as a separate imaging specialty has not 

come true. On the contrary, multi-modality and molecular imaging are now in vogue. 

The introduction of PET/CT in the work-up of patients with cancer is a prominent 

new feature of this edition. Pharmacological interventions and new radiopharma-

ceuticals have broadened the number of applications and increased the accuracy of 

available tests. Hepato-biliary scintigraphy is now covered in a separate chapter.

This volume documents many of the advances around the turn of the century and 

provides an update of the diagnostic nuclear medicine fi eld. It is organized into three 

sections: clinical applications, basics and future prospects. The publishers and I are 

grateful to the many participants who devoted their time to the chapters, enabling 

the readers – students and professionals – to get an overview. Radiologists, nuclear 

medicine specialists and technologists, and interested physicians will fi nd this book 

useful.

Los Angeles, California Christiaan Schiepers



Contents IX

1 Introduction
 Christiaan Schiepers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       1

Clinical Applications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       5

2 Neurochemical Imaging with Emission Tomography: Clinical Applications
 Gianni Lucignani and James J. Frost. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       7
 
3    Assessment of Myocardial Viability by Radionuclide Techniques
 Roxana Campisi, F. Y. J. Keng, and Heinrich R. Schelbert . . . . . . . . . . . . . . . . . . .    39

4    Thrombo-Embolism Imaging
 Henry D. Royal and David A. Hillier  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    61

5    Renal Imaging
 François Jamar and Raffaela Barone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    83

6 Skeletal Scintigraphy
 Christiaan Schiepers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101

7    Imaging Infection and Infl ammation
 Huub J. J. M. Rennen, Chantal P. Bleeker-Rovers, and Wim J. G. Oyen . . . . . . . .  113

8   Gastrointestinal Nuclear Medicine
 Jean-Luc C. Urbain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  127

9 Hepatobiliary Scintigraphy
 Mark Tulchinsky . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135

10  Peptide Imaging
 Irene Virgolini and T. Traub-Weidinger  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  153

11    FDG-PET Imaging in Oncology
 Christiaan Schiepers and Carl K. Hoh. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  184

12 PET/CT in Lung and Head and Neck Cancer
 Hans C. Steinert, Gerhard Goerres, and Gustav K.von Schulthess  . . . . . . . .  205

13 PET/CT Imaging in Breast Cancer, Gastrointestinal Cancers, 
 Gynecological Cancers and Lymphoma
 Martin Allen-Auerbach, Johannes Czernin, and Christiaan Schiepers  . . .  215

14    Pediatric Nuclear Medicine - A Coming of Age
 Helen R. Nadel and Moira E. Stilwell  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  227

Contents



X   Contents

Basics of Scintigraphic Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  245

15 Radiopharmaceuticals: Recent Developments and Trends
 Guy Bormans, Kristin Verbeke, and Alfons Verbruggen  . . . . . . . . . . . . . . . . . .  247

16    Instrumentation and Data Acquisition
 Sibylle I. Ziegler and Magnus Dahlbom  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  275

17 Image Formation
 Johan Nuyts and Dirk Bequé  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  291

Future Outlook  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  311

18 Imaging of Gene Expression: Concepts and Future Outlook
 Meike L. Schipper and Sanjiv S. Gambhir  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  313

19    Quo Vadis?
 Christiaan Schiepers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  343

Glossary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  345

Subject Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  349

List of Contributors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  353



Introduction 1

1 Introduction

 Christian Schiepers

C. Schiepers, MD, PhD
Department of Molecular and Medical Pharmacology, David 
Geffen School of Medicine at UCLA, 10833 Le Conte Avenue, 
AR-144 CHS, Los Angeles, CA 90095-6942

went major revisions. A few were updated and had 
only minor revisions (Chaps. 4, 7 and 15,) and two 
were left unchanged and re-printed from the first 
edition. Our selection is aimed at elucidating key 
processes in cellular mechanisms of the human body, 
under normal conditions as well as in disease. 

1.1 
Perspective

NM started as a field where radioactive products 
were put to use for the benefit of mankind, e.g. thy-
roid scintigraphy and therapy. The performed stud-
ies in the field have fluctuated tremendously since 
those early years. Flow imaging of the brain was a 
frequent procedure in the NM clinic until CT was 
introduced. Later on, sophisticated triggering tech-
niques were developed and true functional imag-
ing of cardiac function became a reality. At present, 
we take the results of these pioneering efforts for 
granted. The next major step was introduction of 
tomography and multi-head camera systems in NM 
facilities. The ever increasing speed of computers 
allowed for reconstruction within minutes, and 
permitted standardization of imaging protocols for 
acquisition, processing and review. Image interpre-
tation and reporting, as well as database manage-
ment, PACS and teleradiology became easy tasks 
with the help of computers. 

The equipment was tuned for Tc-99m as the radi-
onuclide of choice, and radiochemistry was geared 
toward the Tc-99m pharmaceuticals. Kits that could 
easily be labeled at room temperature replaced many 
of the older products. 

The main achievement, in my view, is the shift 
that occurred at the end of the last century, when 
NM changed from functional to biological imag-
ing, with a major change of focus to the cellular and 
molecular level. The enormous strides of molecular 
biology, and awareness that defective genes cause 
disease, have revived mechanistic models of study-

CONTENTS

1.1 Perspective 1
1.2 Objectives 2
1.3 Clinical Overview 2
1.4 Basics of Diagnostic Nuclear Medicine 4
1.5 Future Perspective 4

In the present revised volume of Diagnostic Nuclear 
Medicine, the advancements in the field of nuclear 
medicine (NM) are presented with an emphasis on 
progress in the beginning of this millennium. The 
name ‘molecular imaging’ is used more frequently 
for diagnostic NM imaging, but is not commonplace. 
We will use the traditional term NM. The various 
contributions in this imaging field such as new trac-
ers and equipment, modifications of existing tests, 
diagnostic algorithms, and general applications for 
whole body imaging are discussed. Major achieve-
ments during the last decade of the 20th century 
were the contribution of FDG in positron imaging, 
receptor and peptide imaging, pharmacological aug-
mentation to enhance the accuracy of neuro-, car-
diac, renal and hepatobiliary imaging. This progress 
has broadened the field and strengthened NM as a 
functional and molecular imaging modality.

The re-focusing of NM on imaging of biological 
processes had its effects on the selection of topics 
in this revised edition. Dual modality imaging with 
combined PET/CT is featured in Chap. 12 from the 
Zurich group in Switzerland and Chap. 13 from the 
UCLA group in California. Topics selected were con-
sidered representative of the mainstream events. In 
addition to the new chapters on PET/CT, hepatobil-
iary imaging was introduced as a separate chapter. 
Other chapters were completely re-written or under-
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ing nature, a trend similar to the one that propelled 
modern physics at the turn of the 19th century. Two 
factors played an important part: the advancements 
in immunology, and the glucose analogue FDG as 
tracer for metabolic imaging. 

In the present volume the interdisciplinary nature 
of NM imaging is emphasized: the view of clinicians, 
radiologists, nuclear medicine specialists, engineers 
and molecular biologists, will be put forward to 
highlight their view on development and implemen-
tation of tests to study organ function in vivo. 

1.2 
Objectives

This volume is meant for the general NM practi-
tioner, who wants to keep abreast of the latest clini-
cal developments as well as the interested student 
and professional. This volume was not meant as a 
textbook, but as an addition to these readily avail-
able texts. There are three different sections, the 
first of which deals with clinical applications. Con-
trary to other volumes, the clinical point of view is 
central and comes first, and the state of the art in 
the major fields is presented. In the second section, 
the principles upon which these scintigraphic imag-
ing techniques are based will be discussed and new 
trends outlined. The progress in radiopharmaceuti-
cals, image acquisition and processing is the main 
subject of this second section of the book. In the last 
section, the horizon of genetic imaging is explored 
and early results in the clinical arena are presented. 
Selection of topics in the preparation of this volume 
is one of the prerogatives of an editor. The emphasis 
has been put on clinical progress in the field as well 
as on new modalities that are likely to stay. The typi-
cal radiological format was chosen, i.e. review by 
topology, and mixed with the classic internal medi-
cine approach of organ system description. 

In the clinical section, standard tests in neuro-
logical, cardiac, pulmonary, gastrointestinal, renal, 
and skeletal scintigraphy are being dealt with. In 
addition, typical multi-organ fields such as oncol-
ogy, infection and inflammation are subjects of 
detailed review. As in any volume, choices have to 
be made. In this volume, monoclonal antibodies are 
not presented in a separate chapter. Although there 
are some very effective therapy protocols with anti-
bodies, just a few diagnostic imaging applications 
are in use, such as granulocyte imaging, tumor anti-
gen imaging, and thrombosis detection. The switch 

to smaller molecules such as peptides looks far more 
promising (see Chaps. 10 and 15).

Positron imaging will be discussed interspersed 
with single photon imaging for neurologic, cardiac 
and oncologic applications (Chaps. 2, 3, 6 ,7). Three 
chapters deal exclusively with positron imaging 
(Chaps. 11–13). 

1.3 
Clinical Overview

In the first section, the main organ systems are 
presented. In Chap. 2 brain imaging is reviewed 
for clinical entities such as stroke, epilepsy, and 
degenerative disorders. Neuro-receptors and their 
potential in neuro-degenerative disease as well as 
applications in psychiatric illness will be discussed. 
The use of emission tomography allows assessment 
of cerebral blood flow, glucose utilization, oxygen 
metabolism, rate of incorporation of amino acids 
into proteins, and rate of transport of substrates 
into the brain. Measurement of the rate of neuro-
transmitter storage, release, and binding to specific 
receptors is possible, but is not used in clinical prac-
tice yet. This possibility has raised high expecta-
tions among clinical neurologists and psychiatrists 
for future developments.

Dysfunctional myocardium in patients with poor 
left ventricular function can be caused by several 
mechanisms. The concepts of ”hibernation” and 
”stunning”, both representing viable myocardium, 
are discussed in Chap. 3. Distinction of viable myo-
cardium from scar tissue is crucial to determine 
whether revascularization is a therapeutic option. 
The available clinical evidence to assess myocardial 
viability prior to coronary revascularization is pre-
sented. Various techniques are highlighted indicat-
ing that viability assessment will lead to the correct 
use of resources, with the potential of decreasing 
health care costs. 

Pulmonary embolism is a common clinical entity, 
and the imaging diagnosis remains a topic of fierce 
debate. The emphasis on evidence-based medicine 
and outcome significantly affects our thinking 
about diagnosis and treatment. ”Do we need to treat 
all pulmonary emboli?” and ”How do we identify 
the patient in whom the risk of treatment is less 
than the risk of no treatment?” are questions posed 
in Chap. 4. It is the authors’ firm belief that only new 
reasoning will allow us to make progress with diag-
nosis and management of pulmonary embolism.
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Studies of the urinary tract are directed to quan-
tification of renal flow and function. Various trac-
ers are discussed and compared, a detailed analysis 
is given of how they affect the measured param-
eters. The addition of pharmacological augmenta-
tion became popular for several existing tests of 
the GI and the GU tract. These topics are dealt with 
in Chap. 5 and 8. Hepatobiliary imaging and aug-
mentation are now incorporated in a new Chap. 9. 
Specific applications for pediatric NM are given in 
Chap. 14.

Bone scintigraphy has been around for a long time. 
It remains an exclusively sensitive procedure for eval-
uating a variety of skeletal disorders. Main referrals 
are detection of metastases, trauma, and orthopedic 
problems. Sports injuries also appear a major indi-
cation for performing bone scans. Some 40 years ago 
18F-fluoride was introduced as a bone imaging agent. 
This radiopharmaceutical has been revived since PET 
systems have become commonplace in the NM clinic. 
The PET technique allows for true regional quantifi-
cation of bone blood flow (Chap. 6). 

Wolfgang Becker, who wrote the previous chapter 
on infection and inflammation, passed away unex-
pectedly. The group of Nijmegen, Netherlands has 
prepared the text of Chap. 7 for the current edition. 
In order to localize an infectious process, we need 
procedures with high sensitivity for all body regions. 
The studies available and their clinical effectiveness 
are discussed. A typical diagnostic dilemma, posed 
daily, is the differential diagnosis of inflammation 
versus infection, e.g. after a surgical procedure. A 
variety of tracers and clinical conditions are pre-
sented, as well as interpretation and reporting of the 
image findings.

The field of receptor imaging came back in vogue 
in the 1990s with the introduction of new peptides. 
Receptors are proteins, which bind specific ligands, 
and subsequently respond with a well-defined event. 
Historically, these radioligands have evolved from 
monoclonal antibodies, which are large proteins, via 
”molecular recognition units” to small peptides. Rec-
ognition of tumor-specific properties can be used to 
detect cancers, and peptide receptors appear highly 
expressed on tumor cells. Chapter 10 illustrates that 
peptides have proven effective in clinical practice.

In the field of oncology, the 1990s showed an 
emerging role for the glucose analog FDG (2-18F-
fluoro-2-deoxy-D-glucose), which is the most fre-
quently used PET radiopharmaceutical. High rates 
of glycolysis are found in many malignant tumor 
cells with increased membrane transporters. The 
uptake of FDG varies greatly for different tumor 

types. High uptake is usually associated with a high 
number of viable tumor cells and/or rapidly prolif-
erating cells. Increased FDG uptake is not specific 
for neoplasms and many inflammatory processes 
have increased uptake. An overview for the common 
cancers in the Western world is given in Chap. 11. 

The main addition in the current volume is dual 
modality imaging with PET/CT. The pioneering 
work of the Zurich group is well known and they 
present their experience in lung, and head and neck 
cancer in Chap. 12. The PET/CT experience in lym-
phoma, breast, GI, and GYN cancers is discussed in 
Chap. 13.

Pediatric nuclear medicine has special needs, 
because of the size and age of the patients. A selec-
tion of topics is presented in Chap. 14.

1.4 
Basics of Diagnostic Nuclear Medicine

The second section of the book deals with the basics 
in radiopharmaceuticals, instrumentation and 
image processing. The potential variety of radiop-
harmaceuticals which may be developed is unlim-
ited, keeping nuclear medicine in the forefront of 
clinical imaging. Chapter 15 provides an overview of 
the developments and trends for the near future.

The technological improvements of the standard 
gamma camera include higher spatial resolution, 
better uniformity, higher count rate performance, 
and multi-detector geometry. New hybrid devices 
were manufactured for both single photon and coin-
cidence imaging, bringing the advantages of PET to 
the general nuclear medicine clinic. These hybrid 
devices have been discontinued, and the new trend 
is merging of standard imaging equipment, e.g. 
PET with CT, and SPECT with CT. Combining both 
imaging modalities in one system, which appeared 
promising in the previous version of the book, has 
become reality. CT not only provides images of diag-
nostic quality, but is also used for attenuation cor-
rection, greatly reducing acquisition time. Clinical 
applications of dual modality imaging are discussed 
in Chaps. 12 and 13. Chapter 16 provides a text on 
instrumentation and data acquisition. 

Computer speed tends to double per year, an expo-
nential growth curve that will continue up to the limit 
set by physics. New reconstruction techniques will be 
discussed and compared, leading to improved image 
quality. Iterative reconstruction techniques, and cor-
rection for attenuation and scatter are the standard 
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in tomographic NM imaging. The effects on quanti-
fication of tracer distribution will be touched upon. 
In addition, simple and handy techniques for image 
enhancement are presented (Chap. 17). 

1.5 
Future Perspective

The third section of this volume provides an intro-
duction and progress report on gene imaging. The 

advances in molecular biology have made it pos-
sible to image specific molecular processes, and by 
inference the expression of gene(s) controlling these 
processes may be visualized. Conventional nuclear 
imaging techniques can be used by manufacturing 
a radio-labeled substrate that interacts with the pro-
tein of the gene of interest. General methods are 
emerging to image gene expression, which will be 
the subject of Chap. 18. Many phenomena in disease 
are leading to altered cellular functions, which can 
be imaged with molecular biology assays in living 
animals and humans.
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2 Neurochemical Imaging with Emission Tomography:
 Clinical Applications
 Giovanni Lucignani and James J. Frost

G. Lucignani, MD
Unit of Molecular Imaging, Division of Radiation Oncology, 
European Institute of Oncology, and Institute of Radiologi-
cal Sciences, University of Milan, Via Ripamonti 435, 20141 
Milan, Italy
J. J. Frost, PhD, MD
Departments of Radiology and Radiological Services and 
Neuroscience, The Johns Hopkins University School of Medi-
cine, JHOC 3225, 601 North Carolina Street, Baltimore, MD 
21287, USA

2.1 
Introduction

The assessment of neurochemical and neurophysi-
ological variables by emission tomography can be 
based on two strategies in relation to the goal to be 
achieved. A first approach is aimed at the assessment 
of basic variables related to brain functional activity 
and energy metabolism, such as blood flow, rates of 
glucose and oxygen metabolism, and incorporation 
of amino acids into proteins. This first approach 
allows us the assessment of brain function in a broad 
manner, often without previous knowledge of the 
location, if any, to look for a specific function or an 
abnormal function. A second approach is based on 
the measurement of neurotransmitter synthesis and 
reuptake, receptor density and enzyme activity, i.e., 
variables related to the function of the chemically 
heterogeneous neuronal populations that compose 
the central nervous system. This second approach 
requires a more solid prior hypothesis on the system 
and on the neurochemical variable to be assessed, 
among many, and on the construction of the experi-
mental approach. The two approaches are comple-
mentary and can be used for the assessment of 
regional derangements of cerebral energy metabo-
lism and chemical transmission. As most CNS disor-
ders entail neurochemical alterations involving the 
synthesis of neurotransmitters and the disruption 
of synaptic function, imaging of neurotransmitters 
and neuroreceptors has become crucial in helping 
to understand the intrinsic neurochemical basis of 
neurologic and psychiatric diseases.
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The first studies aimed at the in vivo assessment 
of cerebral function by using radioactive tracers 
and external monitoring by gamma-rays detectors 
were focused on measuring cerebral hemodynamics 
and energy metabolism (Ingvar and Lassen 1961; 
Hoedt-Rasmussen et al. 1966; Obrist et al. 1975; 
Phelps et al. 1979; Reivich et al. 1979; Frackow-
iak et al. 1980; Herscovitch et al. 1983). This work 
was a tremendous stimulus in the development of 
tracer methods for the assessment of regional cere-
bral blood flow in clinical practice, a goal that has 
been readily achieved in the mid 1980s following 
the development of SPECT perfusion tracers labeled 
with Iodine-123 and most important with Techne-
tium-99m. Following these milestones in the devel-
opment of brain perfusion imaging in humans, there 
has been further development of methods and trac-
ers over the last two decades that permit the assess-
ment of neurotransmission. The first images of brain 
receptors were those of dopamine (D2) receptors 
(Wagner et al. 1983) with PET, and those of musca-
rinic cholinergic receptors (Eckelman et al. 1984) 
with SPECT. An historical overview of the develop-
ment in the field of neurotransmitter imaging has 
recently been published by Frost (2003). Following 
this seminal work many tracers have been developed 
(Mason and Mathis 2003) and are currently used. 
Basic neuroscientists and clinical neuropsychiatrists 
use these methods for the assessment of regional 
cerebral functional activity and of neurochemical 
transmission under physiologic or pharmacologic 
conditions. Currently, the use of emission tomogra-
phy allows assessment of cerebral blood flow, glu-
cose utilization, oxygen metabolism, oxygen extrac-
tion ratio, rate of incorporation of amino acids into 
proteins, and rate of transport of substrates across 
the brain capillaries into the brain, as well as of the 
rate of neurotransmitter storage, release, and bind-
ing to specific receptors. The assessment of neuro-
transmission by emission tomography has attracted 
the interest of neuroscientists with an expertise in 
nuclear medicine and has raised high expectations 
among clinical neurologists and psychiatrists, many 
of which have been realized.

2.2  
Physiologic and Biochemical Basis 
of Radionuclide Brain Imaging

The central nervous system is a heterogeneous entity 
composed of a number of neuronal systems for trans-

ferring signals along their own body surface and, 
by secreting highly selective chemical substances, 
transferring this information to down-stream neu-
rons. This function requires a continuous supply 
of nutrients through the cerebral circulation. As 
nutrients are delivered to brain structures for their 
energy metabolism, the rate of delivery and their 
consumption is indicative of neuronal functional 
activity, and also of functional derangements when 
they occur. Since the function of the nervous system 
is based on the communication among its compo-
nents, the characterization of the neuronal circuits 
and of neurotransmission constitute a primary 
goal of neuroscientists and neuropsychiatrists. A 
description of the fundamental body of knowledge 
is reported elsewhere (Feldman et al. 1997; Siegel 
et al. 1999).

Neuronal communication represents the ulti-
mate function of the nervous system. It requires 
the integrated function of ion channels, classi-
fied according to the mechanism controlling their 
gating as either voltage-sensitive or receptor oper-
ated, and neurotransmitters, defined on their pres-
ence and release at the presynaptic sites and on the 
capability to evoke a response at the postsynaptic 
site. The sequence of events characterizing neuro-
transmission can be schematically summarized as 
follows. The propagation of an action potential in 
the presynaptic neuron activates voltage-sensitive 
channels at the nerve ending, which turn on the 
fusion and release of synaptic vesicles, contain-
ing the neurotransmitter, into the synaptic cleft; 
the neurotransmitter then binds to postsynaptic 
neuroreceptors and initiates a cascade of events, 
including the activation of second messengers, and 
by modifying the ionic permeability of the postsyn-
aptic neuron. This event in turn may result in the 
excitation or inhibition of the postsynaptic neuron, 
by either depolarization or hyperpolarization states 
produced by changes in neuronal membranes’ per-
meability to ions such as calcium, sodium, potas-
sium and chloride. The depolarization results 
in an excitatory postsynaptic potential (EPSP), 
whereas the hyperpolarization results in an inhibi-
tory postsynaptic potential (IPSP). EPSP and IPSP 
have a short duration, of the order of milliseconds, 
therefore they represent temporary states during 
which the threshold for neuronal response is either 
decreased (depolarization) or increased (hyperpo-
larization). The electrical impulses and the chemi-
cal messengers act sequentially and synergistically, 
the former for intraneuronal conduction, the latter 
for interneuronal communication.
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2.2.1 
Cerebral Blood Flow and Energy Metabolism

The normal energy metabolism of the nervous 
system is dependent on the obligatory consumption 
of oxygen and glucose. Due to the lack of significant 
storage of glycogen, the brain functions are sustained 
by a continuous supply of nutrients via blood. The 
rate of glucose and oxygen utilization throughout the 
brain is very heterogeneous and is tightly coupled 
to the rate of blood flow. Thus, the assessment of 
any of the three variables, i.e., blood flow, oxygen or 
glucose utilization, provides a measure of the degree 
of cerebral functional activity (Sokoloff 1960). 
Normal values of regional cerebral blood flow and 
metabolism and other neurophysiologic variables 
are listed in Table 2.1. Because of the close relation 
between blood flow, metabolism and brain function, 
the assessment of blood flow is currently performed 
not only with the aim of detecting cerebrovascular 
disorders, i.e., pathologic states originated by altera-
tions of cerebral circulation, but also to assess other 
diseases of the nervous system that, due to neuronal 
death or to neuronal loss of function, require less 
blood supply compared to normal regions. In the 
latter case the reduction of blood flow is secondary to 
a reduced metabolic demand. The increase in blood 
flow is interpreted as a consequence of increased 
functional activity and this concept is the basis of the 
neuroactivation studies aimed at localizing areas and 
neuronal networks involved in functional processes.

2.2.2 
Neurotransmission

The function of the different neuronal systems of 
the brain hinges on the synthesis and release of sev-
eral neurotransmitters, each acting selectively on 
specific neuroreceptor types and subtypes. Thus, 
neurons, receptors, and entire neuronal networks, 
can be classified according to the neurotransmitter 
utilized. Neurotransmitters can range in size from 
small molecules such as amino acids and amines, 
to peptides. They are contained in small intracel-
lular vesicles and are released in the synaptic cleft 
by exocytosis. Neurotransmitters act by influencing 
the excitability of target receptors, located either on 
postsynaptic neurons or effector organs. The mech-
anism of action of neurotransmitters depends on the 
features of the two types of receptor subfamilies. 
Ligand-gated receptors contain an intrinsic channel 
that is rapidly opened in response to transmitter 

binding, whereas G protein-coupled receptors acti-
vate G proteins in the membrane which then stimu-
late various membrane effector proteins. Membrane 
proteins act on the synthesis of second messengers 
(e.g. cAMP, cGMP, and Ca ions) which in turn act 
on intracellular protein kinases. The action of neu-
rotransmitters may produce rapid and short-term 
changes, or initiate long term processes by modify-
ing gene expression. The neurotransmitter action 
is terminated after metabolic degradation or cel-
lular reuptake. Many neurons possess autoreceptors 
at their surface, which by responding to the cell’s 
own transmitter initiate feedback mechanisms that 
reduce transmitter synthesis and release.

2.3 
Methodology

The development and use of methods for brain 
radionuclide studies must take into account cerebral 
morphologic heterogeneity, neuronal circuitry com-
plexity, neurotransmitter specificity, non-uniform 
blood flow and metabolism, and presence of the 
blood–brain barrier (BBB). Each experimental and 
diagnostic procedure must be tailored to examine the 
physiologic and biochemical process of interest.

The methodological research has been aimed at 
constructing instruments to detect and reconstruct 
the temporal distribution of tracer substances in 
three dimensions and at developing methods of data 
analysis for the transformation of the radioactivity 
distribution data into relevant neurophysiologic and 
neurochemical parameters.

2.3.1 
Detection Instruments

The process of detecting photons emitted either as 
singles or in pairs, constitutes the basis of single 
photon emission computed tomography (SPECT) and 

Table 2.1. Normal values per 100 g brain tissue in a healthy 
resting young adult man. (Modified from Sokoloff 1960)

Cerebral blood flow  57   ml/min
Cerebral oxygen consumption 03.5 ml/min
Cerebral glucose utilization 05.5 mg/min
Cerebral blood volume 04.8 ml
Mean RBC volume 01.5 ml
Mean plasma volume 03.3 ml
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positron emission tomography (PET), respectively 
(Chap. 16). In order to appreciate the potentials and 
limitations of SPECT and PET with respect to their 
applications in brain studies, it is worth pinpoint-
ing some features of both techniques. Image quality 
in emission tomography results from a compromise 
between spatial resolution, which affects the ability 
to discriminate small structures, and count density, 
which depends on the system detection efficiency 
and determines the level of noise in the image. 
The temporal resolution of emission tomography, 
defined as the minimum time needed for acquisition 
of counts, even with recent increases in detection 
efficiency, remains on the order of seconds/min-
utes to obtain acceptable, i.e., low noise levels in the 
image. It should be noted that detection efficiency 
in PET is approximately 10–15 times higher than 
in SPECT. The features of state-of-the-art PET and 
SPECT scanners are defined according to their phys-
ical performances, including field of view, spatial 
resolution, system sensitivity, count rate (Chap. 16). 
Whereas PET remains for the brain an instrument 
primarily devoted to research with many opportuni-
ties for clinical applications still unexplored, SPECT 
is nowadays widely used for clinical purposes, and 
will mature as a research tool in time.

2.3.2  
Dynamic and Static Acquisition Procedures

Two main approaches can be used for SPECT and PET 
brain data acquisition. One is based on the acquisition 
at one fixed time interval after tracer administration. 
The second approach is based on the measurement of 
changes in time of the brain radioactivity distribu-
tion. The two approaches are sometimes referred to as 
autoradiographic and dynamic imaging, respectively. 
Both methods may require sequential sampling of 
peripheral arterial or venous blood to determine the 
time course of radioactivity in blood. Blood sampling 
is usually necessary for quantitative assessment of 
physiologic or biochemical processes, whereas it is 
not required for assessing uptake ratios of radioac-
tivity distribution between cerebral structures, also 
referred to as semiquantitative indices of function.

2.3.3 
Data Analysis

Data analysis presents a major intellectual and prac-
tical challenge in SPECT and PET. Quantification is, 

in general, a requisite of research studies and is often 
a complex procedure that may require the assess-
ment of the fractions of radioactive metabolites in 
blood by chromatography and scintillation count-
ing, as well as scanning times in the order of hours. 
Data acquired for quantification must be analyzed 
by kinetic models; these are in general schematic 
representations of the behavior of tracers in the body 
spaces, i.e., compartments (Gjedde and Wong 1990). 
Kinetic models represent the basis to calculate the 
variables of interest, e.g., tracer rate of transfer across 
compartment boundaries or rate of tracer accumu-
lation in a compartment. The application of these 
models requires measurement of radioactivity con-
centrations in blood and brain after tracer injection. 
These models may require the a priori knowledge 
of parameters that are applicable to any subject; 
two of such kinetic models are shown in Fig. 2.1. 
Models representing biological events never can fully 
account for all relevant factors and conditions that 
occur in vivo and consequently are imperfect. The 
experimental procedures must therefore be designed 
to minimize the possible errors arising from limita-
tions and imperfections of the method. Semiquan-
titative assessment is considered adequate in most 
clinical studies with emission tomography, when 
only localization of phenomena is sought. Quantifi-
cation may also not be required in activation studies, 
i.e., performed under baseline conditions (unstimu-
lated) and then repeated under physiologic or phar-
macologic stimuli, where localization of neuronal 
function is sought. For many studies that address 
clinical and research questions, location may be only 
a part of the information sought; the assessment of 
the magnitude of the alterations is also important. 
Furthermore, it is often impossible without quanti-
fication to make comparisons between individuals, 
e.g., patients, groups, and normal control subjects. 
Relative changes, as assessed by semiquantitative 
methods, may be inadequate because the reference 
region may be affected by the same process as the 
area under investigation. Nevertheless, semiquanti-
tative assessments are in general preferred as they 
are less cumbersome for patients, physicians and 
technical staff, since blood sampling can generally 
be avoided and data acquisition can be performed 
in a shorter time span, with an acceptable tradeoff 
in accuracy.

Regional cerebral radioactivity is usually mea-
sured by drawing regions of interest (ROIs) of either 
regular or irregular shape on the images. This pro-
cedure is time consuming and can be biased as it 
is based on arbitrary subdivision of cerebral struc-
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tures into small discrete volumes. To overcome 
these problems non-interactive voxel by voxel-based 
techniques have been developed. One such method 
developed by Friston et al. (1995) for activation 
studies with PET and 15O-labeled water, has become 
very popular, and is known as statistical paramet-
ric mapping (SPM). The use of this method has been 
extended to other tracers. It offers a series of non-
interactive techniques that permit: (1) spatial nor-
malization of brain images into a stereotactic space, 
(2) normalization for differences in global cerebral 
radioactivity distribution depending on intersubject 
variability, and (3) higher spatial resolution than 
that achieved with subjective ROIs based analysis.

Methods have been specifically developed for 
estimating in vivo regional variables of blood flow, 
metabolism, neurotransmitter synthesis and recep-
tor binding. A selection of these methods is reported 
in Table 2.2.

Whereas numerous procedures for quantita-
tive measurement of hemodynamic and metabolic 
variables have been established and fully validated, 
semiquantitative assessments are performed for 
clinical use. Methods developed for the assessment 
of neurotransmission function have been most often 
semiquantitative, although fairly simple quantitative 
methods exist for assessing the maximum concen-
tration of binding sites (Bmax) and the affinity of the 
ligand for the receptor (KD). A frequently adopted 

Table 2.2. Major neurotransmitters and receptors 

Neurotransmitter Receptors Clinical application

Glutamic acid NMDA,AMPA, kainate, quisqualate Epilepsy
Movement disorders
Ischemia

Gamma-amino-butyric-acid linked to 
benzodiazepine receptors: GABAA/BZD

GABAA and GABAB Movement disorders
Mood disorders

Acetylcholine Nicotinic (peripheral) Movement disorders
Nicotinic (central), some abnormal in AD Dementia
Muscarinic (central), five subtypes Epilepsy

Dopamine Five subtypes Movement disorders
Drug addiction
Schizophrenia

Noradrenaline Five subtypes Vascular tone
Movement control
Mood control

Serotonin Seven subtypes Sleep
Depression
Food intake
Pain

Opioid Mu, delta, kappa Drug addiction
Pain syndromes
Epilepsy
Eating disorders

For details see: Feldman et al. 1997; Siegel et al. 1999

Fig. 2.1a,b. Compartmental models used to calculate physi-
ologic and biochemical parameters for cerebral glucose utili-
zation (a), and for receptor-ligand binding (b). The K’s are the 
rate constants or diffusion rates between compartments

a

b
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measure of the functional status of brain receptors 
is based on the assessment of the binding potential 
(BP), which is equal to the ratio of receptor density 
(Bmax) to receptor affinity (KD).

Analytical methods have also been developed 
that allow the assessment of the rate of uptake and 
storage of neurotransmitter precursors into neu-
rons. One such method, which has interesting appli-
cations for the analysis of the behavior of any tracer 
and permits the assessment of volumes of distribu-
tion, as well as rate of trapping, has largely been 
applied (Patlak et al. 1985). However, there is a 
widespread use of semiquantitative methods based 
on the assessment of ratios of radioactivity concen-
tration in target regions, i.e., known to contain spe-
cific receptors and in which there is specific tracer 
binding, to that of regions devoid of receptors, in 
which tracer uptake is non-specific. A comprehen-
sive review on tracer kinetics has recently been pub-
lished by Price (2003)

2.4 
Tracers for Brain Imaging

Numerous tracers have been developed for studying 
the chemical processes in the brain (Mason and 
Mathis 2003). The availability of radiotracers for 
the in vivo assessment of biochemical variables, 
physiological, and pharmacological processes, is a 
major advantage of PET over SPECT, but the short 
half-life of the positron emitters makes the presence 
of a cyclotron mandatory in the proximity of the 
PET scanner, thus increasing the cost and limiting 
the diffusion of PET compared to SPECT. Indeed, in 
spite of the increased availability of PET scanners 
and cyclotrons, PET is mainly used for oncology and 
FDG is the only clinical tracer, produced in large 
amounts with automated industrial procedures. All 
other tracers used for PET brain scanning to assess 
the neurotransmitter system are still produced 
with often laborious semi-automated procedures, 
on demand, in centers where research is the pri-
mary goal. Moreover, their development presents in 
many cases a real challenge, even more so in view 
of the limited availability of experts and training 
programs in this field. Thus, while there are many 
examples of how molecular imaging has improved 
our understanding of brain function, examples of its 
use for diagnosis and treatment monitoring of neu-
rologic diseases are less frequent. It is noteworthy 
that for some neurochemical studies, tracers labeled 

with single photon emitting radionuclides may be 
more suitable as they decay slowly and allow the 
assessment of tracer kinetics over several hours; this 
feature is particularly relevant for tracers with high 
affinity for receptors.

2.4.1 
Cerebral Blood Flow and Metabolism Tracers

Cerebral blood flow can be measured both with 
SPECT or PET by using either diffusible or non-
diffusible tracers. To the group of diffusible tracers 
belongs 133Xe, a gas that decays by single photon 
emission and employed with SPECT (Kanno and 
Lassen 1979), as well as 15O labeled water and 
15O labeled carbon dioxide (which is converted to 
15O-water in vivo), both decaying by positron emis-
sion and employed with PET. The use of molecular 
15O-oxygen, along with 15O-water permits the assess-
ment of oxygen extraction fraction, cerebral blood 
flow, and oxygen metabolism (Herscovitch et al. 
1983; Frackowiak et al. 1980). To the group of the 
non-diffusible tracers belong the so-called chemical 
microspheres, i.e., tracers that cross the BBB after 
venous administration, and which are retained in 
the brain in proportion to blood flow dependent 
delivery; chemical microspheres are labeled with 
99mTc and employed with SPECT (Leveille et al. 
1992). The assessment of cerebral metabolism can 
be achieved by PET only, as for this purpose glu-
cose, or its analogues, and oxygen itself can be used, 
which cannot be labeled with single photon emitting 
radionuclides. The measurement of glucose utiliza-
tion is performed with 18F-labeled 2-fluoro-2-deoxy-
D-glucose (18F-FDG) (Phelps et al. 1979; Reivich 
et al. 1979), since glucose itself, labeled with 11C, 
undergoes a rapid metabolic degradation to water 
and carbon dioxide, which are partially lost during 
the measurement of the radioactivity concentration. 
18F-FDG instead remains trapped as 18F-labeled flu-
orodeoxyglucose-6-phosphate, and accumulation is 
a function of the glucose metabolic rate.

2.4.2 
Neurotransmission Function Tracers

The dopaminergic system has been extensively 
investigated in terms of both presynaptic and post-
synaptic processes by means of selective positron 
emitting radiotracers. The large number of studies 
performed has also facilitated the development of 
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methods and procedures for studying other neu-
rotransmitter systems. 18F-Fluoro-DOPA has been 
extensively used as a probe of the presynaptic dopa-
minergic system, is transported across the BBB and 
incorporated into the sequence of processes for 
dopamine synthesis and subsequent conversion of 
dopamine to homovanillic acid and 3,4-dihydroxy-
phenylacetic acid (DOPAC) (Cumming and Gjedde 
1998). Although this tracer does not permit the 
measurement of endogenous dopamine synthesis, 
turnover, and storage, it has been used as a probe of 
amino acid decarboxylase activity (the rate limiting 
enzyme in the synthesis of dopamine) and thus of 
nigrostriatal neuron density and presynaptic func-
tion.

The dopaminergic system has also been studied 
with tracers binding to the presynaptic dopamine 
reuptake system (DAT), such as 11C-nomifensine, 
18F-GBR 13,119, 11C-cocaine, 11C-CFT, 11C-WIN 
35,428, and 11C-FE−CIT. WIN 35,428 (Dannals et 
al. 1993) and 123I-β−CIT (Neumeyer et al. 1991) are 
the tracers that are being used currently. The par-
ticular interest in DAT is related to the assessment 
of dopaminergic neuronal loss in Parkinson’s dis-
ease and parkinsonian syndromes. The first agent 
for assessing dopamine reuptake labeled with 99mTc, 
TRODAT-1, has been synthesized and tested in 
human subjects (Kung et al. 1997).

The activity of the mitochondrial enzyme mono-
amine oxidase B (MAO-B) can be investigated by 
using 11C-L-deprenyl, a so-called suicide inactivator, 
since it covalently binds to the MAO-B flavoprotein 
group, which results in the labeling of the enzyme 
itself. Following i.v. administration of this tracer, 
there is significant uptake and retention of radioac-
tivity in the striatum and thalamus. This tracer can 
be used to measure the effect of therapy in patients 
under treatment with MAO-B inhibitors as well as 
the rate of turnover of MAO-B (Arnett et al. 1987; 
Fowler et al. 1987, 1993).

The type-2 vesicular monoamine transporter 
(VMAT-2) are cytoplasmic proteins of the presyn-
aptic nerve terminal for monoamine transport 
from the cytoplasm into synaptic storage vesicles. 
Also this transporter has been imaged by using 
11C labeled DTBZ (Frey et al. 1996). In the brain, 
VMAT-2 is expressed exclusively by monoaminer-
gic neurons, i.e., those using dopamine, serotonin, 
norepinephrine, or histamine, yet mainly by dopa-
minergic neurons.

Dopamine receptors can be grouped into two 
major families: one including D1 and D5 receptors, 
and the other including the D2, D3 and D4 receptors. 

PET tracers to measure D2 and D1 receptors have 
been developed; however, there are currently no 
specific PET ligands to differentially evaluate D3, D4 
and D5 receptors 

The first visualization of dopamine receptors 
in live human subjects with PET was reported by 
Wagner et al. (1983) using 11C-N-methyl-spiper-
one, a D2 receptor antagonist. Subsequently, several 
other D2-receptor tracers have been synthesized 
including 11C-raclopride and 18F-fluoro-ethyl-spi-
perone (Coenen et al. 1987). For SPECT studies of 
the D2 receptors l23I-Iodobenzamide has been used 
(Kung et al. 1988, 1990). The specific D1 ligands SCH 
23,390, SCH 39,166 and NNC 112 labeled with 11C 
have allowed investigation of Dl-receptor subtypes 
in human subjects with PET (Halldin et al. 1986, 
1990, 1998; Abi-Dargham et al. 2000).

The cholinergic system includes two major recep-
tor classes, nicotinic and muscarinic. Tracers have 
been developed for the assessment of cholinergic 
presynaptic function including acetylcholinester-
ase activity, by N-[11C]methylpiperidin-4-yl pro-
pionate (Kuhl et al. 1996), and vesicular acetylcho-
line transporter, by vesamicol and benzovesamicol 
labeled with either 11C or 18F or 123I (Kilbourn et al. 
1990). Nicotinic receptor function assessment has 
been pursued with 11C labeled nicotine, however the 
use of this tracer has been dropped due to high levels 
of non-specific binding. The limits of nicotine have 
been overcome by the development of 6-[18F]fluoro-
3-(2(S)-azetidinylmethoxy)pyridine (Dolle et al. 
1999; Scheffel et al. 2000; Ding et al. 2000).

Muscarinic receptor function assessment has 
been evaluated with 123I-quinuclinidylbenzilate 
(QNB) (Eckelman et al. 1984), 11C-scopolamine, 
11C-tropanylbenzilate, 11C-N-methyl-piperydil-
benzilate (Mulholland et al. 1992, 1995; Koeppe 
et al. 1994), and recently by an M2-selective agonist 
[18F]FP-TZTP (Podruchny et al. 2003).

The opiate receptor system is comprised of three 
major receptor subtypes: mu, delta, and kappa; each 
subtype is composed of several subclasses. Opiate 
receptors have been studied with two ligands: 11C-
carfentanil, a potent opiate agonist that is highly 
selective for mu receptors, and 11C-diprenorphine, a 
partial agonist of the same system but with no speci-
ficity for the opiate receptors subtypes: mu, delta, 
and kappa (Frost et al. 1986, 1990; Jones et al. 1988). 
This lack of specificity limits the use of diprenor-
phine due to its widespread uptake in the cortex, 
whereas the uptake of carfentanil is more selective 
to the areas that contain mu receptors. Delta recep-
tors can be imaged using and 11C-methyl-naltrin-
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dole (Madar et al. 1996). 18F-cyclofoxy is another 
opiate antagonist with high affinity for both the mu 
and kappa opiate receptor subtypes.

There are two classes of benzodiazepine (BZD) 
receptors that are relevant to the nervous system. The 
central BZD receptors, which are post synaptic mem-
brane receptor ionophore complexes with a GABAA 
receptor (BZD/GABAA), and the peripheral BZD 
receptors located on activated micro-glial cells and 
other non-neuronal components. [11C]flumazenil 
(Samson et al. 1985; Shinotoh et al. 1986) and 123I-
iomazenil (Persson et al. 1985; Beer et al. 1990; Dey 
et al. 1994) are central benzodiazepine antagonists, 
used mostly to assess patients with epilepsy and 
cerebral-vascular disease, whereas [11C]PK 11195 is a 
peripheral benzodiazepine receptor antagonist used 
to assess microglial activation in several conditions 
including multiple sclerosis, Rasmussen’s encepha-
litis and gliomas.

There are seven serotonin receptors subtypes, 5-
HT1 through 5-HT7. All but the 5-HT3 subtype are 
transmembrane proteins that are coupled to G-pro-
teins, the 5-HT3 subtype is a ligand-gated ion chan-
nel. For the assessment of the serotoninergic system 
only a few tracers are available, including 11C-ket-
anserin, 18F-setoperone, 18F-altanserin, 11C-MDL 
100,907 (Berridge et al. 1983; Crouzel et al. 1988; 
Mathis et al. 1996; Halldin et al. 1996). Moreover, 
11C and 18F labeled spiperone analogs bind not only to 
dopamine but also to serotonin receptors. Indeed, in 
spite of the higher affinity of spiperone analogs for D2 
than for 5-HT2A receptors, the high density of 5-HT2A 
receptors in the frontal cortex, relative to the den-
sity of D2 receptors, permits imaging of the 5-HT2A 
receptors in the cortex with spiperone derivatives. 
The serotonin transporter has been assessed with 11C 
labeled-McN5652 and DASB, while 11C labeled tryp-
tophan has been used for the in vivo assessment of 
serotonin synthesis (Diksic et al. 2000)

2.5 
Clinical Applications

Progressive increase in life expectancy is leading to an 
increase in the number of subjects with degenerative 
and cerebrovascular diseases. At the same time, there 
is an increasing demand for diagnosis and treatment 
of all neuropsychiatric diseases, due in part to increas-
ing public health awareness. The investigations carried 
out over two decades by emission tomography, have 
permitted the in vivo assessment of physiologic and 

neurochemical processes in several clinically relevant 
conditions. PET and SPECT studies have been aimed 
at clarifying the natural history of cerebrovascular 
diseases, characterizing the metabolic features of neu-
ronal degeneration in dementia syndromes, assessing 
the neurochemical impairment in movement disor-
ders, establishing the neurochemical correlates of 
the clinical and electrical alterations in epilepsy, as 
well as a variety of syndromes and pathologic states 
(Table 2.3). PET and SPECT brain studies have also 
contributed significantly to a new vision in the area 
of mental illnesses. Methods originally developed for 
research are slowly entering the clinical domain.

The use of emission tomography for assessing 
brain function under clinical circumstances is some-
what overshadowed by its use in research investiga-
tions. This is in sharp contrast with the trend in other 
organs and systems, namely in cardiology, oncology, 
and endocrinology. On the one hand, this is due to 
the large number of unanswered questions in neu-
roscience stimulating research activities, and on the 
other hand to the limited therapeutic resources for 
the treatment of many CNS diseases. In particular, 
lack of effective neurologic therapies makes the in 
depth characterization of patients for whom there are 
only limited therapeutic resources of limited utility 
for many specialists, especially after a diagnosis has 
been established. Unfortunately, morphologic imag-
ing and electrophysiology are also of little help for 
understanding the nature of the CNS diseases and 
remain largely descriptive techniques. Morphologic 
imaging can only depict advanced disease states, often 
characterized by gross neuronal loss and irreversible 
changes in the primary site of the lesion. Electrophysi-
ologic studies can provide us with information having 
very high temporal resolution, but barely acceptable 
spatial resolution, unless based on invasive intracra-
nial exploration. Both provide limited insight into the 
neurochemical basis of functional mechanisms in the 
CNS. Thus, the goal for the future is the character-
ization of biochemical abnormalities of the CNS at 
as early a stage as possible during the disease, and to 
treat each individual patient with the most appropri-
ate and tailored treatment. In this respect, emission 
tomography is a unique tool.

2.6 
Dementias

The term “neurodegenerative dementia” comprises 
various diseases, including Alzheimer’s disease (AD), 
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Pick’s disease (frontotemporal lobar atrophy), diffuse 
– or cortical – Lewy body disease (DLBD), and mul-
tiple system atrophies. The disease with the highest 
prevalence is AD. Degenerative dementias are clas-
sified on the basis of postmortem neuropathologic 
assessment. Thus, the in vivo diagnosis of AD by 
clinical and instrumental assessment is only a prob-
abilistic statement based on evidence of progressive 
cognitive decline, and lack of an alternative diagno-
sis of intoxications, systemic metabolic disturbances, 
infection, cerebrovascular ischemic disease, cerebral 
mass lesions, and normal pressure hydrocephalus. 
Several imaging strategies have been applied to the 
study of dementias. From the perspective of clinical 
diagnosis, glucose metabolism and blood flow are 
key variables. The assessment of other neurochemi-
cal variables is crucial for testing pathophysiological 
hypotheses of the etiology of AD and to assess the 
efficacy of new drugs as they are developed and intro-
duced into clinical practice (Frey et al. 1998).

2.6.1 
Cerebral Blood Flow and Metabolism in Patients 
with Degenerative Dementias

Glucose metabolism imaging with 18F-FDG is the 
most sensitive and specific imaging modality avail-
able today for the diagnosis of AD. Automatic analysis 
of PET images yields a sensitivity as high as 95%–97% 
and a specificity of 100%, in discriminating patients 
with probable AD from normal subjects (Minoshima 
et al. 1995). Probable AD patients have reduced glu-
cose utilization in the posterior parietal and temporal 
lobe association cortex and posterior cingulate cortex 
(Benson et al. 1983; Friedland et al. 1983; Cutler 
et al. 1985). In moderate-to-severely affected indi-
viduals, the reductions of metabolism are bilateral, 
yet there is often an asymmetry of the severity or 
the extent of hypometabolism. Patients with more 
advanced clinical symptoms have reduced metabo-
lism in the dorsal prefrontal association cortex as 

Table 2.3. Synopsis of clinically relevant tracers

Physiologic variable Method Tracers

Blood flow (CBF) PET 15O-carbon dioxide; 15O-water; 11C-butanol; 18F-fluoro-methyl-fluoride; 
13N-ammonia

SPECT 133Xe; 99mTc-hydroxy-methyl-propyleneamine oxime (HMPAO);
99mTc-ethyl-cysteinate-dimer (ECD)

Oxygen extraction fraction (OEF) 
   and metabolism (CMRO2)

PET Molecular oxygen (15O2) 
(CMRO2 is calculated by multiplying CBF by OEF)

Glucose metabolism PET 18F-fluoro-deoxy-glucose
Blood volume PET 15O-carbon monoxide-labeled RBC

SPECT 99mTc-RBC
Protein synthesis and amino acid 
   transport 

PET 11C-methionine, 18F-fluoro-L-tyrosine

Tumor viability and proliferation PET 18F-fluoro-deoxy-glucose; 11C-thymidine; 11C-methionine; 
18F-fluoro-L-tyrosine

SPECT 201Thallium; 99mTc-methoxy-isobutyl-isonitrile (MIBI); 123I-methyl-tyrosine
Gamma-amino-butyric-acid (GABA) PET 11C-flumazenil; 18F-fluoro-ethyl-flumazenil

SPECT 123I-iomazenil
Acetylcholine PET Acetylcholine-esterase activity: 11C-methyl-phenyl-piperidine 

Nicotinic receptors: 11C-nicotine 
Muscarinic receptors: 18F-fluoro-dexetimide; 11C-N-methyl-piperidil-ben-
zilate; 11C-Tropanyl benzilate; 11C-scopolamine

SPECT Acetylcholine transport: 123I-iodo-benzovesamicol 
Muscarinic receptors: 123I-iododexetimide; 123I-QNB;

Dopamine PET MAO-B: 11C-deprenyl
Presynaptic function: 18F-fluoro-L-DOPA; 18F-fluoro-L-m-tyrosine
Dopamine reuptake: 11C-nomifensine; 11C-cocaine; 11C-WIN 35,428
D2-receptors: 11C-raclopride; 18F-fluoro-ethyl-spiperone; 18F-N-methylspiper-
one; 18F-fluoro-alkyl-benzamides
D1-receptors: 11C-SCH 23,390

SPECT Dopamine reuptake: 123I-beta-CIT
D2-receptors: 123I-Iodobenzamide (IBZM)

Noradrenaline 18F-Fluoro-norepinephrine
Serotonin 5HT reuptake: 11C-McN5652

5HT receptors: 18F-fluoro-ethyl-ketanserin; 18F-setoperone; 18F-altanserin
Opioid PET 11C carfentanil (mu selective); 11C methylnaltrindole (delta selective); 11C 

diprenorphine (mu, delta, and kappa selective); 18F cyclofoxy (mu and delta 
selective)
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well, although the typical AD pattern is characterized 
by more severe parietotemporal than frontal involve-
ment. In AD patients, metabolism is relatively spared 
in cortical regions other than the above, including the 
primary somatomotor, auditory, and visual cortices 
and the anterior cingulate cortex (Fig. 2.2). Subcorti-
cal structures including the basal ganglia, thalamus, 
brain stem, and cerebellum are also relatively pre-
served in typical AD. The metabolism in the involved 

regions decreases with disease severity as shown by 
longitudinal studies that reveal an overall reduction 
of glucose metabolism throughout the brain in AD, 
with progressively decreasing metabolism in the 
association cortex. The region least affected by AD 
is the pons while the posterior cingulate cortex is 
the area in which the hypometabolism occurs in the 
earliest stage of the disease.

Several lines of evidence suggest the high sensitiv-
ity of 18F-FDG PET in the early detection of AD. Many 
subjects with AD have already an abnormal PET on 
the initial examination performed for mild memory 
loss. These studies suggest that hypometabolism 
actually precedes both symptoms and the clinical 
diagnosis of AD. Thus, the 18F-FDG PET scan appears 
to have excellent sensitivity in mildly-symptomatic 
patients and performs well in the diagnostic setting. 
Patients with frontal or frontotemporal dementia 
have also typical metabolic patterns. In instances of 
autopsy-proven Pick’s disease, and in patients with a 
neuropsychometric suggestion of frontal dementia, 
18F-FDG PET reveals the greatest reduction in the 
frontal and anterior temporal association cortical 
regions, with the least reduction in the parietal asso-
ciation cortices (Kamo et al. 1987; Miller et al. 1997). 
Patients with pure AD and those with pure DLBD or 
mixed AD and DLBD, the so-called LB variant AD, 
can be distinguished (Fig. 2.2). In this latter group, 
the typical AD pattern of reduced temporoparietal 
and prefrontal hypometabolism is seen in associa-
tion with additional hypometabolism of the primary 
visual cortices, whereas the metabolic patterns of 
DLBD and LBVAD do not, at this time, appear sep-
arable on the basis of cerebral glucose metabolism 
(Albin et al. 1996). The pattern assessed with PET 
18F-FDG in AD patients may also be detectable using 
SPECT and blood flow tracers. However, compara-
tive studies of metabolism and flow have shown that 
SPECT may be a slightly less accurate methodology 
for the assessment of demented patients in the earli-
est stages of the disease (Messa et al. 1994).

2.6.2 
Neurotransmission Function in Degenerative 
Dementias

Studies of the presynaptic function have been carried 
out by 123I-iodobenzovesamicol (123I-IBVM), which is 
a marker of the vesicular acetyl choline transporter 
(VAChT) (Kuhl et al. 1994, 1996; Hicks et al. 1991). 
Studies in normal subjects revealed modest reduc-
tions with advancing age, approximately 3%–4% per 

Fig. 2.2. Stereotaxic surface projection maps of glucose metabo-
lism defi cits in patients with dementia. Two columns of images 
are presented, representing the lateral (left column) and medial 
(right column) surface projections of the right cerebral hemi-
sphere. The top row demonstrates surface-rendered MRI of a 
normal subject for anatomic reference (REF). The other rows of 
images depict stereotaxic surface projections of cerebral glucose 
metabolic decreases in individual demented patients, displayed 
in Z-score scale in comparison to an elderly normal database. 
The second row depicts a typical AD patient with prominent tem-
poro-parietal and prefrontal hypometabolism on the lateral pro-
jection, and posterior cingulate hypometabolism on the medial 
projection. The third row depicts defi cits in an autopsy-proven 
case of diffuse Lewy body disease (DLBD) with reductions in the 
association cortical areas as in AD, but with additional involve-
ment of the occipital cortex on both medial and lateral projec-
tions. The bottom row depicts defi cits in a patient with isolated 
frontal lobe hypometabolism (frontal lobe dementia, FTD). The 
metabolic decreases are depicted in Z-scores (standard devia-
tions from normal) according to the color scale on the right, 
extending from 0 to 7. From Frey et al. 1998

RT.LAT RT.MED

REF

AD

DLBD

FTD
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decade. Application of the 123I-IBVM SPECT method 
for studying AD revealed further losses of choliner-
gic cortical innervation. The average reductions are 
distinctly greater in AD patients with symptom onset 
before age 65 (30%) than in those with later age at 
onset (15%). These neocortical reductions were, how-
ever, less than the expected 50%–80% losses reported 
for choline acetyl transferase (CAT) enzyme activity 
in autopsy series. While CAT activity was reduced 
over 50% in the neocortex of AD, a parallel 15% reduc-
tion in VAChT was not statistically significant. Thus, 
there is the possibility that these two presynaptic cho-
linergic markers may be differentially regulated or 
differentially lost in AD. There may be upregulation 
of VAChT expression to compensate for cholinergic 
terminal losses, or alternatively, CAT expression may 
be reduced within otherwise intact presynaptic nerve 
terminals. Further studies are underway to explore 
each of these hypotheses. 11C-N-methyl- piperidinil 
propionate (PMP) is a substrate for hydrolysis by 
acetyl choline esterase (AChE) (Kilbourn et al. 
1996), thus, PET measurements of PMP hydrolysis, 
accomplished by measuring regional radiolabeled 
product retention in the brain, provide an index of 
AChE activity. Preliminary studies of patients with 
probable AD reveal approximately 20% reductions 
throughout the cerebral cortex (Namba et al. 1994; 
Irie et al. 1996; Iyo et al. 1997; Kuhl et al. 1999).

Postsynaptic cholinergic studies have also been 
carried out. Studies of muscarinic cholinergic recep-
tors with 11C-tropanyl benzilate (TRB) (Koeppe et al. 
1994; Lee et al. 1996) and 11C-N-methylpiperidyl ben-
zilate (NMPB) (Mulholland et al. 1995; Zubieta et 
al. 1994) indicate minor losses of cholinergic receptors 
function with advancing age. In probable AD patients 
there is no evidence of significant neocortical losses 
of muscarinic receptors, whereas significant ligand 
delivery reduction is found in the association cortical 
areas, paralleling reductions in glucose. PET studies of 
the central benzodiazepine binding site on the GABAA 
receptor with the antagonist ligand 11C-flumazenil 
are amenable for the assessment of neuronal viability. 
In patients with probable AD, a modest reduction of 
benzodiazepine binding sites has been observed in the 
association cortex only in the most clinically-advanced 
cases, thus indicating the presence of viable neurons 
in the early phases of the disease. As this reduction is 
of a lesser degree than glucose hypometabolism, it is 
conceivable that the reductions in glucose metabolism 
seen in the early stages of AD are not just a reflection 
of synapse and neuron losses, but a correlate of a syn-
aptic dysfunction that precedes the structural losses 
(Meyer et al. 1995).

The development of acetylcholinesterase inhibi-
tors for symptomatic treatment of AD is being pur-
sued by several pharmaceutical companies. Devel-
opment of PET imaging of the cholinergic system 
activity parallels this search to comply in due time 
with the need to assess the appropriateness of expen-
sive treatments in the aging world population.

2.6.3 
Amyloid and Microglial Activation Imaging in 
Alzheimer Disease

One of the major limitations in the diagnosis of AD 
is the lack of criteria that can exclude other illness 
that share with AD the same cognitive deterioration. 
Thus, AD can only be diagnosed at autopsy, when 
neuritic plaques and neurofibrillary tangles can be 
detected in the brain. To overcome this difficulty and 
to diagnose AD as early as possible, several attempts 
have been made to develop radiotracers that bind 
to the amyloid deposits in the brain; [18F]FDDNP 
( 2-(1-(6-[(2-[18F]fluoro-ethyl)(methyl)amino]-2-na
phthyl)ethylidene)malononitrile) is one such tracer 
and binds to amyloid senile plaques and neurofibril-
lary tangles (Shoghi-Jadid et al. 2002). However, 
this tracer presents some limitations, including low 
specificity, and in an effort to improve specific-to-
non-specific amyloid binding ratios in vivo, a neu-
tral 11C-labeled derivative of thioflavin-T, 6-OH-
BTA-1 or PIB, was developed. Imaging of amyloid 
plaques is still in the early stage, however the avail-
able results appear to be very promising.

Recently Cagnin et al. (2001) have reported the 
in-vivo detection of increased 11C-PK11195 binding 
in AD of various degrees and suggested that micro-
glial activation is an early event in the pathogenesis 
of the disease. Early detection of this process may 
ease the diagnosis of AD and allow an early neuro-
protective treatment.

2.7 
Movement Disorders

The balance between cholinergic and dopaminergic 
neuronal activity in the basal ganglia is required for 
normal motor function. Damage to dopaminergic 
nigrostriatal neurons is found in various forms of 
parkinsonism. In patients with Parkinson’s Disease 
(PD) clinical symptoms occur when dopaminergic 
nigral neurons have undergone a loss of 40%–50%. 
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The neurons projecting to the putamen have been 
estimated to decline most, as compared to those 
innervating the caudate and those projecting to the 
nucleus accumbens. A reduction in dopamine metab-
olites 3,4-dihydroxyphenylacetic acid (DOPAC) and 
homovanillic acid (HVA), and the number of dopa-
mine reuptake sites is also observed. The reduction 
in dopamine content occurs also in the mesocorti-
cal and mesolimbic projections of the ventral teg-
mental area (VTA) possibly as a consequence of the 
destruction of dopaminergic neurons in the VTA. 
Other neurotransmitter systems have been shown to 
be damaged in parkinsonism, including noradrener-
gic, cholinergic, opioidergic and serotonergic circuits 
(Dubois et al. 1983, 1987; Hornykiewicz and Kish 
1984, 1986; Uhl et al. 1985; Baronti et al. 1991). Such 
alterations may explain the occurrence of depression, 
dementia and other symptoms in patients with PD.

2.7.1 
Cerebral Blood Flow and Metabolism in 
Movement Disorders

In the early studies various patterns of flow and 
metabolism have been observed in movement disor-
ders, related to the duration and degree of the disease. 
In the early phase of hemiparkinsonism an increased 
metabolism was found in the putamen and globus 
pallidus (Wolfson et al. 1985; Miletich et al. 1988), 
along with a decrease of metabolism in the frontal 
cortex, contralateral to the affected limbs (Perlmut-
ter and Raichle 1985; Wolfson et al. 1985). In bilat-
erally affected patients the cortical alteration is more 
widespread; however, this effect could be due to con-
current degenerative processes (Kuhl et al. 1984). The 
significance of the cortical hypometabolism remains 
unclear. All studies have shown inconsistent and 
minor changes that have lead to abandon the use of 
18F-FDG and flow tracers to measure functional activ-
ity in the basal ganglia and cortex of patients with 
movement disorders. Overall, the assessment of flow 
and metabolism does not appear a useful approach in 
studying patients with movement disorders.

2.7.2 
Neurotransmitter Function in Movement 
Disorders

The assessment of the dopaminergic presynaptic func-
tion has been pursued by two strategies: one aimed at 
assessing the incorporation of a metabolic substrate 

of dopamine synthesis in the nigrostriatal neuronal 
terminals, and another aimed at assessing the density 
of the presynaptic dopamine reuptake sites.

For the first goal the most used tracer is 18F-6-
fluoro-DOPA (18F-DOPA) which is metabolized to 
18F-fluoro-dopamine by amino-acid decarboxyl-
ase (AADC) and subsequently stored in vesicles 
in the presynaptic nerve endings. Following 18F-
DOPA administration in patients with early PD 
and hemiparkinsonism, a reduced accumulation 
of tracer is observed, reflecting reduced-AADC-
activity in the putamen contralateral to the affected 
limbs, with relative sparing of the caudate (Nah-
mias et al. 1985). Significant correlations between 
18F-DOPA uptake and motor symptoms have been 
reported (Leenders et al. 1988; Brooks et al. 1990a; 
Martin et al. 1988, 1989). These results are sus-
tained by a lack of AADC activity due to a selective 
destruction of the ventrolateral nigrostriatal neu-
rons projecting to the putamen in PD. However, the 
rate of 18F-DOPA uptake is the expression of both 
the neuronal density as well as of the AADC activity. 
Whereas 18F-DOPA has shown potential for the early 
and preclinical detection of PD, it must be noted that 
18F-DOPA uptake in the basal ganglia is not propor-
tional to the degree of degeneration of the ventrolat-
eral substantia nigra, due to adaptational increases 
in AADC function in the surviving cells. This is 
made evident by the observation that at the onset 
of symptoms, 18F-DOPA uptake in the affected puta-
men is reduced by approximately 35%, with no sig-
nificant reductions detected in the caudate. On the 
other hand, at symptom onset, putamen dopamine 
content is already decreased by 80% and at least 
50% of pigmented nigra cells are lost. From these 
observations it can be concluded that the activity of 
DOPA decarboxylase, as assessed with 18F-DOPA is 
a sensitive but inaccurate measure of dopaminergic 
neuronal loss. In fully symptomatic patients, reduc-
tions of 18F-DOPA uptake range from 40%–60% in 
the posterior putamen, and 15%–40% in caudate 
and anterior putamen, respectively (Otsuka et al. 
1991; Brooks et al. 1990b).

Functional imaging of the presynaptic trans-
porter, aimed at assessing neuronal density by meth-
ods independent of dopamine synthesis, offers a 
more accurate alternative to 18F-DOPA studies. This 
goal has been achieved by several cocaine analogues 
that bind to the presynaptic dopamine transporter 
(DAT) sites (Scheffel et al. 1992; Dannals et al. 
1993; Lever et al. 1996). Among various tracers, 11C-
WIN 35,428 seems to be the most sensitive tracer for 
DAT imaging in PD, and PET studies have revealed 
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markedly reduced DAT levels in early PD (Frost 
et al. 1993). In patients with stage-2 PD, specific 
binding of 11C-WIN 35,428 in the posterior puta-
men is reduced more than in the anterior putamen 
and the caudate nucleus (Fig. 2.3). SPECT imaging 
with 123I-β-CIT also shows severe loss of striatal DA 
transporters in idiopathic PD compared to healthy 
human subjects, with markedly abnormal striatal 
uptake, more pronounced in the putamen than in 
the caudate nucleus. 123I-β CIT uptake is related to 
clinical findings including degree of akinesia, rigid-
ity, axial symptoms and activities of daily living. 
The striatal uptake is reduced by 35% in Hoehn-Yahr 
stage 1 to over 72% in stage 5 and is correlated to dis-
ease severity. In general, abnormalities of dopamine 
transporter binding are more pronounced than 18F-
DOPA abnormalities (Brucke et al. 1993; Seibyl et 
al. 1994; Marek et al. 1996). The assessment of pre-
synaptic function may permit both the early detec-
tion of PD and a differential diagnosis between PD 
and progressive supranuclear palsy (PSP) in a single 
study since PSP is associated with a more uniform 
loss of DAT compared to PD which shows more spe-
cific loss in the posterior putamen (Fig. 2.2) (Ilgin 
et al. 1995). This goal can conveniently be achieved 
with SPECT tracers that selectively bind to the pre-
synaptic dopamine transporters, such as 123I-β-CIT 
(Messa et al. 1998). However, in early PD also DAT 
may not be directly related to the extent of neuro-
nal loss. In fact, DAT may be downregulated as part 
mechanisms compensating for neuronal loss and 
reduced neurotransmitter availability.

The assessment of VMAT-2 may be a more reli-
able indicator of nigrostriatal nerve terminal den-

sity with minimal or no influence of regulatory 
changes. VMAT-2 density is in fact linearly related 
to the integrity of substantia nigra dopamine neu-
rons and not subject to compensatory regulation as 
those apparently affecting the expression of DAT 
and the synthesis of DOPA (Lee et al. 2000). VMAT-
2 specific binding using DTBZ and PET are greater 
in patients who have higher Hoehn and Yahr sever-
ity scores.

The role of methods for the assessment of presyn-
aptic function is not diagnostic, except for patients 
who do not respond to dopaminergic treatment, or 
for experimental treatment definition and monitor-
ing, including stem cell transplantation and electri-
cal deep brain stimulation.

Ligands available for studying D2 receptors with 
PET are 11C-raclopride and spiperone derivatives 
labeled with 11C and 18F. D2 receptors can also be 
assessed with SPECT and 123I-IBZM (Giobbe et al. 
1993; Nadeau et al. 1995). 123I-IBZM SPECT and 
11C-raclopride PET findings in patients with PD 
are significantly correlated (Schwarz et al. 1994). 
In patients not treated with DOPA, either small 
increases or no changes in basal ganglia D2 receptor 
density are observed (Rinne et al. 1990). In patients 
treated with L-DOPA, D2 receptor density is reduced 
or unchanged (Hagglund et al. 1987). Longitudi-
nal studies have shown that 11C-raclopride uptake is 
increased in the putamen in the early stage of PD, 
compared to controls, whereas after 3–5 years 11C-
raclopride binding is significantly reduced in the 
putamen and caudate nucleus in these patients com-
pared with baseline (Brooks et al. 1992a; Antonini 
et al. 1997). These results indicate long-term down-

Fig. 2.3. Images of 11C-WIN 35,428 
binding at four different levels through-
out the striatum of a healthy control, 
a stage-2 PD and a PSP patient. The 
images are obtained after averaging the 
data acquired from 35–82 min follow-
ing administration of the tracer and are 
normalized for the administered activ-
ity. Higher binding in the basal ganglia 
is seen in the healthy age-matched con-
trol subject compared to patients diag-
nosed with PD and PSP. In PD, reduced 
11C-WIN 35,428 binding is seen pre-
dominantly in the posterior putamen 
while there is more uniform reduction 
throughout the entire striatum in PSP
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regulation of striatal dopamine D2 receptor bind-
ing in PD. Besides idiopathic Parkinson’s disease 
there are other distinct diseases, such as progres-
sive supranuclear palsy (PSP) and multiple system 
atrophy (MSA) may start with tremor, akinesia or 
rigidity. As the diagnosis may be difficult in some 
cases, hampering the adoption of a proper therapeu-
tic strategy, tools for the early differential diagnosis 
of relevant and of clinical interest. PSP and MSA are 
characterized by a decrease of striatal D2 dopamine 
receptor activity, as demonstrated by 123I-IBZM 
uptake, compared to control subjects (van Royen 
et al. 1993). D2 receptor density is less markedly 
reduced in the basal ganglia of patients with PSP, 
with frequent overlap with controls. The decrease in 
D2 dopamine receptor activity in the early phase of 
PSP and MSA, contrary to the initial phases of PD, 
allows us to differentiate between idiopathic PD and 
parkinsonian syndromes (Buck et al. 1995). The dif-
ferential diagnosis between essential tremor (ET) 
and PD is also crucial to implement an appropriate 
therapeutic strategy. This is a relevant issue as up to 
1/3 of the patients presenting with tremor will even-
tually develop PD (Geraghty et al. 1985). Thus, the 
demonstration of reduced dopaminergic marker 
binding in the putamen of individual patients pre-
senting with isolated postural tremor may provide 
the diagnosis and a targeted therapy. Familial essen-
tial tremor is characterized by putamen and caudate 
18F-DOPA uptake within the normal range, whereas 
18F-DOPA uptake in the basal ganglia appears 
reduced in patients with essential tremor that even-
tually develop typical PD (Brooks et al. 1992b).

The dopaminergic function is impaired in sev-
eral syndromes including Huntington’s chorea, tics, 
essential tremor, dystonia. The assessment of dopa-
minergic function in these diseases is of interest 
for research, however it is not of significant clini-
cal relevance as observations are rather episodic. A 
detailed analysis of the use of functional imaging 
techniques for the assessment in the dopaminergic 
system has recently been published by Bohnen and 
Frey (2003).

2.8 
Cerebrovascular Diseases

Patients with cerebrovascular disease (CVD) are 
conventionally studied after the onset of symptoms, 
by morphologic imaging techniques, such as CT and 
MRI. Morphologic imaging, although crucial for 

distinguishing between ischemia and hemorrhage, 
is not sufficient for the complete assessment of these 
patients. In particular, within the first 6 h after the 
onset of symptoms, CT and MRI T2 sequences may 
be normal, as only MRI diffusion techniques (avail-
able only at a few sites) can indeed show the signs 
of early ischemia. Therefore, assessment of cerebral 
hemodynamics with emission tomography can be 
crucial for patient management in cases of transient 
ischemia and cerebral infarction, and for monitor-
ing cerebrovascular reserve and reperfusion. The 
same methods can be used in patients with cerebral 
or subarachnoid hemorrhage. Local cerebral blood 
flow can conveniently be assessed with SPECT, 
while other key variables, such as glucose utiliza-
tion, blood volume, oxygen extraction and oxygen 
metabolism can be assessed with PET. Although 
PET has permitted a detailed description of the 
natural history of CVD from a hemodynamic and 
metabolic standpoint, it is not easily amenable to 
individual patient assessment and management, due 
to the complexity of such studies. We will present 
a brief summary of the pathophysiology of stroke, 
with emphasis on CVD patient evaluation in clini-
cal practice by SPECT with perfusion and viability 
tracers.

2.8.1 
Cerebral Blood Flow and Metabolism in CVD 
Patients

Perfusion is determined by hemodynamic vari-
ables, including vessel patency, arterial blood pres-
sure, cardiac output, as well as functional activity, 
i.e., the tissue metabolic demand. Thus, blood flow 
measurements represent the result of the balance 
between these two concurrent variables, i.e., deliv-
ery and demand.

With PET it has been shown that the regional 
cerebral metabolic rate of oxygen (rCMRO2) is main-
tained by continuous oxygen delivery, adjusted to the 
metabolic demand by variations of regional blood 
flow (rCBF), regional oxygen extraction (rOER), and 
regional blood volume (rCBV). Reductions of per-
fusion pressure can be compensated by increases in 
rOER and rCBV. These compensatory mechanisms 
may leave the patient asymptomatic. Further reduc-
tion of perfusion pressure causes cerebral infarction 
(Frackowiak et al. 1980). The acute phase is fol-
lowed by reperfusion and 1–3 weeks after the stroke 
by a marked increase of rCBF in the infarct area 
(Lassen 1966) without increase in rCMRO2 (Wise 
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et al. 1983). Such changes in rCBF, uncoupled to the 
metabolic demand, are attributed to loss of vascular 
autoregulation mechanisms, capillary hyperplasia 
and tissue reperfusion and has been termed “luxury 
perfusion” by Lassen (1966). The assessment of per-
fusion in the postischemic phase may be relevant 
for prognostic evaluation as reperfusion within one 
week of stroke is suggestive of neurologic recov-
ery, whereas delayed reperfusion, beyond 1 week is 
indicative of poor outcome (Jorgensen et al. 1994).

Another phenomenon that is observed in stroke 
patients, in the subacute and chronic phase, is the 
presence of reduced perfusion and metabolism in 
areas distant from the site of ischemia. Such reduc-
tion in neuronal function is attributed to deafferen-
tation and is termed diaschisis. This phenomenon 
has been the object of several PET studies (Baron et 
al. 1981; Lenzi et al. 1982; Serrati et al. 1994). With 
respect to the location of the infarct region, the areas 
of diaschisis may be localized in the cerebellum con-
tralateral and in the thalamus ipsilateral to a corti-
cal lesion, in the cortex ipsilateral to a subcortical 
lesion and in the homotopic cortex contralateral to 
a cortical lesion.

With SPECT, one can study perfusion and assess 
the local hemodynamics in the ischemic territo-
ries, and the degree of focal neuronal dysfunction 
due to deafferentation and diaschisis in areas dis-
tant from the ischemic zone. In transient ischemic 
attacks (TIA), i.e., reversible episodes of temporary 
focal neuronal dysfunction caused by a transient 
cerebral hypoperfusion, SPECT perfusion studies 
within hours of the event demonstrate a persistent 
perfusion reduction, which in some cases may last 
for up to several days following the clinical recovery. 
This condition, i.e., persisting hypoperfusion with 
normal CT and complete clinical recovery termed 
“incomplete infarction”, may be due to reduced vas-
cular reserve, i.e., the capacity of the cerebral circu-
lation to comply to increases in metabolic demand 
with vasodilatation. When this occurs, vascular 
reserve, an important predictor of stroke, can be 
measured in individual patients by assessing perfu-
sion before and after pharmacologic challenge. Acet-
azolamide, 5% CO2, or adenosine administration 
cause vasodilatation and increase blood volume and 
perfusion only in areas supplied by normal vessels 
(Vorstrup et al. 1986; Choksey et al. 1989). Lack 
of an increase of perfusion after challenge indicates 
a condition termed misery perfusion and is predic-
tive of high risk of cerebral infarction. An alterna-
tive to pharmacologic challenge is the assessment of 
the rCBF/rCBV ratio. Due to the rapid modifications 

of the two variables they should be measured con-
currently by using two tracers labeled with different 
radionuclides, i.e., either 133Xe or 123I-iodo-amphet-
amine for the assessment of rCBF and 99mTc-RBC for 
the assessment of rCBV (Sabatini et al. 1991).

The flow pattern at the time of cerebral infarc-
tion and thereafter is characterized by a high degree 
of spatial and temporal heterogeneity due to the 
imbalance of hemodynamic status and functional 
demand. In the acute phase of a stroke reduced 
uptake of the perfusion tracer is seen in an area cor-
responding to a vascular territory. The CT lesion 
that eventually develops is usually smaller than the 
area of the initial hypoperfusion, and at the same 
time areas of diaschisis are identifiable in cerebral 
and cerebellar territories. In the subacute phase of 
infarction, SPECT and CT studies show consistent 
volumes of ischemic tissue. As shown by SPECT, the 
core of the lesion is characterized by more severe 
tissue hypoperfusion than its periphery. Moreover, 
areas of hypoperfusion due to diaschisis can be 
observed in areas that are morphologically normal. 
The area of hypoperfusion surrounding the core 
lesion may show a response to the acetazolamide test 
and may reveal luxury perfusion. The chronic phase 
is characterized by an area of absent perfusion in the 
infarcted territory.

The clinical applications in cerebral ischemia are 
limited to SPECT both for diagnosis and prognosis 
due to the logistic difficulties. The use of SPECT for 
the early diagnosis of complete ischemic stroke is 
currently not considered necessary, in view of the 
fact that there is no substantial difference in the 
therapeutic approach, even though SPECT may pro-
vide information on the severity of hypoperfusion 
prior to the occurrence of morphologic alterations 
(Fieschi et al. 1989). On the other hand, the assess-
ment of perfusion with SPECT is the only procedure 
that shows circulatory derangements underlying the 
occurrence of completely reversible symptoms in 
patients with TIA. The assessment of TIA by using a 
pharmacologic challenge, can provide useful infor-
mation prior to EC-IC bypass surgery (Vorstrup et 
al. 1986).

As for the prognostic use of SPECT in stroke 
patients, it has been shown that the greater the per-
fusion deficit, the worse the outcome. This seems to 
hold particularly when the assessment is performed 
within 6 h of the onset of symptoms, but also up to 
24 h post onset of symptoms (Giubilei et al. 1990; 
Limburg et al. 1991). The occurrence of diaschisis 
has been related to outcome, as permanent diaschi-
sis 15–56 days after stroke is correlated with poor 
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outcome (Serrati et al. 1994). Although some 
hypotheses have been raised about the possibility of 
using this approach to select patients for thromboly-
sis with recombinant tissue plasminogen activator 
in acute stroke, many perplexities still remain and 
prospective studies are needed (Alexandrov et al. 
1997).

Another frequent application of SPECT is the 
assessment of vasospasm in subarachnoid hemor-
rhage (SAH), an event that occurs 4–12 days after a 
SAH. SPECT can detect early the occurrence of isch-
emia, the worst complication of SAH in a non-inva-
sive and reproducible manner (Davis et al. 1990; 
Soucy et al. 1990).

2.8.2 
Imaging of Neuronal Viability by Assessment of 
Central Benzodiazepine Receptors

One limitation of SPECT perfusion studies is the 
inability to distinguish whether hypoperfusion is 
due to ischemia or to diaschisis, or to distinguish 
between glial and neuronal damage. The assess-
ment of neuron-specific damage in CVD has become 
possible using 11C-flumazenil and 123I-iomazenil, 
two selective high affinity antagonists of the BZD/
GABAA receptors. Biousse et al. (1993) have demon-
strated reduced glucose metabolism with preserved 
distribution volume of flumazenil as a result of dias-
chisis, laying the groundwork for benzodiazepine 
GABAA (BZD/GABAA) receptor studies in ischemia. 
In stroke patients, BZD/GABAA receptor imaging 
with 123I-iomazenil and SPECT has been pursued. 
Hatazawa et al. (1995) have studied the relation-
ship between iomazenil uptake, CBF, CMRO2, 
morphologic and clinical findings (Fig. 2.4); they 
reported a decrease in iomazenil uptake beyond 

the CT hypodense area. This finding is suggestive 
of either a CT-negative ischemic damage in the area 
surrounding a complete infarction, or an inhibition 
of iomazenil binding due to the release of endog-
enous substances specifically binding to BZD recep-
tors following ischemia. Perfusion reductions with 
a normal 123I-iomazenil distribution indicate dias-
chisis, i.e., abnormalities in areas distant from the 
stroke region, due to deafferentation.

2.9 
Epilepsy

Epilepsy is a heterogeneous group of neurological 
disorders characterized by recurrent seizures. Sei-
zures may manifest as focal or generalized motor 
jerks, sensory or visual phenomena or more complex 
alterations in behavior, awareness and conscious-
ness, and are influenced by the age of the patient, the 
degree of brain maturation, underlying focal lesions, 
and the electroencephalographic (EEG) correlates 
present at the time of seizures. Epilepsy is common, 
affecting 1% of the population with about 50 new 
cases per year per 100,000 people. Between 10% and 
20% of these new cases will go on to have “medically 
intractable seizures” and therefore become candi-
dates for surgical treatment if they can be shown to 
have a localized seizure focus. Non-invasive local-
ization of seizure foci can be achieved in many 
patients with PET and SPECT imaging and these 
methods have a solid clinical role in management 
of epilepsy. Nonetheless, it is important to keep in 
mind that the diagnosis of epilepsy is made largely 
on clinical and electrophysiological grounds and 
accordingly, it is important to carefully integrate 
functional brain imaging studies into the diagnostic 

Fig. 2.4. 123I-iomazenil SPECT study (right) in a 61-year-old patient with purely subcortical infarction 46 days after onset. CT 
scan (left) shows hypodensity in the frontal deep white matter with no involvement of the cortical area. Blood fl ow measured 
with 123I-IMP (center) was reduced in the frontal and temporal cortices, basal ganglia, and thalamus 123I-iomazenil image (right) 
demonstrated reduced uptake in the Broca area and milder reduction in the frontal and temporal lobes that were normal on 
the CT images. The patient presented with global aphasia
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process in patients who have been determined to be 
candidates for seizure surgery.

2.9.1 
Cerebral Blood Flow and Metabolism in Seizure 
Disorders

The cerebral metabolic consequences of epilepsy were 
first investigated using 18F-FDG and PET (Kuhl et al. 
1980; Engel et al. 1982a–c; Yamamoto et al. 1983; 
Theodore et al. 1984; Franck et al. 1986; Abou-
Khalil et al. 1987). Following the development of 
blood flow tracers for SPECT imaging, many reports 
of blood flow abnormalities in epilepsy have appeared 
(Bonte et al. 1983; Sanabria et al. 1983; Lee et al. 
1988; Stefan et al. 1987a; Lang et al. 1988). In recent 
years there has been a parallel recognition of the use-
fulness of PET and SPECT in evaluating patients for 
seizure surgery, but few systematic studies have been 
performed comparing these two modalities.

Most interictal PET studies demonstrate that 
approximately 70% of patients with severe partial 
seizures have reduced regional glucose utilization. 
Interictal hypometabolism is more common in 
patients with mesial temporal lesions such as hip-
pocampal sclerosis, small tumors and hamarto-
mas, but is less frequently seen in patients without 
radiographically visible lesions (Engel et al. 1982a; 
Henry et al. 1990). While the region of interictal 
hypometabolism corresponds grossly to the loca-

tion of interictal EEG abnormalities, its size is con-
sistently larger than the area of the EEG abnormal-
ity, as demonstrated in Fig. 2.5 (Engel et al. 1982a; 
Theodore et al. 1988; Henry et al. 1990). For exam-
ple, in patients with seizure foci well localized in the 
temporal lobe, reduced metabolism is seen in the 
mesial and lateral temporal cortex and at times in the 
ipsilateral frontal and parietal cortex, basal ganglia 
and thalamus (Fig. 2.5) (Engel et al. 1982c; Henry 
et al. 1990; Sackelleras et al. 1990). However, sub-
sequent studies indicated that within the temporal 
lobe the metabolic pattern may differ according to 
whether the patient has temporal lobe epilepsy of 
lateral neocortical or mesial basal origin (Hajek et 
al. 1993). Patients with temporal lobe epilepsy due to 
mesial gliosis display a generalized mesial and lat-
eral hypometabolism, while patients with a lateral 
neocortical gliosis have relatively little mesial basal 
hypometabolism. Accordingly, PET may provide 
non-invasive information that helps stratify patients 
for mesial basal versus lateral neocortical selective 
temporal lobe surgery. Patients with bilateral hypo-
metabolism have a worse surgical prognosis that 
those with unilateral hypometabolism (Blum et al. 
1998). Interestingly, no quantitative relations have 
been observed between the presence and magnitude 
of regional hypometabolism and interictal or ictal 
electrical parameters (Engel 1988). Accordingly, 
18F-FDG metabolic studies appear to be measuring 
processes different than those reflected by regional 
electrical activity.

Fig. 2.5. 18F-FDG-PET images of a 
patient with partial complex epilepsy. 
There is left temporal lobe interictal 
hypometabolism corresponding to the 
left temporal lobe seizure focus. In 
addition, the area of hypometabolism 
extends into the left frontoparietal 
region and ipsilateral thalamus, even 
though these areas were normal on the 
electroencephalogram
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False positive identification of the side of a sei-
zure focus by 18F-FDG PET has been observed in 
only a few individuals and was attributed to artifacts 
resulting from depth electrode placement (Engel et 
al. 1982c; Engel 1984). Conversely, erroneous later-
alization using scalp and sphenoidal EEG is observed 
in 10%–15% of patients (Engel 1984; Risinger et 
al. 1989). Accordingly, for clinical management of 
patients with intractable seizures 18F-FDG PET is 
commonly used together with scalp EEG studies. 
Close correspondence of scalp EEG and 18F-FDG 
PET results provides strong evidence for lateraliza-
tion of epileptogenic tissue and in many instances 
patients undergo focal resections without invasive 
electrical monitoring. If 18F-FDG PET and EEG data 
do not correspond then invasive electrical monitor-
ing is needed (Engel et al. 1990). Although 18F-FDG 
PET is clearly useful in non-invasive localization of 
epileptogenic tissue, there is no general correlation 
between the presence and degree of hypometabo-
lism and the surgical outcome (Engel 1984). How-
ever, Swartz et al. (1992a) has demonstrated that 
patients with widespread areas of hypometabolism 
tend to have a worse postoperative prognosis. The 
lack of a clear relation between hypometabolism 
and outcome undoubtedly relates to the fact that 18F-
FDG PET overestimates the extent of epileptogenic 
tissue and conversely, extratemporal seizure foci 
may cause temporal lobe hypometabolism. Clearly 
new and more specific tracers are needed in order to 
identify epileptogenic tissue more precisely.

The site of interictal hypometabolism corre-
sponds to sites of ictal onset as shown by EEG, but 
ictal PET studies are difficult to perform since the 
tracer may not be available due to its short half-life. 
Nonetheless, the fortuitous occurrence of seizures 
at the time of 18F-FDG administration has provided 
ictal 18F-FDG PET scans (Engel et al. 1982b, 1983; 
Theodore et al. 1984; Abou-Khalil et al. 1987). 
Due to the propagation of seizure activity beyond 
the focus and the problems in timing of the injec-
tion of 18F-FDG, ictal PET scanning has received 
relatively little attention, particularly in the context 
of the clinical management of patients with intrac-
table epilepsy. Additionally, images reflect average 
metabolic activity over an approximate 30-min 
time interval after injection. Accordingly, images 
reflect an admixture of interictal, ictal and postic-
tal metabolism, which may be difficult to interpret. 
For example, some 18F-FDG PET studies acquired 
during an ictus have shown global hypometabolism. 
In these instances it is thought that the 18F-FDG 
PET image reflects predominantly postictal depres-

sion of metabolism when the actual seizure activity 
occurs during a small portion of the uptake period. 
Since some seizures may be subclinical it is impor-
tant to monitor the EEG during the uptake period 
(Barrington et al. 1998). Ictal and postictal blood 
flow changes in epilepsy have been more extensively 
investigated with SPECT.

Although most 18F-FDG PET studies have been 
performed in patients with complex partial seizures 
originating in the temporal lobe, the same methods 
can be used to localize frontal lobe lesions (Swartz 
et al. 1989; Franck et al. 1992; Henry et al. 1992; 
Robitaille et al. 1992). Interictal hypometabolism 
is observed in the region of frontal lobe seizure 
foci and, as in temporal lobe epilepsy, may extend 
beyond the areas of electrical abnormality (Henry 
et al. 1992; Swartz et al. 1989). The relation of PET 
to other imaging modalities in epilepsy has been 
recently reviewed (Duncan 1997).

SPECT imaging in epilepsy has employed 123I-IMP 
and 123HIPDM (Magistretti and Uren 1983; Lee et 
al. 1986, 1987, 1988) and subsequently 99mTc-HMPAO 
and related tracers (Stefan et al. 1987b; Andersen 
et al. 1988; Ryding et al. 1988; Devous and Leroy 
1989; Rowe et al. 1989, 1991a; Grünwald et al. 1991; 
Krausz et al. 1991; Newton et al. 1992; Thomas et 
al. 1992). Overall, these results demonstrate the high 
sensitivity in localizing seizure foci comparable to 
that of 18F-FDG PET (70%), but some studies have 
shown a lower sensitivity, stimulating the use of ictal 
SPECT scanning.

Due to the longer half-life of SPECT blood flow 
radiopharmaceuticals, the use of ictal and post-
ictal scanning in patients with epilepsy has been 
explored in recent years (Magistretti and Uren 
1983; Lee et al. 1987, 1988; Devous and Leroy 1989; 
Rowe et al. 1989; Marks et al. 1992; Newton et al. 
1992; Ramsey et al. 1992). A number of studies have 
suggested that ictal imaging is more sensitive than 
interictal scanning in temporal lobe epilepsy (Rowe 
et al. 1989). In these studies a simultaneous EEG 
recording is obtained and the radiopharmaceutical 
injected within 1 or 2 min of the onset of seizure. 
Areas of interictal hypoperfusion convert to areas 
of hyperperfusion during the ictus. Ictal SPECT 
imaging has the potential to identify multiple and 
bilateral seizure foci, but carries with it the possibil-
ity of identifying areas of secondary seizure activity 
depending on the timing of the radiopharmaceu-
tical injection and the rapidity of seizure spread. 
In addition, one study has provided evidence for 
an increase in regional blood flow prior to the ini-
tiation of seizure activity, implying that the blood 
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flow changes may not directly reflect regional sei-
zure activity (Baumgartner et al. 1998). However, 
studies of localized simple partial seizures using 
99mTc-HMPAO demonstrate well localized areas of 
hyperperfusion that correlate with the electrical 
and clinical localization. Ictal SPECT has also been 
applied to frontal lobe epilepsy, demonstrating a 
91% sensitivity of correctly localizing lateralized 
seizure foci. Peri-ictal scanning in pediatric patients 
has been specifically evaluated and found to be ben-
eficial (O’Brien et al. 1998; Shulkin 1997).

Post-ictal SPECT imaging (i.e., imaging within 
minutes after a seizure) has also been employed and 
the results demonstrate an improvement in sensitiv-
ity compared to interictal scanning (Rowe et al. 1989, 
1991b; Duncan et al. 1993). The largest of these stud-
ies reported a sensitivity of 69% for post-ictal imag-
ing compared to 38% for true interictal scans; the 
reasons for the low interictal sensitivity in this study 
are unclear. Within approximately 10 min after the 
completion of a seizure, the pattern of hyperperfu-
sion in the antero-mesial temporal lobe and hypo-
perfusion in the remaining temporal lobe is often 
observed. After about 15 min the mesial hyperper-
fusion disappears and the hypoperfusion becomes 
less pronounced. Accordingly, the time from ictus is 
important in interpreting post-ictal SPECT images. 
It is important not to misinterpret severe post-ictal 
hypoperfusion ipsilateral to the seizure focus and 
hyperperfusion on the contralateral side. As with 
18F-FDG-PET imaging, SPECT perfusion imaging is 
more sensitive than MRI (Cordes et al. 1990). The 
presence of interictal hypoperfusion is similarly 
more common in patients with T2-weighted MRI 
abnormalities, as compared to patients with normal 
MRI scans (Ryvlin et al. 1992).

Another application of 99mTc-HMPAO is to map 
the distribution of amobarbital in the intracarotid 
Wada test (Hietala et al. 1990; Jeffery et al. 1991; 
Hart et al. 1993). Administration of intracarotid 
amobarbital was first used to indicate hemispheric 
dominance for language in patients who were to 
undergo surgery for intractable epilepsy and is cur-
rently also used to identify patients at risk for amne-
sia following temporal lobe surgery. Subsequently, 
the WADA test has been used to aid in the lateral-
ization of epileptogenic regions. A good correlation 
exists between interictal PET and intracarotid amo-
barbital administration in the lateralization of sei-
zure foci (Salanova et al. 1998). Intracarotid amo-
barbital administration is used not only to localize 
language function, but also to predict memory 
disturbance following temporal lobectomy. In this 

regard, delivery of amobarbital to ipsilateral mesial 
lobe structures is the key. In 90% of individuals the 
posterior two-thirds of the hippocampus is supplied 
by the vertebrobasilar system via the posterior cere-
bral artery. Accordingly, administration of amobar-
bital via the intracarotid artery probably does not 
result in anesthesia of the entire hippocampus in 
many patients (Jeffery et al. 1991). If the amobarbi-
tal is not delivered to the hippocampus, false nega-
tive memory lateralization may occur. Co-admin-
istration of 99mTc-HMPAO and amobarbital via the 
internal carotid artery can be used to assess areas of 
perfusion during the WADA test. If present, contra-
lateral hemispheric perfusion via the circle of Willis 
during the WADA test can also be identified.

Recent studies support the added value of PET 
over interictal SPECT studies (Lamusuo et al. 1997) 
and comparable accuracy with ictal SPECT and inter-
ictal PET (Markand et al. 1997). However, the final 
conclusions regarding the relative merits of PET and 
SPECT will have to await studies using state-of-the-
art instrumentation for both modalities.

2.9.2 
Neurotransmission Function in Seizure 
Disorders

Although scalp and invasive electroencephalogra-
phy is the mainstay of diagnosis, classification, and 
lesion identification in epilepsy, PET and SPECT 
have advanced our understanding of the basic ictal 
and interictal blood flow and metabolic events that 
correlate with the electrical abnormalities. Flow-
metabolism imaging alone is limited in its potential 
to elucidate the neurochemical mechanisms respon-
sible for initiation and termination of seizures. More 
specific tracers are needed to further improve local-
ization of the epileptogenic foci, predict prognosis 
following seizure surgery, and stratify patients for 
various drug therapies. New methods to image and 
quantitate neuroreceptors have provided the first 
approach to realizing these goals.

Studies using PET and SPECT have been conducted 
with tracers for opioid receptors: 11C-carfentanil, 
11C-diprenorphine, 18F-cyclofoxy, and 11C-methyl-
naltrindole (Fig. 2.6) (Frost et al. 1988; Mayberg 
et al. 1991; Madar et al. 1997); benzodiazepine 
receptors: 11C-flumazenil and 123I-Iomazenil (Savic 
et al. 1988, 1990; Innis et al. 1991); muscarinic cho-
linergic receptors: 123I-iododexetimide (Mueller-
Gaertner et al. 1993); and histamine receptors: 
11C-doxepin (Iinuma et al. 1993). Increased levels of 
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mu and delta opioid receptors (Fig. 2.6) and reduced 
benzodiazepine and muscarinic cholinergic recep-
tors have been observed. In some, but not all, cases 
receptor imaging has provided additional localiza-
tion information over flow/metabolism imaging 
alone. Comparison of 11C-flumazenil (FMZ) and 18F-
FDG in patients with partial complex seizures has 
shown that 11C-FMZ may provide improved local-
ization of seizure foci (Savic et al. 1993; Koepp et 
al. 1997a,b; Richardson et al. 1997, 1998). However, 
another study showed that 11C-flumazenil was less 
accurate (Debets et al. 1997). Changes in benzodi-
azepine receptors may vary as a function of seizure 
activity (Savic et al. 1998).

As FMZ binding depends on viability rather than 
metabolism and perfusion, it allows better iden-
tification of lesions and discrimination of areas of 
hypometabolism due to morphologic alterations 
from areas of hypometabolism extending beyond 
the area of the morphologic lesion, both in case of 
temporal and extratemporal epilepsy. Indeed FMZ 
circumscribes more restricted areas of decreased 
tracer binding relative to the extent of concurrent 
hypometabolism and hypoperfusion. Thus, FMZ 
PET is an excellent complementary imaging method 
in patients with inconclusive morphologic and func-
tional studies.

Some studies have begun to examine the effect 
of seizure activity on 11C-diprenorphine binding in 
patients with primary generalized absence seizures 
(Bartenstein et al. 1993) and seizures induced by 
reading (Koepp et al. 1998). These studies demon-
strate that active seizure activity alters opioid recep-
tor binding, probably due to release of endogenous 
opioid peptides. This demonstration of a functional 

change in opiate receptor binding following seizures 
introduces a new paradigm for investigation of the 
role of the opiate system in epilepsy.

2.10 
Brain Tumors

For the last two decades the diagnostic work-up 
of brain tumors has been based on morphological 
imaging, first with CT and more recently with MRI 
(Atlas 1991; Fishbein 1988; Goldberg 1991). Con-
trast-enhanced CT is, in general, the first exami-
nation performed in patients with suspected brain 
tumor. It is possible with CT to make a differen-
tial diagnosis with other cerebral lesions and, to a 
limited extent also among different types of intra-
cranial tumors. Investigations with CT and MRI, 
however, may yield partial answers, and must be 
complemented by biochemical imaging. Biochemi-
cal imaging of brain tumors may indeed be crucial 
for the early differential diagnosis, for a prognostic 
assessment and for differentiating between edema 
and gliosis, as well as between recurrence and radio-
necrosis, and is best achieved by emission tomog-
raphy. The mechanisms of uptake and retention of 
each tracer in normal tissue, are frequently altered 
markedly in neoplastic tissue. Alterations in the 
normal pattern of tracer accumulation can either 
be due to secondary events, commonly detectable by 
morphologic imaging, such as the disruption of the 
BBB, or perfusion modifications due to compression 
and dislocation of the cerebral structures. However, 
most interesting is the tracer accumulation due to 
biochemical modifications of the neoplastic tissue 
itself, as alterations of metabolic processes and their 
rates may be related to the rate of growth and cell 
type of the tumor, while the expression of specific 
antigens or receptors by the tumor, may help in their 
histologic characterization and assist in treatment 
planning. Developments in morphologic imaging 
and concurrent advances in biochemical imaging 
have therefore completely modified the role of radi-
ology and nuclear medicine in the assessment of 
patients with brain tumors.

The clinical use of radioactive tracers in neuro-
oncology has followed their use for other purposes. 
This is the case of 18F-fluorodeoxyglucose, devel-
oped for the assessment of neuronal functional 
activity, 11C-methionine, developed for the assess-
ment of amino acid transport and protein synthesis, 
followed by the development of 123I-tyrosine. It also 

Fig. 2.6. Images of 11C-carfentanil and 11C-N-methyl-naltrin-
dole binding in a patient with right-sided temporal lobe sei-
zure focus. Both 11C-carfentanil and 11C-N-methyl naltrindole 
binding are increased in the right temporal neocortex

mu receptor
11C-carfentanil

delta receptor
11C-methylnaltrindole
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holds for 201Tl and 99mTc-methoxy-isobutil-isonitrile 
(MIBI), both extensively used in nuclear cardiology. 
All of these tracers are relatively non-specific, and 
some of them can also be used for the assessment 
of extracranial tumors. In other cases tracers have 
been developed for the assessment of tumors with 
very specific features, including the expression of 
antigens or receptors.

2.10.1 
Imaging of Tumor Metabolic Processes

Tracers most commonly used for the assessment 
of cerebral tumors include 18F-FDG, 11C-methio-
nine, 201Tl and 99mTc-MIBI. In various manners 
their uptake is dependent on basic processes such 
as membrane permeability to electrolytes by active 
and passive mechanisms, Na+, K+, ATP-ase activity, 
energy metabolism and other metabolic variables 
such as protein synthesis, as well as on the presence 
of specific clearance mechanisms. The uptake and 
retention of tracer in tumor tissue depends also on 
cell type, extent of differentiation, immunogenicity, 
rate of growth, tissue mass perfusion pattern, BBB 
integrity, vascular neoformation and maturation.

18F-FDG is the most important tracer for PET 
oncologic studies (see Chapters 11–13). Relatively 
simple synthesis and long half-life along with exten-
sive knowledge of the mechanisms determining its 
uptake and retention have made it quite popular 
in neuro-oncology. Initial studies have related the 
grade of malignancy of gliomas to the rate of 18F-
FDG uptake, and have shown that while low grade 
astrocytomas have low 18F-FDG uptake, anaplastic 
astrocytomas and glioblastomas have markedly ele-
vated tracer uptake (di Chiro et al. 1982, 1988; di 
Chiro and Brooks 1988). In tumor cells there is an 
overexpression of glucose transporters and enzymes 
related to glucose metabolism and this causes an 
accumulation of tracer in tumor tissue that is gener-
ally higher than in normal tissue. As already stated, 
normal brain is avid of glucose and therefore the 
accumulation of 18F-FDG in tumor may in some 
cases be very close to that of normal tissue causing 
difficulties in the interpretation of the study. Based 
on these premises 18F-FDG has been used for the 
assessment of tumor malignancy and prognosis, but 
the most important use is follow-up of patients with 
low grade astrocytomas, possibly evolving into high 
grade malignancy, and the differentiation between 
radiation necrosis and tumor recurrence in patients 
presenting with relapse of neurologic symptoms 

and non-diagnostic CT and/or MRI after radiation 
therapy. Problems related to the tumor/non-tumor 
uptake ratio encountered with 18F-FDG, and difficult 
differential diagnoses with other cerebral patholo-
gies, i.e., infections, radiation necrosis, edema, that 
may cause abnormal 18F-FDG uptake, can be avoided 
by using 11C-methionine, the uptake of which is 
related to amino acid transport and metabolic rate 
of the tumor (Bergstrom et al. 1987; Ericson et al. 
1985; Hatazawa et al. 1989).

An alternative to positron tracers in neuro-oncol-
ogy is 201Tl (Kaplan et al. 1987; Kim et al. 1990; Dier-
ckx et al. 1994; Ricci et al. 1996). The discovery that 
201Tl accumulates in neoplastic tissue was serendipi-
tous as it was observed in patients undergoing myo-
cardial perfusion studies, who also had tumors. The 
uptake of 201Tl in brain tumors is related to blood 
flow, BBB integrity and malignant cell density and is 
due to its similarities with potassium and thus on the 
Na+,K+, ATP-ase activity. 201Tl uptake is also related 
to tumor type, as the rate of uptake differs, 201Tl 
cannot be used as a partial substitute for histologic 
characterization and grading. It must be pointed 
out that, depending on the patient selection process 
201Tl sensitivity and specificity have been estimated 
to be about 70% and 80%, respectively, but sensitiv-
ity is lower in low grade gliomas, while specificity 
is lower in cases with hemorrhagic infarction. The 
highest sensitivities have been observed in glioblas-
toma multiforme and metastatic lesions.

Another tracer that is amenable for imaging cere-
bral tumors with SPECT is 99mTc-MIBI (O’Tuama 
et al. 1993; Soler et al. 1998; Maffioli et al. 1996), 
which was originally also developed for evaluat-
ing myocardial perfusion. This tracer is a cationic 
complex that is concentrated in cytoplasm and 
mitochondria as a result of passive diffusion across 
highly negative transmembrane potentials in rela-
tion to metabolic demand. Studies with this tracer 
have shown sensitivities similar to that of 201Tl in 
malignant tumors and recurrence.

As for amino acid transport into tumor cells, the 
SPECT tracer 123I-methyl-tyrosine, has been evalu-
ated in small patient series with promising results 
(Biersack et al. 1989; Langen 1997).

2.10.2 
Imaging of Cerebral Tumors by Antibodies and 
Receptor-Bound Tracers

Imaging modalities based on the use of SPECT 
and monoclonal antibodies is attracting increasing 
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interest, in particular for those aimed at the signal 
amplification by tumor pretargeting techniques. 
This is best achieved by the administration of bio-
tinylated monoclonal antibody, followed by the 
administration of the radioactive tracer (two-step 
technique), or by the administration of avidin, after 
the monoclonal antibody, and then by the tracer 
administration (three-step technique). The addi-
tional steps are aimed at the enhancement of the 
signal-to-noise ratio, by allowing a longer time for 
the antibody localization on the tumor (two-step), 
and removal of free antibody by conjugation with 
avidin (three-step), prior to the administration of 
low doses of radioactive tracer.

The use of tracers, which specifically bind to 
receptors, has been applied mostly to pituitary ade-
nomas, in particular in the assessment of non-secret-
ing tumors. Non-functioning pituitary adenomas, 
as well as meningiomas and craniopharyngiomas, 
do not cause any specific endocrine syndrome; thus 
their presence is usually suggested by the evidence 
of compression of the parasellar nervous structures. 
Radiological differential diagnosis may occasion-
ally be difficult in primary parasellar lesions with 
presentation in the parasellar region. Diagnostic 
uncertainty after MRI investigation occurs in up to 
10% of patients with hormonally inactive tumors of 
the sellar region. In these selected cases, the in vivo 
characterization of the biochemical and functional 
properties of the tissue may provide useful informa-
tion about the nature of the pituitary mass.

PET and SPECT have been used for the assess-
ment of adenomas and other parasellar tumors 
with 18F-FDG, 11C-methionine, 11C-tyrosine, 11C-
deprenyl, 11C and 18F labeled spiperone analogs, 
as well as 123I-IBZM and 123I-epidepride (Muhr 
et al. 1986; Daemen et al. 1991; Bergstrom et al. 
1992; Pirker et al. 1996; Lucignani et al. 1997; de 
Herder et al. 1999). Some of the methods proposed 
for the assessment of sellar and parasellar tumors 
are based on measurements that are not specific to 
any particular type of neoplastic tissue, i.e., the rate 
of glucose metabolism or protein synthesis. These 
variables may indicate a neoplastic process when 
they are abnormally increased or decreased. Such 
methods have been shown to be useful for visualiz-
ing pituitary adenomas, for differentiating between 
viable neoplastic tissue and scar, and for assessing 
the response to pharmacological treatment. Other 
methods are based on the use of radiopharmaceuti-
cals tracing processes in the normal and abnormal 
pituitary tissue, but neither in the other tumors of 
the sella nor in the nearest surrounding tissue.

Another approach to imaging pituitary adeno-
mas is based on the presence of somatostatin recep-
tors on pituitary tumors, which bind octreotide. For 
this purpose both 111In-DTPA-pentetreotide and 
123I-Tyr3-octreotide have been used (Krenning et 
al. 1993; see Chap. 10).

2.10.3 
Differential Diagnosis of Lymphoma 
and Infectious Diseases in AIDS

Neurological disorders occur in 40%–60% of 
patients with AIDS and approximately 10% develop 
focal lesions of the central nervous system. In these 
patients contrast enhancing brain lesions are most 
frequently caused by infectious diseases (50%–70% 
of patients), due to Toxoplasma gondii, Candida 
albicans, Mycobacterium tuberculosis, or by pri-
mary lymphomas (2%–10% of patients). Each type 
of lesion requires a timely, specific therapy, but it is 
a common practice to start anti-toxoplasmosis ther-
apy based on empirical evidence. In patients who 
do not respond to therapy a non-invasive diagnos-
tic procedure, i.e., alternative to biopsy, is required 
for an appropriate therapeutic planning. In these 
patients 201Tl, 18F-FDG or 99mTc-MIBI can be used 
to support the selection of a therapeutic approach, 
based on the evidence that in lymphomas the uptake 
of these tracers is generally higher than in focal 
infectious lesions (Costa et al. 1995; D’Amico et 
al. 1997).

2.11 
Outlook for the Future

The state-of-the-art PET and SPECT techniques, 
which have been developed over the last 20 years, 
enable us to diagnose and evaluate CNS diseases, 
predominantly by measurement of cerebral blood 
f low and metabolism. Flow-metabolism methods 
make it possible to identify the areas of abnor-
mal neuronal function and thus to differentiate 
distinct diseases due to cortical neuronal degen-
eration, such as the various forms of dementia 
that occur with cognitive impairment. However, 
as energy metabolism is a non-specific process 
with respect to the activity of the neuronal sub-
populations, radionuclide imaging of the brain is 
under continuous evolution as new methods are 
developed and applied also for the assessment of 
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pre- and post-synaptic neurotransmitter function. 
These methods make it possible to differentiate 
syndromes occurring with motor impairment due 
to subcortical neuronal damage. Moreover, the use 
of neurochemical imaging, including the rate of 
synthesis and uptake of neurotransmitters, and 
their rate of binding to selective receptors appears 
crucial for the assessment of neuronal viability and 
damage in cerebral vascular diseases and epilepsy. 
Finally, the assessment of neurochemical derange-
ments is the only key to the understanding of psy-
chiatric diseases.

The future of brain radionuclide imaging hinges 
on the continuous development of devices to 
measure the radiotracer distribution, and on the 
search for new radiopharmaceuticals, along with 
improvements in the area of data processing. To 
this end, tomographic systems are being developed 
to improve the accuracy of measurements of radio-
tracer distribution with a concurrent reduction of 
the acquisition time, while radiopharmaceuticals 
that selectively tag the various receptor classes and 
subclasses are successfully manufactured. Last but 
not least, analytical procedures are being imple-
mented for faster and more accurate image and 
data processing.

The strategy for the assessment of neurologic 
patients will soon include the use of activation tasks 
with pharmacologic challenge, and the use of dedi-
cated instruments that combine state of the art X-ray 
computed tomography and emission tomography 
imaging. This synergistic approach will overcome 
the spatial resolution limitations of emission tomog-
raphy and add the power of biochemical imaging to 
morphologic imaging.
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3.1 
Introduction

Ischemic cardiomyopathy associated with poor left 
ventricular (LV) function often presents a clinical 
management problem. There is overwhelming evi-
dence that such patients have a poor prognosis when 
treated medically. Heart transplantation has now 
become a therapeutic alternative. However, the lim-
ited number of donor hearts makes this approach 
available to only the most qualified patients. On the 
other hand, it has been well documented that the 
long-term benefit of myocardial revascularization 
in this patient population is significantly better than 
medical treatment (Alderman et al. 1993). Because 
operative mortality remains high in these patients, 
the main concern is in the selection of those patients 
who will really benefit from revascularization.

Dysfunctional myocardium in patients with 
poor LV function can be due to one or a combina-
tion of the following: (a) necrosis followed by scar 
tissue formation (fibrosis); (b) chronic ischemia 
without necrosis; or (c) transient ischemia despite 
reperfusion. The last two mechanisms are usu-
ally referred to as “hibernation” and “stunning,” 
respectively, which represent viable myocardium 
in these patients. Identifying “viable myocardium” 
from non-viable scar tissue is crucial because it is 
well known that revascularization in patients with 
substantial “viable myocardium” can improve LV 
function, symptoms, and survival.

3.2 
Definition of Myocardial Viability

3.2.1 
Myocardial Stunning

It has been documented in animal models as well 
as in humans that reversible abnormal wall motion 
in segments with normal or nearly normal resting 
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blood flow represents myocardial stunning (Heyn-
drickx et al. 1975; Bolli 1992, 1998). Stunning has 
been demonstrated in patients with coronary artery 
disease in situations such as unstable angina, exer-
cise-induced ischemia, acute myocardial infarction 
with early reperfusion, post-coronary artery bypass 
surgery, and heart transplantation (Kloner et al. 
1998). Previously, myocardial stunning was con-
sidered as a regional contractile dysfunction that 
occurred after a brief episode of myocardial isch-
emia (Braunwald and Cloner 1982). There is 
now evidence that recurrent episodes of ischemia 
in the same coronary territory may occur in patients 
with coronary artery disease (Kloner et al. 1998), 
resulting in chronic contractile dysfunction which 
is known as “repetitive stunning” (Bolli 1998). This 
mechanism is probably the most common form of 
myocardial stunning in patients with depressed 
ventricular function.

3.2.2 
Myocardial Hibernation

Rahimtoola (1987) first described “hibernating” 
myocardium as a persistently impaired myocardial 
function in the setting of reduced coronary blood 
flow. This concept entails a perfusion-contraction 
match derived from clinical observations and, in 
contrast to stunned myocardium, still lacks defini-
tive animal or human clinical models. Its origi-
nal concept, however, has been questioned since 
measurements of blood flow with positron emis-
sion tomography (PET) have shown normal or 
near-normal flow at rest and a reduced coronary 
flow reserve in “hibernating segments” (Vanover-
schelde et al. 1993; Marinho et al. 1996; Conver-
sano et al. 1996). Vanoverschelde et al. (1993) 
reported that in patients with completely occluded 
left anterior descending coronary arteries but with-
out prior myocardial infarction, collateral-depen-
dent myocardium showed either severely reduced 
or normal wall motion. Both types of myocardium 
exhibited normal blood flow at rest. However, col-
lateral-dependent myocardium with wall motion 
abnormalities showed an impaired coronary flow 
reserve, whereas collateral-dependent myocar-
dium with normal wall motion exhibited normal 
flow reserve. Thus, recurrent episodes of transient 
ischemia (i.e., “repetitive stunning”), rather than a 
true existence of hibernating myocardium, might 
account for chronically impaired myocardial con-
tractile function. It is important to note that PET 

only quantifies transmural myocardial blood flow, 
and that chronic subendocardial hypoperfusion 
might be enough to explain dysfunctional contrac-
tion. It would be seen as a mild transmural perfusion 
reduction and therefore might escape detection by 
PET imaging (Edwards et al. 1992). Another argu-
ment in favor of the existence of true hypoperfusion 
are studies in humans showing increased regional 
myocardial blood flow after coronary revascular-
ization of reversibly dysfunctional myocardium 
(Maes et al. 1995; Wolpers et al. 1997).

Nevertheless, from a clinical standpoint, the “true 
mechanisms” of chronic poor LV dysfunction (i.e., 
hibernation or stunning) are not that relevant. Bolli 
(1992) described that a wide overlap of hibernation 
and stunning may occur. It is therefore very likely 
that in the majority of the clinical cases both mecha-
nisms are present. Regardless of the mechanism(s) 
involved, the identification of dysfunctional myo-
cardium in patients with chronic poor LV function 
that will improve after coronary revascularization 
is important.

3.3 
Identification of Viable Myocardium

Different imaging modalities are available to assess 
myocardial viability such as SPECT, PET, MRI, and 
echocardiography. This chapter reviews the useful-
ness of radionuclide techniques in detecting viable 
myocardium, to select those patients with isch-
emic cardiomyopathy and poor LV function who 
will benefit most from revascularization. Critical 
for preserving viable myocardium is the amount of 
residual blood flow and preserved cell membrane 
function, which in turn is predicated upon some 
degree of sustained metabolic activity. Radionuclide 
techniques probe each of these critical components. 
Some approaches evaluate only a single aspect, 
whereas others explore several components of cell 
function in concert. Rather than reviewing how 
each of these components critical to cell survival 
can be assessed with radionuclide studies, for logis-
tical reasons the various radionuclide approaches 
currently employed are discussed. For each radio-
nuclide or imaging approach we describe the tech-
nical concepts and then implications for patient 
management. Throughout the chapter we refer at 
times to the metabolic evaluation of viability with 
18F-deoxyglucose (FDG), because this approach is 
often used for comparison by other techniques and 
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is considered by many to be the gold standard of 
viability assessment.

3.3.1 
Thallium-201 Imaging of Blood Flow and Cell 
Membrane Integrity

Thallium-201 (201Tl) was the most widely used radio-
nuclide for the assessment of myocardial viability 
by planar or SPECT imaging techniques. 201Tl is a 
potassium analogue and its final distribution after 
intravenous administration is primarily intracellu-
lar. Its early myocardial uptake is proportional to 
regional blood flow and the flow-dependent extrac-
tion fraction of 201Tl as was confirmed by the micro-
sphere technique (Weich et al. 1977). Following its 
initial distribution in the myocardium, 201Tl concen-
tration in the normal and ischemic regions changes 
as a function of time, known as the redistribution 
process (Pohost et al. 1977). Clinically, redistribu-
tion implies the partial or total resolution of initial 
perfusion defects at repeat imaging 2.5–4 h after 
201Tl administration (Fig. 3.1). The process of redis-
tribution can be seen after transient underperfusion 
distal to a stenotic vessel with exercise, pharmaco-
logic stress, or even in the resting state (Gimple 
et al. 1994). It is important to note that although 
the initial 201Tl uptake represents myocardial blood 
flow, redistribution 3–4 h later reflects myocardial 
cellular membrane integrity and the intracellular 
potassium transport, which is indirect evidence of 
myocardial viability (Pohost et al. 1977).

Several imaging protocols have been employed for 
the evaluation of myocardial viability using 201Tl: (a) 
stress/4-h redistribution; (b) stress/4-h redistribu-
tion/24-h redistribution; (c) stress/4-h redistribu-
tion/reinjection; and (d) rest/4-h redistribution. The 
most commonly employed are stress/4-h redistribu-
tion/reinjection, and rest/4-h redistribution.

3.3.1.1 
Study Protocols

3.3.1.1.1 
Stress 4-Hour Redistribution

Evaluation of stress-induced ischemia is usually a 
frequent and important question in patients with 
coronary artery disease. Inducible ischemia can be 
demonstrated when a perfusion defect improves 
from stress to rest images, whereas viability is deter-

mined by the change in tracer uptake between the 
resting and delayed images. When a perfusion defect 
demonstrates total resolution on the delayed images, 
it obviously implies stress induced ischemia and 
viability (Gibson et al. 1983). When 201Tl is admin-
istered during exercise or pharmacologic stress, it is 
not possible to differentiate to what extent a revers-
ible defect represents hibernating/stunned myocar-
dium vs ischemia. Thus, reversible and irreversible 
stress/redistribution perfusion defects have a highly 
variable predictive value for recovery of regional LV 
dysfunction (Maddahi et al. 1994).

One technical aspect to enhance the detec-
tion of redistribution is the quantitative analysis 
of regional 201Tl uptake (Beller 1996). Some per-
fusion defects that appear irreversible on visual 
analysis demonstrate redistribution when quanti-
tative analysis is performed on initial and delayed 
images. The majority of studies have shown that a 
relative threshold of 50% of maximal count density 
can distinguish regions with 201Tl perfusion defects 
that will have a high probability of improved func-
tion after revascularization (Gibson et al. 1983; 
Yamamoto et al. 1993). Persistent defects that are 
mild to moderate (25–50% relative reduction in 201Tl 
activity) are also indicative of viability. In fact, these 
levels of activity have been shown to reflect a high 
prevalence of myocardial viability by FDG criteria 

Fig. 3.1. Thallium-201 rest (top) and 4-h redistribution 
(bottom) images. Note the severe reduction in tracer uptake 
in the posterolateral wall on the initial images with almost 
complete defect resolution on the delayed images. (Courtesy 
of M. Hernandez Pampaloni)

TI-201 Rest-Horizontal Long Axis

4 Hour Redistribution
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(Bonow et al. 1991) and exhibit significant improve-
ment in regional function following revasculariza-
tion. In contrast, very few segments with persistent 
perfusion defects of more than 50% reduction in 
201Tl counts on post-stress and delayed images will 
improve function after revascularization (Gibson et 
al. 1983; Beller 1996). Kitsiou et al. (1998) using 
quantitative analysis, indicated that the identifica-
tion of a reversible 201Tl perfusion defects on stress 
images in an asynergic region more accurately pre-
dicted recovery of function after revascularization 
than mild to moderate irreversible thallium defects. 
The authors concluded that even at a similar mass 
of viable myocardium (as reflected by the final thal-
lium content) the presence of inducible ischemia was 
associated with a significantly increased likelihood 
of functional recovery.

3.3.1.1.2 
Stress, 4-Hour Redistribution, 24-Hour Redistribution

Redistribution imaging at 24 h after 201Tl injection 
has been utilized to enhance detection of viability in 
persistent perfusion defects noted at 4 h (Gutman 
et al. 1983; Kiat et al. 1988). Kiat et al. (1988) 
reported that the presence of late redistribution at 
18–24 h predicted enhanced regional perfusion after 
revascularization. They showed that 95% of myocar-
dial segments with late redistribution showed such 
improvement as compared with only 37% of seg-
ments with persistent defects at 18–24 h.

This protocol, however, has limitations. A major 
problem is the suboptimal count statistics at 24 h 
following a standard 3-mCi dose, with poor target-
to-background ratio making interpretation diffi-
cult. This could be overcome by a higher initial 
201Tl dose and longer acquisition times. Interest-
ingly, Watson et al. (1990) have shown that by 
employing quantitative scintigraphy, most of the 
perfusion defects exhibiting late redistribution 
do already demonstrate some evidence of redis-
tribution on the early images (2.5- to 4-h images). 
 Perrone-Filardi et al. (1996) showed that 24-h 
201Tl redistribution images changed the interpre-
tation of viable myocardium in only 2% of the 219 
persistent perfusion defects analyzed by quantita-
tive analysis. Also, Dilsizian et al. (1991) reported 
that late redistribution images after a resting 
injection of 201Tl changed viability interpretation 
in only 4 of 127 segments that were interpreted 
as irreversible perfusion defects at 4 h. Thus, 
delayed 24-h redistribution imaging affects image 
interpretation and hence accuracy of detection of 

viability only minimally in a minimal amount of 
segments.

3.3.1.1.3 
Stress 4-Hour Redistribution – Reinjection

Another approach to assess viable myocardium with 
201Tl is the injection of a second dose, 1–1.5 mCi of 
201Tl, which is administered following acquisition of 
the 2.5- to 4-h redistribution images. The purpose 
of the reinjection is to enhance the count statistics, 
and it provides better visual assessment of perfusion 
defect reversibility at rest.

Dilsizian et al. (1990) showed that, in 100 
patients with coronary artery disease, 33% of abnor-
mal segments demonstrated persistent defects on 
the 3- to 4-h images. Approximately half of these 
patients revealed improved or normal 201Tl uptake 
after reinjection of a second dose of 201Tl. Taking 
these observations together with other studies, 201Tl 
reinjection immediately after 4-h SPECT imaging 
has been shown to improve the detection of viable 
myocardium in 30–50% of regions with fixed perfu-
sion defects observed on 4-h redistribution images 
(Dilsizian et al. 1990; Tamaki et al. 1990; Ohtani 
et al. 1990).

Bonow et al. (1991) compared the reinjection pro-
tocol with myocardial uptake of FDG PET imaging 
in 16 patients with coronary artery disease and poor 
LV function and irreversible defects on the standard 
stress 4-h redistribution protocol. The FDG uptake 
was observed in 94% of perfusion defects on postex-
ercise images that had partial or complete redistri-
bution. Fifty-one percent of the persistent perfusion 
defects exhibited enhanced 201Tl uptake after rein-
jection. The same percentage of such defects showed 
preserved FDG uptake. The investigators reported 
that detection of viability by enhanced 201Tl uptake 
with the reinjection protocol and PET imaging of 
FDG uptake was concordant in 88% of defects. The 
authors concluded that the reinjection protocol was 
as sensitive as PET using FDG for detection of myo-
cardial viability. However, post-revascularization 
results were not reported in this study.

The reinjection protocol was also compared with 
a reinjection-late 24-h redistribution approach 
(Dilsizian et al. 1990; Bobba et al. 1998). Dil-
sizian et al. (1990) showed that late 24-h imaging 
after reinjection did not seem to detect more viable 
segments compared with images acquired 10 min 
after reinjection. Bobba et al. (1998) reported the 
use of an imaging protocol without a delayed 4-
h SPECT study prior to reinjection. Although the 
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increased incidence of delayed 24-h reversibil-
ity compared with post-reinjection at 4 h was not 
frequent, it was most often seen in the absence of 
reversibility in the immediate post-reinjection 
images, and in the context of unstable angina or 
acute coronary syndromes, rather than in chronic 
ischemic heart disease.

3.3.1.1.4 
Rest 4-Hour Redistribution

In the rest 4-h redistribution protocol, 201Tl is injected 
with the patient at rest, the first set of images being 
obtained 10–20 min later and redistribution imag-
ing 4 h later. This has been the preferred protocol for 
evaluation of myocardial viability in many centers. 
With this protocol, hibernating myocardium exhib-
its a reduced 201Tl uptake on the initial images, but 
this initial perfusion defect is expected to improve 
on the redistribution images.

3.3.1.2 
Clinical Implications

3.3.1.2.1 
Predicting Improvement In Regional and Global LV 
Function

Various studies have shown that 201Tl reversibility 
after reinjection predicts improvement in regional 
wall motion with an overall positive predictive 
accuracy of 69% and a negative predictive accuracy 
of 89% (Dilsizian et al. 1990; Tamaki et al. 1990; 
Ohtani et al. 1990; Haque et al. 1995; Vanover-
schelde et al. 1996; Bax et al. 1996a,b). Dilsiz-
ian et al. (1990) reported that 87% of regions with 
enhanced 201Tl uptake on reinjection images showed 
normal 201Tl uptake and improved wall motion 
after angioplasty. In contrast, all regions without 
enhanced 201Tl uptake after reinjection demon-
strated abnormal 201Tl uptake as well as abnormal 
wall motion both before and after PTCA. Similarly, 
Ohtani et al. (1990) reported that 47% of persis-
tent perfusion defects observed at 3-h redistribu-
tion showed further increase in 201Tl uptake after 
reinjection and the majority of these segments 
exhibited enhanced resting wall motion after coro-
nary artery bypass surgery. Bax et al. (1996a) also 
assessed improvement of global LV function after 
revascularization in 17 patients with 201Tl reinjec-
tion imaging. This protocol identified 5 of 6 patients 
who showed improvement in LVEF of at least 5% and 

identified non-viability in 6 of 11 patients without 
such improvement. It has also been reported that 
201Tl reinjection imaging has a sensitivity of 72% 
and specificity of 73% in predicting improvement in 
global LV function (Vanoverschelde et al. 1996).

Several reports have shown that 201Tl rest-redis-
tribution imaging (planar and tomographic studies) 
predicts improvement in regional wall motion after 
revascularization with an overall sensitivity and 
specificity of 90 and 54%, respectively (Perrone-
Filardi et al. 1996; Mori et al. 1991; Ragosta et 
al. 1993; Alfieri et al. 1993; Marzullo et al. 1993; 
Udelson et al. 1994; Charney et al. 1994; Qureshi 
et al. 1997). Sub-analysis of rest-redistribution 
SPECT studies (four reports with 83 patients) have 
shown cumulative positive and negative predictive 
values of 69 and 92%, respectively, for an improve-
ment in regional function after revascularization 
(Perrone-Filardi et al. 1996; Bax et al. 1996a; 
Udelson et al. 1994; Charney et al. 1994). Three 
studies have reported on the prediction of functional 
recovery after revascularization with this proto-
col (Fig. 3.2; Mori et al. 1991; Ragosta et al. 1993; 
Iskandrian et al. 1983). The average positive and 
negative predictive accuracies of 201Tl rest-redistri-
bution scintigraphy for predicting improvement in 
global LVEF after revascularization (by at least 5%) 
was 70 and 77%, respectively.

It is of clinical relevance to consider how much 
viable myocardium is required to improve LV func-
tion after revascularization. Ragosta et al. (1993) 
using the rest-redistribution protocol have shown 
that in patients with depressed LV function the 
ejection fraction significantly increased (27±7 vs 
41±11%; p<0.01) at 8 weeks after revascularization 
in patients with 7 of 14 myocardial segments being 
viable by 201Tl (i.e., 50% of the left ventricle). In con-
trast, LVEF remained unchanged (27±5 vs 30±8%; 
not significant) in those with fewer than seven viable 
segments.

3.3.1.2.2 
Assessment of Cardiac Risk and Prediction of Cardiac 
Events

The link between residual viability evaluated with 
201Tl imaging and improved clinical outcome after 
coronary bypass surgery in patients with ischemic 
cardiomyopathy remains largely unexplored. Gioia 
et al. (1995) assessed the prognostic value of 201Tl 
rest-redistribution SPECT imaging in patients with 
coronary artery disease and depressed LV function. 
In that study, groups with viable and non-viable 
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myocardium were comparable with respect to extent 
of coronary artery disease, LVEF, and extent of 
reversible and fixed perfusion defects. The authors 
reported a 13% annual mortality in those patients 
with myocardial viability treated medically vs 6% 
for those with comparable viability but undergoing 
revascularization. Pagley et al. (1997) reviewed the 
outcomes in 70 patients with multi-vessel coronary 
artery disease and an LVEF <40% who underwent 
planar quantitative rest 201Tl imaging before coro-
nary artery bypass surgery. Segmental viability 
scores were summed and divided by the number of 
segments visualized to determine a viability index. 
This viability index was significantly related to 
the 3-year survival free of cardiac events (cardiac 
death or heart transplantation) after bypass sur-
gery (p=0.011) and was independent of age, ejection 
fraction, and number of diseased coronary vessels. 
There were six cardiac deaths and no transplants in 
patients with a higher viability index (>0.67) com-

pared with 15 cardiac deaths and two transplants 
in patients with a lower viability index (0.67). Sur-
vival free of cardiac deaths or transplantation was 
significantly better in patients with greater viability 
by Kaplan-Meier analysis (Fig. 3.3). Thus, resting 
201Tl scintigraphy may be useful in the preoperative 
risk stratification for identification of patients most 
likely to benefit from revascularization.

3.3.2 
Technetium-99m Sestamibi and Relative 
Myocardial Blood Flow

99mTc-sestamibi is a synthetic lipophilic cationic 
myocardial perfusion agent that is initially distrib-
uted in the myocardium according to blood flow. It 
actively and passively exchanges across sarcolem-
mal and mitochondrial membranes, and 90% of 
99mTc-sestamibi activity is found in the mitochon-
dria as the original free cationic complex, showing 
negligible redistribution over time (Carvalho et al. 
1992). A negative mitochondrial charge gradient is 
essential for sestamibi accumulation and retention 
in the myocyte, which can only be maintained if the 
myocyte is viable (Beanlands et al. 1990). There-
fore, delivery of 99mTc-sestamibi is dependent upon 
myocardial perfusion and its retention upon mem-
brane integrity, and thus, upon myocardial viability 
(Rocco et al. 1989).

The role of 99mTc-sestamibi as an agent to evalu-
ate myocardial viability remains controversial. The 
major concern is that since distribution of 99mTc-
sestamibi after resting injection is proportional 
to resting flow in low-flow regions, resting uptake 
of the tracer in these areas will be diminished and 
therefore will underestimate the extent of viability. 
In addition, its lack of significant redistribution 
could result in overestimation of non-reversibility 
(Caner et al. 1998). 

Many studies have compared 99mTc-sestamibi 
imaging with other scintigraphic protocols, such 

Fig. 3.2. Changes in left ventricular ejection fraction from 
baseline (PRE) to following interventional revascularization 
(POST). The data summarize the fi ndings reported from three 
clinical investigations using 201Tl redistribution imaging in a 
total of 82 patients: Ragosta et al. 1993, Iskandrian et al. 
1983, and Gioia et al. 1995. The left set of bars indicate the 
patients with and the right set of bars the patients without 
evidence of viability

Fig. 3.3. Survival free from cardiac events such 
as, for example, cardiovascular death or cardiac 
transplantation by Kaplan-Meier Survival Analy-
sis. a The event-free survival among patients with 
a viability index (V.I.) of greater than 0.67 and a 
survival index of less than 0.67. b In this group of 
patients with poor left ventricular ejection fraction, 
the event-free survival was largely independent of 
the ejection fraction (LVEF). (From Pagley et al. 
1997)
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as 201Tl stress redistribution-reinjection (Cuocolo 
et al. 1992; Dilsizian et al. 1995), 201Tl rest (Mar-
zullo et al. 1993; Udelson et al. 1994; Dondi et al. 
1993), 201Tl rest redistribution (Dondi et al. 1993; 
Cuocolo et al. 1993; Kauffman et al. 1996), and 
FDG-PET imaging techniques (Altehoefer et al. 
1992, 1994; Sawada et al. 1994; Soufer et al. 1995; 
Maes et al. 1997). These studies were consistent in 
showing that 99mTc-sestamibi was less accurate in 
detection of myocardial viability compared with the 
other modalities (Bax et al. 1997a).

In order to maximize the ability of 99mTc-sestamibi 
to detect viable myocardium, several approaches 
have been suggested. As with 201Tl, quantitation of 
99mTc-sestamibi imaging can be performed. It has 
been shown that relative 99mTc-sestamibi activity of 
more than 50–60% of maximal activity is usually 
indicative of myocardial viability (Fig. 3.4; Udelson 
et al. 1994; Kauffman et al. 1996; Maes et al. 1997). 
Due to the high count density of technetium, 99mTc-
sestamibi imaging allows evaluation of regional and 
global LV function by first-pass radionuclide ven-
triculography or by gated acquisition of the SPECT 
perfusion images (Palmas et al. 1995; Chua et al. 
1994). Wall motion data obtained from gated images 
can aid in the detection of viable myocardium 
because preserved function assessed by wall motion 
and thickening suggests preserved viability in the 
presence of diminished perfusion. Maunoury et al. 
(1997) have shown that indices of systolic LV func-
tion can also be derived also from gated 201Tl perfu-
sion images, which seems to offer similar prognostic 

information as obtained with 99mTc-sestamibi-gated 
SPECT. Finally, investigations have described the 
use of nitrate infusion during 99mTc-sestamibi injec-
tion or acquisition of delayed redistribution 99mTc-
sestamibi images in order to obtain information 
comparable to that of 201Tl for evaluation of viable 
myocardium (Dilsizian et al. 1994; Bisi et al. 1994; 
Sciagraa et al. 1996).

Most studies with 99mTc-sestamibi report a high 
sensitivity for predicting improvement in regional 
LV function (range 73–100%), whereas specificity 
was variable ranging from 35 to 86% (Marzullo 
et al. 1993; Udelson et al. 1994; Maes et al. 1997; 
Marzullo et al. 1992; Dakik et al. 1997). The accu-
racy of 99mTc-sestamibi can be enhanced by nitrate 
administration which improves mostly the specific-
ity (Bisi et al. 1994; Sciagraa et al. 1997). Data have 
also suggested that myocardial “counts” can predict 
improvement in LVEF. Schneider et al. (1998) used 
a rest 99mTc-sestamibi protocol with nitrate augmen-
tation and showed that by using an infarct-location 
adjusted optimal threshold, the protocol had a posi-
tive predictive value of 90% and a negative predic-
tive value of 91% for prediction of improvement of 
LVEF. Fujiwara et al. (1998) showed that a reverse 
redistribution of 99mTc-sestamibi reflected recovery 
of LV function. Despite the promising results, fur-
ther investigations are needed to validate the use-
fulness of 99mTc-sestamibi in evaluating myocardial 
viability as well as predicting outcome in patients 
with coronary artery disease and depressed ventric-
ular function.

3.3.3 
Technetium-99m Tetrofosmin and Relative 
Myocardial Blood Flow

Technetium-99m tetrofosmin is a cationic lipophilic 
myocardial perfusion agent with electrochemi-
cal properties similar to those of 99mTc-sestamibi. 
99mTc-tetrofosmin has good diagnostic accuracy 
for detection of coronary artery disease when com-
pared with 201Tl (Zaret et al. 1995). Its uptake and 
retention depends on cellular metabolism, suggest-
ing that cellular viability might be essential for 
the tracer uptake and its retention (Platts et al. 
1995). Like 99mTc-sestamibi, it shows little redis-
tribution over time and it has been suggested that 
this may have limitations for viability assessment. 
For example, in a low-flow ischemia animal model 
with profound systolic dysfunction, tetrofosmin 
uptake was quantitatively comparable to initial 201Tl 

Fig. 3.4. Comparison between the relative 201Tl redistribution 
and the 99mTc-sestamibi activity (both in percent of the peak 
myocardial activity) in segments with reversible and irrevers-
ible contractile dysfunction. (From Udelson et al. 1994)
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uptake. Delayed 201Tl redistribution was slightly but 
significantly higher than 99mTc-tetrofosmin uptake 
(Koplan et al. 1996). In contrast, Takahashi et al. 
(1996) reported that 99mTc-tetrofosmin uptake was a 
good indicator of myocardial viability.

Clinical studies that examined myocardial viabil-
ity with this agent are lacking. It has been reported 
that 99mTc-tetrofosmin closely correlates with regional 
reinjection 201Tl activity and that defect size on resting 
99mTc-tetrofosmin images is similar to that obtained 
with reinjection 201Tl images (Matsunari et al. 1995). 
Galassi et al. (1998) reported a 90% concordance 
between 201Tl redistribution and 99mTc-tetrofosmin 
uptake for the evaluation of myocardial viability by 
quantitative analysis of defect severity. The role of 
99mTc-tetrofosmin in viability assessment, however, 
remains uncertain.

Prediction of regional and global wall motion 
improvement with 99mTc-tetrofosmin has been eval-
uated in only one study. Matsunari et al. (1997) 
showed that with a quantitative approach and SPECT 
imaging, rest 99mTc-tetrofosmin and rest redistribu-
tion of 201Tl imaging were comparable in predicting 
functional recovery after revascularization.

3.3.4 
Myocardial Metabolism with Radio-Iodinated 
Fatty Acid Analogs

Most of the clinical interest focused on two types 
of fatty acid tracers, 15-(p-[123I]-iodophenyl)-pen-
tadecanoic acid (IPPA), an aromatic fatty acid 
analog, and 15-(p-[123I]-iodophenyl)-3-methylpen-
tadecanoic acid (BMIPP), a branched-chain fatty 
acid analog. These two agents can be employed in 
SPECT imaging for the assessment of myocardial 
viability (Machulla et al. 1978; Goodman et al. 
1984). BMIPP has become more popular probably 
because of its longer retention in the myocardium 
leading to superior image quality (Knapp et al. 1986). 
Image acquisition protocols differ between the two 
agents. For IPPA, the protocol involves serial SPECT 
image acquisition at 4, 12, 20, 28, and 36 min after 
injection, whereas for BMIPP, a static image is usu-
ally acquired 20–30 min after injection (Hansen et 
al. 1988; Nishimura et al. 1998).

Studies with fatty acid imaging in patients with 
prior myocardial infarcts have reported discrepan-
cies between relative myocardial blood flow and 
BMIPP uptake (Takahashi et al. 1996; Tamaki et 
al. 1996; Franken et al. 1994). This “mismatch” 
between regional myocardial blood flow and fatty 

acid uptake (i.e., fatty acid uptake reduced more 
severely than blood flow) has been taken to suggest 
the presence of myocardial viability (Fig. 3.5). Fur-
thermore, it appears that the reduction in BMIPP 
uptake relative to perfusion correlates with the 
blood flow – FDG mismatch pattern by PET imag-
ing (Kawamoto et al. 1994). These studies suggest 
an uncoupling of fatty acid uptake from blood flow 
in acutely injured but potentially viable myocar-
dium. The significance of these findings needs to be 
explored further.

Some studies have examined the outcome of 
regional LV contractile function after revasculariza-
tion. Most of these studies were performed in patients 
after acute myocardial infarction. They demonstrated 
that both IPPA (Iskandrian et al. 1995) and BMIPP 
(Nishimura et al. 1998; Franken et al. 1996) were of 
value in predicting recovery of ventricular function 
following revascularization. Furthermore, Tamaki 
et al. (1996) reported that the probability of cardiac 
events including cardiac death, non-fatal MI, unsta-
ble angina, and the need for revascularization was 
increased in patients with chronic coronary artery 
disease as a function of the extent of mismatches 
of BMIPP to 201Tl. Finally, Nishimura et al. (1998) 
reported from a retrospective multicenter trial the 
potential usefulness of BMIPP and 201Tl imaging in 
predicting recurrent ischemia in the chronic phase 
of myocardial infarction. The extent of BMIPP defect 
was correlated stronger with ejection fraction at the 
time of discharge and at 90 days after MI than the 
extent of 201Tl defect, although this study did not 
report any significant prognostic value of fatty acid 
imaging.

3.3.5 
Myocardial Oxidative Metabolism with 
11C-Acetate

11C-acetate allows the evaluation of flux through the 
tricarboxylic acid (TCA) cycle and because of its link 
to oxidative phosphorylation, it is an indicator of 
myocardial oxidative metabolism. After intravenous 
administration, the tracer becomes rapidly incor-
porated into the TCA cycle and is finally released 
from the cycle as 11CO2. The rate of release from the 
myocardium parallels the rate of TCA cycle activ-
ity and by inference, estimates the rate of oxidative 
phosphorylation (for a detailed review of this tracer 
see Schelbert 1996). The net myocardial uptake, 
which reflects primarily delivery and extraction of 
tracer, also yields information on the distribution 
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of regional myocardial blood flow. Both Gropler 
et al. (1993) and Rubin et al. (1996) have shown that 
the threshold criteria applied to 11C-acetate images 
exhibited better predictive values for functional 
recovery than did the criteria with 18F-deoxyglu-
cose. These investigators therefore favor the use of 
11C-acetate for the identification of viable myocar-
dium.
In reversibly dysfunctional myocardium, blood flow 
was initially thought to have a linear correlation 
with oxygen consumption. However, a non-linear 
biphasic correlation has been described between 
both variables (Wolpers et al. 1997; Feigl et al. 
1990) which in fact might account for the above 
described observations with 11C-acetate. Thus, 
measurements of oxygen consumption are more 
accurate than blood flow measurements alone in 
detecting viable tissue. However, the utility of 11C-
acetate for identifying viable tissue still remains 
uncertain. It has been reported that there is a 
considerable overlap in 11C-acetate clearance rates 
between reversibly and irreversibly dysfunctional 
myocardium, whereas relative blood f low discrimi-
nated better between both types of myocardium 
in these studies (Wolpers et al. 1997). Moreover, 
Hata et al. (1996) have shown that responses in 
11C-acetate clearance rates to low-dose dobutamine 
stimulation could differentiate both types of tissue. 
Further studies are needed to clarify the advan-
tage of 11C-acetate over estimates of blood flow for 
detecting viable myocardium.

3.3.6 
Perfusion and Metabolism by PET

3.3.6.1 
Evaluation of Myocardial Blood Flow

For the evaluation and quantitation of regional 
myocardial blood flow with PET, several tracers 
are available. Foremost are 13N-ammonia, 82Rb and 
15O-water (Schelbert 1996; Schelbert et al. 1996). 
The initial distribution of these flow tracers in myo-
cardium parallels the distribution of myocardial 
blood flow. Quantitation of regional flows is pos-
sible with 13N-ammonia employing dynamic image 
acquisition and two or three compartment tracer 
kinetic models, all validated in animal experiments. 
15O-water offers similarly accurate and extensively 
validated estimates of regional myocardial blood 
flow but requires subtraction of blood pool activ-
ity with 15O-carbon-monoxide labeled red blood 
cells. Studies suggest that measurements can also 
be obtained by employing factor analysis of the seri-
ally acquired 15O-water images, thus eliminating the 
need for additional blood pool imaging (Herman-
sen et al. 1998). Lastly, semiquantitative approaches 
have been used in the past with 82Rb for obtaining 
estimates of regional flows, whereas later studies 
suggest the possibility of obtaining true estimates 
of blood flow with 82Rb and an appropriate tracer 
kinetic model.
Assessment of regional blood flow in either rela-
tive or absolute terms may identify the presence of 
viable myocardium within dysfunctional regions. 
While normal blood flow in a dysfunctional region 
represents stunning, a severe blood flow deficit 
most likely represents non-viable tissue that is 
unlikely to improve function after revasculariza-
tion (Gewirtz et al. 1994; Beanlands et al. 1997; 
Kitsiou et al. 1999). Absolute blood flow measure-
ments have shown that viability will rarely be pres-
ent in myocardium with flows below 0.25 ml/g/min 
(Gewirtz et al. 1994). Regional flow reductions of 
intermediate severity are more difficult to interpret. 
They may represent an admixture of subendocardial 
scar tissue with normal myocardial tissue, a con-
dition unlikely to show improvement in function 
following revascularization. Conversely, such inter-
mediate flow reduction could represent the coexis-
tence of ischemic myocardium with either normal 
or scar tissue, which will likely improve function 
with revascularization. Some reports have shown 
that absolute measurements of blood flow alone are 
an unreliable measure of viability because of the 

Fig. 3.5. Comparison of regional myocardial blood fl ow as 
assessed at rest with 201Tl (TL REST) and fatty acid uptake 
(BMIPP REST). Note the more severely reduced BMIPP uptake 
in the inferolateral wall on the short-axis SPECT images in 
a patient with coronary artery disease. (From Tamaki et al. 
1996)
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considerable overlap in the values between revers-
ibly and irreversibly damaged dysfunctional myo-
cardium (Wolpers et al. 1997; Hata et al. 1996; 
Kitsiou et al. 1999; Vanoverschelde et al. 1992). 
Another study suggested that the late 13N-ammonia 
retention, rather than estimates of regional flow, 
provided more useful information regarding func-
tional recovery after revascularization (Kitsiou et 
al. 1999). However, it seems that this study pointed 
more to the limitation of absolute as compared with 
relative estimates of regional flows. In any event, 
evaluation of regional myocardial blood flow either 
in absolute or in relative terms appears to be of lim-
ited value for the accurate identification of viable 
myocardium especially when regional flow is only 
mildly to moderately reduced.

3.3.6.2 
Evaluation of Glucose Utilization

Numerous studies have pointed out the incremental 
value of glucose metabolism assessments in addition 
to the evaluation of regional myocardial blood flow 
for identifying myocardial viability.

3.3.6.2.1 
General Considerations

18F-deoxyglucose (FDG) is an analog of glucose and 
is considered a marker of external glucose utiliza-
tion. This tracer is transported into the myocyte 
by the same carrier as glucose and is phosphory-
lated to FDG-6-phosphate by the enzyme hexo-
kinase (Schelbert 1996). This product is a poor 
substrate for glycogen synthesis, glycolysis and the 
fructose-pentose shunt. FDG-6-phosphate under-
goes little dephosphorylation in the myocardium 
and therefore 18F activity represents exogenous 
glucose uptake.

Rates of regional myocardial glucose utiliza-
tion can be obtained from serially acquired FDG 
images using a two-compartment tracer kinetic 
model (Ratib et al. 1982; Krivokapich et al. 1982). 
This model assumes a mostly uni-directional tracer 
transport from blood into myocardium and, further, 
a fixed relationship between the transmembranous 
exchange and phosphorylation rate of glucose and 
of FDG as defined by the so-called lumped constant 
(Ratib et al. 1982; Krivokapich et al. 1982). How-
ever, studies in isolated heart preparations and in 
vivo experimental systems have suggested that this 
“lumped constant” may not be constant but varies 

depending on study conditions (Hariharan et al. 
1995; Rhodes et al. 1999).

For the assessment of myocardial viability the 
finding of increased exogenous glucose utilization 
during mild acute myocardial ischemia served as 
the initial mechanistic underpinning. Yet, questions 
remain as to whether mechanisms accounting for 
the enhanced glucose utilization during acute isch-
emia can indeed be extrapolated to more chronic 
conditions such as hibernation and repetitive stun-
ning. Translocation of glucose transporters GLUT 4 
and GLUT 1 and increased expression of the mostly 
insulin-independent GLUT 1 as demonstrated in 
human dysfunctional myocardium may represent 
a flux generating step (Young et al. 1997; Brosius 
et al. 1997). As reviewed by Lopaschuk (1997), oxi-
dation of glucose appears to be limited in “chroni-
cally” ischemic myocardium so that glycolysis and 
glucose oxidation are uncoupled. There is an excess 
in glycolysis with increased release of pyruvate in 
the form of lactate from the myocardium.

3.3.6.2.2 
Flow-Metabolism Patterns in Dysfunctional 
Myocardium

For the detection of viable myocardium the most 
widespread approach is the evaluation of myocar-
dial blood flow in conjunction with myocardial glu-
cose uptake. With this protocol, three patterns are 
observed (Fig. 3.6): normal blood flow with normal 
FDG uptake, reduced blood flow with normal or 
increased FDG uptake (flow metabolism mismatch) 
and reduced blood flow with reduced FDG uptake 
(flow metabolism match). The pattern of mismatch 
between flow and metabolism detects reversibly 
dysfunctional myocardium (viable tissue), whereas 
the match pattern represents irreversibly dysfunc-
tional myocardium (non-viable tissue).

It is important to consider some technical aspects 
of FDG studies. The plasma glucose level of the 
patient can influence myocardial glucose utiliza-
tion. In the fasting state, normal myocardium pref-
erentially consumes the fatty acid. In contrast, with 
increasing plasma glucose and insulin levels as, for 
example, after oral glucose loading, glucose becomes 
a major source of energy (Choi et al. 1993). Of note, 
ischemic myocardium preferentially utilizes glu-
cose as energy substrate. Thus, FDG imaging can 
be performed either after glucose administration 
or in the fasting state. However, studies performed 
in the fasting state often result in inadequate tracer 
accumulation in the myocardium and poor target-
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to-background ratio (Choi et al. 1993; Berry et al. 
1991). Therefore, the glucose loaded state is prefer-
able for identifying viable myocardium. This can be 
achieved by oral glucose administration approxi-
mately 1 h prior to the tracer injection.

Patients with diabetes mellitus, many of whom 
have coronary artery disease, may also be challeng-
ing. Poorly controlled diabetics with high resting 
plasma glucose result in inadequate studies of lim-
ited diagnostic quality. The need for blood glucose 
standardization could thus be seen as a limitation 
for FDG imaging. Two alternatives can be consid-
ered in these patients to obtain high diagnostic 
quality images: the hyperinsulinemic-euglycemic 
glucose clamp technique (Hicks et al. 1991; Knuuti 
et al. 1992) or supplemental intravenous small doses 
of regular insulin (Schöder et al. 1999). Because the 
former is a very demanding procedure in the clinical 
setting, the latter is usually preferred. Schöder et 
al. (1999) have reported that this protocol preserves 
the diagnostic accuracy of blood flow metabolism 
imaging in patients with type-II diabetes.

There has been concern that the quantitation of 
glucose uptake by FDG may underestimate regional 
glucose metabolism in vivo. Hariharan et al. (1995) 
showed in rat hearts that the uptake and retention of 

FDG in the myocardium was linearly related to glu-
cose utilization only under steady-state conditions. 
The experimentally derived correction factor, the 
lumped constant that equates FDG uptake to glucose 
uptake was inaccurate when the physiological milieu 
of the heart was altered. These authors cautioned that 
estimates of regional rates of myocardial glucose 
utilization might be unreliable for the evaluation of 
myocardial viability. Whether these observations, 
to some extent obtained under extreme supra-physi-
ologic conditions in isolated hearts, apply to human 
myocardium remains uncertain. If true, they may at 
least partially explain the limited value of absolute 
measurements of regional glucose metabolic rates 
for identifying dysfunctional myocardium. It is 
also possible that the variability of regional glucose 
metabolic rates as a function of variable circulating 
substrate in hormonal levels may similarly account 
for the limited value of absolute measurements. This 
variability further emphasizes the importance of 
relative regional FDG uptake values and the frequent 
need for simultaneous assessment of and compari-
son with regional myocardial blood flow.

3.3.6.3 
Myocardial FDG Imaging with SPECT-like Devices

As an important technical aspect, FDG imaging was 
originally performed with dedicated PET only. How-
ever, studies have reported the feasibility of myo-
cardial FDG imaging with modified or specifically 
designed SPECT systems (Fig. 3.7; Bax et al. 1996c; 
Sandler et al. 1998). SPECT with high-energy col-
limator devices appears to yield diagnostic findings 
with an accuracy approaching that of PET (Bax et al. 
1996c). Initial studies have demonstrated the feasi-
bility of identifying blood flow-metabolism patterns 
with SPECT-like devices alone, with predictive accu-
racies approaching those previously reported by 
dedicated PET systems. Bax et al. (1996c) reported 
the agreement between 13N-ammonia and FDG-PET 
and 201Tl and FDG to detect viability in dyssynergic 
myocardium to be 76% with both techniques, yield-
ing comparable results in 17 of 20 patients. Chen et 
al. also reported an excellent statistical agreement 
(kappa=0.736) between the FDG-SPECT studies 
using a high-energy collimator and PET (Bax et al. 
1996c; Chen et al. 1997). One study in 17 patients 
with 201Tl and FDG-SPECT imaging using high-
energy photon collimators reported predictive accu-
racies similar to those for PET and exceeded those 
for low-dose dobutamine echocardiography (Bax et 

Fig. 3.6. Patterns of myocardial blood fl ow and glucose metab-
olism (as obtained with 13N-ammonia and 18F-deoxyglucose 
PET) in 3 patients with ischemic cardiomyopathy and poor 
left ventricular function. Only vertical long axis cuts through 
the mid-left ventricle are shown. Patient A demonstrates an 
enlarged left ventricular cavity with a mild decrease in per-
fusion in the anterior wall, apex, and the distal inferior wall. 
Glucose metabolism is homogeneous and exceeds perfusion 
in the anterior wall. In patient B there is a severe perfusion 
defect in the akinetic anterior wall that is matched to the glu-
cose metabolic images by showing a decreased uptake of FDG 
referred to as “match” pattern. In contrast, in patient C, there is 
an extensive perfusion defect involving the anterior wall and 
the apex. However, the glucose metabolic images demonstrate 
preserved FDG uptake in the anterior and distal anterior wall. 
This pattern is referred to as a “blood fl ow / metabolism mis-
match”
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al. 1996a). The FDG-SPECT approach also appears to 
outperform the conventional 201Tl-SPECT approach 
(Bax et al. 1997a). Image artifacts with apparent 
reductions in flow tracer uptake especially in the 
inferior wall of the left ventricle complicate the 
correlative interpretation of SPECT perfusion and 
FDG images (Sawada et al. 1994). Correction for 
photon attenuation and scatter in SPECT imaging is 
now possible and is likely to overcome this limita-
tion (Matsunari et al. 1998). With the anticipated 
widespread availability of FDG through regional 
distribution centers, flow-metabolism imaging for 
the identification of viable myocardium is likely to 
become clinically more widely accessible and at a 
lower cost.

3.3.6.4 
Predicting Improvement in Regional and Global 
LV Function

The predictive accuracy of blood flow and glucose 
metabolism for detecting viable tissue has been eval-
uated in 13 studies totaling 422 patients using PET, 
the PET-SPECT hybrid technique (SPECT perfusion 
with PET-FDG imaging) or FDG-SPECT imaging 
(Gropler et al. 1993; Schöder et al. 1999; Tillisch 
et al. 1986; Tamaki et al. 1992; Lucignani et al. 1992; 
Carrel et al. 1992; Marwick et al. 1992; Knuuti et 
al. 1994; Paolini et al. 1994; vom Dahl et al. 1996a; 
Baer et al. 1996; Bax et al. 1997b). Wall motion 

abnormalities at rest were predicted to be revers-
ible after revascularization in regions with normal 
flow and metabolism having a mismatched pattern, 
and irreversible in those having matched pattern. 
Based on these criteria, positive predictive accura-
cies ranged from 72 to 95% and negative predic-
tive accuracies from 74 to 100%. The variability in 
predictive accuracies between studies might depend 
on patient selection, coronary anatomy, success of 
revascularization, criteria for image analysis and 
the time from revascularization to re-evaluation of 
regional myocardial wall motion.

Several investigators have reported the benefi-
cial effect of revascularization of viable myocar-
dium detected by blood flow-metabolism imaging 
on the global LV function. Average increases in 
ejection fraction ranged from 8% to 51% when PET 
had shown substantial amounts of viable dysfunc-
tional myocardium (Maes et al. 1995; Schöder et 
al. 1999; Tillisch et al. 1986; Lucignani et al. 1992; 
Carrel et al. 1992; Marwick et al. 1992; Paolini et 
al. 1994; vom Dahl et al. 1996a; Depre et al. 1995; 
Schwarz et al. 1996; Haas et al. 1997; Flameng 
et al. 1997; Fath-Ordoubadi et al. 1998; Pagano 
et al. 1998; Beanlands et al. 1998) As shown in 
Fig. 3.8, when data were separately analyzed based 
on the LVEF prior to surgery, these studies showed 
a greater benefit in patients with ischemic cardio-

Fig. 3.8. Changes in left ventricular ejection fraction from 
baseline (PRE) to following revascularization (POST). The 
data represent the summary of 18 clinical studies in a total 
of 483 patients: Maes et al. 1995, Schöder et al. 1999, Til-
lisch et al. 1986, Lucignani et al. 1992, Carrel et al. 1992, 
Marwick et al. 1992, Paolini et al. 1994, Schwarz et al. 1996, 
Haas et al. 1997, Flameng et al. 1997, Fath-Ordoubadi et al. 
1998, Pagano et al. 1998, Beanlands et al. 1998, vom Dahl et 
al. 1996b, Maes et al. 1994, vom Dahl et al. 1994, Depre et al. 
1995, and Bax et al. 1997. Viability in these studies was deter-
mined with markers of metabolism using 11C-acetate in two 
studies and 18F-deoxyglucose in the remaining 16 studies

Fig. 3.7. Comparison of blood fl ow and metabolism imaging 
by PET and by SPECT. For the PET study, myocardial blood 
fl ow was evaluated with 13N- ammonia (NH3), whereas for the 
SPECT study myocardial perfusion was assessed with 201Tl 
(TL). (From Bax et al. 1996c)
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myopathy and LVEF below 35% than those with 
EF greater than 35% (42% increase in EF vs 19%, 
respectively).

The magnitude of a post-revascularization 
improvement in global LV function depends on the 
relative amounts of normal and remodeled LV myo-
cardium, scar tissue and fibrosis and, in particular, 
viable, i.e., reversibly dysfunctional, myocardium. 
Such dependence had already been demonstrated by 
previous studies on blood flow metabolism imaging 
where the LV ejection improved significantly only in 
patients with “mismatches” in at least two or more 
of a total of seven myocardial regions. Later inves-
tigations provided additional support for such rela-
tionship and described a linear correlation between 
the extent of a mismatch (as the fraction of the LV 
myocardium) and the percent improvement in LVEF 
following revascularization (Fig. 3.9; Pagano et al. 
1998).

3.3.6.5 
Improvement in Congestive Heart Failure 
Symptoms and Exercise Capacity

With the exception of a few studies with single-
photon-emitting tracers, mostly PET-based assess-
ments of blood flow and metabolism have explored 
these important clinical endpoints. Several studies 
report significant post-revascularization changes 
in heart failure symptoms in patients with revers-
ibly dysfunctional myocardium (Marwick et al. 
1992; Haas et al. 1997; Eitzman et al. 1992; Di 
Carli et al. 1994). In one of these studies the per-
centage of patients with congestive heart failure 
classes III and IV declined significantly in only 
those patients with extensive blood f low metabo-
lism mismatches who had been successfully revas-
cularized (Di Carli et al. 1994). Revascularization 
of patients with mismatches were associated with 
substantial gains in LVEF during exercise (Carrel 
et al. 1992; Marwick et al. 1992, 1999). Peak rate-
pressure product, maximal heart rate, and exercise 
capacity increased in those patients with multiple 
viable regions on preoperative PET imaging. There 
were no significant changes in exercise capacity 
and symptoms in patients with matched patterns 
only. The same investigators further showed that 
the improvement in exercise capacity correlated 
(r=0.63) with the extent of viable myocardium 
(Marwick et al. 1999). Other data have shown 
that by measuring physical activity with a specific 
activity scale, the post-revascularization gain in 

physical activity was found to correlate directly 
with the extent of the blood flow metabolism mis-
match in 36 patients with ischemic cardiomyopa-
thy (LVEF 28±6%; Fig. 3.10; Di Carli et al. 1995). 
Large f low metabolism mismatches were associated 
with substantial gains in physical activity, whereas 
only small gains were achieved when no or only 
small amounts of f low metabolism mismatches 
were present. A f low metabolism mismatch involv-
ing 18% or more of the left ventricle was associated 
with a sensitivity and specificity of 76 and 78%, 
respectively, for predicting a significant improve-
ment in heart failure class after bypass surgery.

Of interest is that one laboratory failed to observe 
significant differences in congestive heart failure 
symptoms following revascularization between 
patients with and without mismatches (Marwick 
et al. 1992, 1999). Similarly, the LVEF at rest failed 
to increase significantly although there were sig-
nificant gains in exercise performance and in LV 
function during exercise. As an important point, 
these investigations defined viability as dispari-
ties between regional myocardial uptake of FDG 
at rest and regional blood flow during pharma-
cologic stress. It is therefore likely that a substan-
tial number of patients had only stress – rest mis-
matches. Revascularization in these patients would 
therefore not lead to an improvement in resting LV 
function, but rather during exercise, and augment 
the capacity for exercise.

Fig. 3.9. Post-revascularization improvement in left ventricu-
lar ejection fraction (LVEF) as a function of the number of 
viable myocardial segments as determined by PET. (From 
Pagano et al. 1998)
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3.3.6.6 
Assessment of Cardiac Risk and Prediction 
of Cardiac Events

Lastly, evaluation of myocardial blood flow and 
glucose utilization in patients with coronary artery 
disease offers important clinical information about 
future cardiac events (Eitzman et al. 1992; Di Carli 
et al. 1994; 1998; Tamaki et al. 1993; Lee et al. 1994; 
vom Dahl et al. 1996b). Generally, follow-up after 
PET imaging indicates a higher incidence of car-
diac events in patients with than in patients without 
blood flow metabolism mismatches. Three studies 
have examined the efficacy of revascularization over 
medical therapy in patients with moderate to severe 
LV dysfunction with and without evidence of viable 
myocardium (Eitzman et al. 1992; Di Carli et al. 
1994; Lee et al. 1994). Despite not being randomized, 
these studies are the main source of understanding 
how to optimize treatment decisions in this patient 
population. The study population included patients 
with coronary artery disease and LVEF of less than 
40%. Twenty to 68% of them had severe heart failure 
and approximately one third presented with angina. 
Survival and recurrent ischemic events (myocardial 
infarction, unstable angina and ventricular arrhyth-
mia) were assessed for an average of 12–17 months. 
The patients were grouped based on the presence or 
absence of PET mismatch patterns. In patients with 
PET mismatch, 1-year event-free survival was poor 
with medical therapy. In contrast, 1-year event-free 
survival in these patients was significantly improved 
by revascularization. In patients without PET mis-
match, 1-year event-free survival was similar with 

either medical therapy or revascularization. Thus, 
these studies show a clear benefit of revasculariza-
tion over medical therapy for patients exhibiting a 
PET mismatch. Furthermore, the presence of blood 
flow metabolism mismatch and lack of revascular-
ization were found to be the strongest predictors 
of cardiac death (Eitzman et al. 1992; Di Carli et 
al. 1994).

Di Carli et al. (1998) described the survival 
benefits of revascularization in patients with viable 
myocardium irrespective of symptoms (Fig. 3.11). In 
contrast, in patients without PET mismatch, coro-
nary revascularization appeared to improve survival 
and symptoms only in patients with angina. Fur-
thermore, long-term survival in patients with isch-
emic cardiomyopathy undergoing surgical revas-
cularization appears to be similar to that achieved 
with cardiac transplantation. In 112 patients with 
ejection fractions below 35%, 5-year survival of 
patients with viable myocardium undergoing coro-
nary artery bypass surgery was not different from 
that in patients who underwent transplantation 
(Duong et al. 1995).

3.3.6.7 
Myocardial Revascularization and Impact of PET, 
Timing of Surgery

Observations have suggested that myocardial hiber-
nation does not represent a steady state but rather 
an incomplete adaptation to ischemia (Elsässer et 
al. 1997). The precarious balance between perfu-
sion and myocardial viability cannot be sustained 

Fig. 3.10. Improvement in physical activity (measured in metabolic equivalents) as a function of the pre-operative extent of 
a blood fl ow metabolism mismatch (in percent of the entire left ventricular myocardium). Note that the increase in physical 
activity was most striking in group-C patients with a blood fl ow metabolism mismatch occupying more than 20% of the left 
ventricular myocardium. (From Di Carli et al. 1995)
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indefinitely and necrosis, apoptosis, or both might 
occur if flow is not restored (Schwarz et al. 1996; 
Elsässer et al. 1997).

Dysfunctional myocardium characteristically 
exhibits “abnormal myocytes” (Flameng et al. 1981). 
Such myocytes reveal peri-nuclear loss of contractile 
protein and replacement by glycogen deposits. The 
structure of the cell nucleus is usually preserved; 
there are numerous small mitochondria of normal 
morphologic appearance (Borgers et al. 1995). 
Structural changes were correlated with the patterns 
of blood flow and metabolism which demonstrated 
a disproportionately greater fraction of abnormal 
myocytes in myocardium with flow metabolism 
mismatches (Vanoverschelde et al. 1993; Depre 
et al. 1995; Maes et al. 1994). In contrast, segments 
with normal flow and metabolism contained mostly 
normal myocytes with some abnormal cells and 
fibrosis, whereas myocardial segments with con-
cordant reductions in flow and metabolism, consid-
ered as irreversibly dysfunctional, contained large 
amounts of fibrosis and scar tissue.

Some studies demonstrated a direct and statis-
tically significant correlation between the fraction 
of abnormal myocytes and the relative FDG uptake 
(Depre et al. 1995), implicating such cells as the 
structural correlate of enhanced glucose uptake. 
However, the lack of such correlation between the 
severity of structural changes and FDG in another 
study (Schwarz et al. 1996) points to additional 
mechanisms of the enhanced glucose utilization.

The severity of morphological degeneration 
appears to correlate with the timing and the degree 
of functional recovery after revascularization 
(Schwarz et al. 1996; Elsässer et al. 1997). In fact, 
patients with mild morphological alterations showed 
faster and more complete recovery of LV function 

than those with more severe changes (Elsässer et 
al. 1997). In support of this notion, the role of PET 
imaging for identification of high-risk patients 
with depressed ventricular function (ejection frac-
tion less than 35%) was investigated (Beanlands 
et al. 1998). PET identified viable myocardium in 
35 of 46 patients who were scheduled for revascu-
larization. Preoperative mortality was significantly 
lower in patients undergoing early revascularization 
(<35 days) compared with those receiving late revas-
cularization (>35 days; 0 vs 24%). Furthermore, 
LVEF improved significantly among patients in the 
early revascularization group (24±7 vs 31±11%) and 
not in those that underwent late revascularization 
(27±5 vs 28±6%).

3.4 
Conclusion

This chapter emphasizes the considerable clinical 
evidence of the benefits of assessing myocardial 
viability prior to coronary revascularization. The 
various techniques highlighted and accompanying 
clinical data all point to the fact that viability assess-
ment will lead to the correct use of resources for 
patients who would benefit the most from interven-
tion, thus saving health care costs tremendously.

Each of the techniques mentioned has its strong 
points and its limitations. In selecting the type of 
test and tracer, one has to consider the temporal fac-
tors, availability of equipment, patient comfort and 
convenience, image quality, and costs involved. The 
authors consider perfusion-metabolic imaging with 
PET as the ideal choice. This is because assessment 
of myocardial viability is especially important in 

Fig. 3.11. Estimated survival probabilities by Kaplan-Meier analysis for patients with left ventricular function treated medically 
and with surgical revascularization based on the absence or presence of viability as determined by PET blood fl ow metabolism 
imaging. (From Di Carli et al. 1998)
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patients with ischemic cardiomyopathy when con-
ventional SPECT-based imaging may be of limited 
diagnostic value because of the poor signal-to-noise 
ratios. Several studies have confirmed the higher 
diagnostic yield of FDG compared with conventional 
201Tl imaging in patients with markedly diminished 
LV function. However, if PET is unavailable, FDG-
SPECT would come in a close second and we still 
consider 201Tl imaging protocols an excellent choice 
for daily viability assessment. It is envisioned that 
with technological advancement, the costs for such 
tests and equipment will decrease and with wide-
spread availability all modalities will approach each 
other in the degree of diagnostic accuracy.
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the very beginning, the diagnosis and treatment of 
pulmonary embolism was surrounded by contro-
versy. One of the more controversial papers from 
these early days claimed that pulmonary embolism 
was overdiagnosed and overtreated, particularly in 
young, otherwise healthy adults. The unreliability of 
ventilation-perfusion imaging was partly to blame 
for this problem (Robin 1977).

Twenty-five years after the widespread introduc-
tion of ventilation-perfusion imaging, little seems 
to have changed. A few technical advances have 
occurred and minor refinements in the criteria used 
to interpret ventilation-perfusion studies have been 
made. Conventional dogma continues to be that 
pulmonary embolism kills and these fatalities can 
be readily prevented if the diagnosis of pulmonary 
embolism is made and the patient is treated (Dalen 
and Alpert 1975). Given the apparent stagnant 
state of affairs, why read yet another chapter on the 
diagnosis and treatment of this common, familiar 
disease?

With current emphasis on evidence-based medi-
cine (Anonymous 1992; Oxman et al. 1993) and 
patient outcomes (Eddy 1990a,b), pressure is build-
ing for significant changes in how we think about 
the diagnosis and treatment of pulmonary embo-
lism. Heretical questions such as ”Does all pulmo-
nary embolism need to be treated?” are being asked 
(Kelley et al. 1991; Stein et al. 1995). As more and 
more diagnostic tests are developed to detect pul-
monary embolism, the concept of diagnostic ”truth” 
becomes more complicated. Emphasis on patient 
outcomes have transformed diagnostic truth from 
the simple ”If the pulmonary arteriogram was posi-
tive, the patient had pulmonary embolism” to the 
more complicated ”How do we identify patient’s in 
whom the risk of treatment is less than the risk of no 
treatment?”

In this chapter the conventional, comfortable, 
and sometimes mythological views of pulmonary 
embolism are, whenever possible, contrasted with 
alternative views. Only new thinking will allow us 
to finally make needed progress in how we diagnose 
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4.1 
Introduction

Dramatic developments regarding the diagnosis and 
treatment of pulmonary embolism occurred in the 
1960s. Anticoagulants were introduced into clinical 
practice (Barritt and Jordan 1960) and techniques 
for pulmonary arteriography were refined (Wiener 
et al. 1966; Dalen et al. 1971; Stein 1971). With 
the advent of Anger cameras and the availability 
of appropriate radiopharmaceuticals, ventilation-
perfusion imaging for the diagnosis of pulmonary 
embolism became widely available in the 1970s. 
Shortly thereafter, the foundations of the current 
criteria used to interpret ventilation-perfusion stud-
ies were laid (McNeil 1976; Biello et al. 1979). From 
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and manage patients suspected of pulmonary embo-
lism.

This chapter consists of four sections. The first 
section, on clinical issues, reviews basic medical 
decision-making principles that are used in order 
to understand the complicated problems involved 
with the diagnosis and management of patients 
suspected of having pulmonary embolism. The 
importance of estimating the pre-test probability 
of pulmonary embolism and of risk stratification 
is emphasized. The next section discusses ventila-
tion-perfusion imaging, the strengths and weak-
nesses of the PIOPED study, and the current state 
of the criteria used to interpret ventilation-perfu-
sion studies. The third section delineates the role of 
other diagnostic tests in the diagnosis of pulmonary 
embolism with particular emphasis on the role of 
spiral CT and pulmonary arteriography. The final 
section summarizes the current state of affairs and 
proposes future advances.

4.2 
Clinical Issues

In the 1960s and 1970s, when tools became available 
for the diagnosis (ventilation-perfusion imaging 
and pulmonary arteriography) and treatment (hep-
arin and warfarin) of pulmonary embolism, efforts 
were made to make clinicians aware of this poten-
tially lethal disease that now could be identified 
and treated. One of the most often quoted articles 
estimated that 200,000 deaths were caused in the US 
every year from pulmonary embolism and implied 
that 88,000 of these deaths could be prevented if 
pulmonary embolism were diagnosed and treated 
(Dalen and Alpert 1975). In addition, autopsy 
studies then and since have demonstrated that the 
prevalence of undiagnosed pulmonary embolism 
is high in this very select population (Morpurgo 
and Schmid 1995; Cohen et al. 1996; Goldhaber 
et al. 1982). These factors have led to the conven-
tional view that pulmonary embolism is a relatively 
common cause of preventable death. Even today, an 
often quoted statistic is that untreated pulmonary 
embolism has a mortality rate of 30% that could be 
reduced to 8% if the patient were treated.

What is the scientific basis for these seminal ideas, 
i.e., pulmonary embolism is a relatively common, 
treatable, often undiagnosed cause of death, which 
have so greatly influenced our thinking about pul-
monary embolism over the past 30 years? As with 

many other diseases, early reports on the impor-
tance and effectiveness of treatment of pulmonary 
embolism are probably inflated. The 88,000 prevent-
able deaths cited above are based on several very 
speculative estimates. Firstly, accurately determin-
ing the prevalence of pulmonary embolism is a very 
difficult task. Factors that will have major effects on 
the measured prevalence include the intensity of the 
diagnostic work-up, the diagnostic criteria used, and 
the population studied. Secondly, the natural his-
tory of treated and untreated pulmonary embolism 
has been poorly studied. There is reasonably good 
scientific evidence that the prognosis of untreated 
(Stein et al. 1995) and treated pulmonary embolism 
(Carson et al. 1992; Douketis et al. 1998) is better 
than the 30% and 8% mortality figures given by 
Dalen and Alpert (1975).

The results of autopsy studies are often cited 
as evidence that clinically important pulmonary 
embolism is frequently undiagnosed (Morpurgo 
and Schmid 1995; Rubinstein et al. 1988). Unfor-
tunately, extrapolating the results of autopsy studies 
to living patients is fraught with errors. Not only are 
the deceased subjects a very select group of patients, 
it is also difficult to reliably determine if the emboli 
were simply agonal events or whether they signifi-
cantly shortened patient life expectancy. It is likely 
that the incidence of undiagnosed pulmonary embo-
lism is decreasing (Cohen et al. 1996; Dismuke and 
Wagner 1986).

Even the effectiveness of anticoagulation has 
only been studied in one small, quite old, random-
ized controlled study (Barritt and Jordan 1960). 
In this study, the diagnosis of pulmonary embo-
lism was made based solely on clinical grounds. 
No pulmonary arteriography or ventilation-perfu-
sion imaging was available at the time of this study. 
Presumably, these patients had massive pulmonary 
embolism, and in patients with massive pulmonary 
embolism mortality rates of 30% untreated and 
8% treated may be reasonable. Dalen and Alpert 
(1975) used these mortality rates derived from 
patients with presumed massive pulmonary embo-
lism to estimate the annual mortality due to pulmo-
nary embolism in the US.

4.2.1 
Importance of Risk Stratification

Fortunately, the simple monolithic view of pulmo-
nary embolism is crumbling. Increasingly it is being 
recognized as a complex, multifaceted disease, often 
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the complication of other diseases, which ultimately 
are major determinants in the patient’s survival. 
The patients at greatest risk for sudden preventable 
death due to pulmonary embolism are post-opera-
tive patients. Given the current emphasis on prophy-
laxis, it is not surprising that decreases in deaths due 
to post-operative pulmonary embolism have been 
well documented. Pulmonary embolism in healthy 
ambulatory patients rarely occurs.

The next quantum advance that we must make in 
our thinking about pulmonary embolism is that the 
diagnosis is not simply a binary (present or not pres-
ent) task. Our level of sophistication when making 
the diagnosis of coronary artery disease is much 
greater than our level of sophistication when making 
the diagnosis of pulmonary embolism. The impor-
tance of risk stratification with coronary artery dis-
ease is universally recognized. Risk stratification for 
pulmonary embolism will have to account for: (a) 
the physiological impact of pulmonary emboli that 
have already occurred, (b) the potential for future 
emboli, and (c) the overall medical condition of the 
patient. Ventilation-perfusion imaging cannot be 
used to assess the last two factors. Patients who have 
extensive, documented deep venous thrombosis are 
at higher risk than patients who have limited or no 
documented deep venous thrombosis. Patients with 
underlying cardiopulmonary disease are likely not 
to be able to tolerate pulmonary embolism as well as 
otherwise healthy patients.

4.2.2 
Medical Decision Making

At a time when interest in the diagnosis and treat-
ment of pulmonary embolism was growing, interest 
in medical decision making was also growing. In 
1975 the New England Journal of Medicine devoted 
an entire issue to the topic of medical decision 
making (McNeil and Adelstein 1975; McNeil 
et al. 1975). The editors for this unique issue were 
two nuclear medicine physicians from the Brigham 
and Women’s Hospital in Boston. Not surprisingly, 
medical decision making was quickly applied to the 
use of diagnostic tests in diseases such as pulmo-
nary embolism.

Few disciplines in medicine have provoked as 
strong a reaction from the medical community as 
medical decision making. Individuals in the medi-
cal community appear to either love or hate the 
concepts, which provide the foundation for medi-
cal decision making. Some individuals shun medi-

cal decision making as an oversimplified impracti-
cal construct that has no clinical relevance; others 
believe that medical decision making provides some 
basic tools that can help further our understanding 
of the complexities of making decisions in medicine 
(Jaeschke et al. 1994a,b). For a summary of con-
cepts, definitions, and applications, see the Appen-
dix.

4.2.3 
Pre-test Probability

It should be clear that it is not possible to determine 
the post-test probability of disease solely based on 
the test result (see Appendix). The pre-test prob-
ability plays an equally important role in this assess-
ment. For pulmonary embolism some experts argue 
that it is not possible to determine the pre-test prob-
ability for particular patients. This pessimism is not 
supported by the literature. In the PIOPED study, 
patients were stratified not only by the result of 
ventilation-perfusion imaging, but also by the clini-
cian’s pre-test assessment of the probability for pul-
monary embolism (PIOPED Investigators 1990). 
Pre-test probability was broadly categorized as low 
(0%–19%), intermediate (20%–79%), or high (80%–
100%). Examination of the results of the PIOPED 
study clearly show that for the same test results the 
post-test probability of disease varied depending on 
the clinician’s assessment of the pre-test probability 
(Fig. 4.1).

Fig. 4.1. The effect of the clinicians’ estimate of pre-test prob-
ability on the post-test probability for each category of test 
results in the PIOPED study. The pre-test probability clearly 
had an effect on the post-test probability of disease (PIOPED 
Investigators 1990)
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The difficulty with assessing the pre-test prob-
ability of pulmonary embolism is that there is no 
simple clinical rule that has been widely accepted to 
produce a valid result. Most recently, Wells et al. 
(1998) demonstrated that the risk for thromboem-
bolic disease could be accurately assessed by using 
the clinical history, the results of ventilation-perfu-
sion imaging, and the results of serial compression 
ultrasound of the lower extremities. Using a simple 
scheme, these authors proposed a method for accu-
rately assessing pre-test probability (Fig. 4.2).

4.2.4 
Utility Analysis

Once the post-test probability of disease is known, 
the clinician must decide what to do next. Manage-
ment of patients with pulmonary embolism can be 

simply modeled using utility analysis, which pro-
vides some useful insight into why we do the things 
that we do.

Utility analysis considers the expected outcome 
for patients based on different patient management 
decisions. There are six major outcomes in patients 
suspected of pulmonary embolism. These outcomes 
and their utility are listed in Table 4.1. These six out-
comes can be divided into two groups of three. The 
first group is the outcome from patients who do not 
have pulmonary embolism, and the second group is 
the outcome from patients who do have pulmonary 
embolism. For patients without pulmonary embo-
lism, the best outcome is that they are not treated 
with anticoagulation; therefore, they are not unnec-
essarily exposed to the risk of anticoagulation. The 
next best outcome is that they are exposed to the 
morbidity of having a pulmonary arteriogram to 
prove that they do not have pulmonary embolism 

Fig. 4.2. An algorithm for the assessment of the pre-test probability of disease. Respiratory points consist of dyspnea or worsen-
ing of chronic dyspnea, pleuritic chest pain, chest pain that is non-retrosternal and non-pleuritic, and arterial oxygen satura-
tion less than 92% while breathing room air that corrects with oxygen supplementation less than 40%, hemoptysis, and pleural 
rub. Risk factors are surgery within 12 weeks, immobilization (complete bedrest) for 3 or more days in the 4 weeks before 
presentation, previous deep venous thrombosis or objectively diagnosed pulmonary embolism, fracture of a lower extremity 
and immobilization of the fracture within 12 weeks, strong family history of deep venous thrombosis or pulmonary embolism 
(two or more family members with objectively proven events or a fi rst-degree relative with hereditary thrombophilia), cancer 
(treatment ongoing, within the past 6 months, or in the palliative stages), the postpartum period, and lower-extremity paralysis. 
(Modifi ed from Wells et al. 1998)
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and they thus avoid the risk of anticoagulation. 
The worst outcome for patients without pulmonary 
embolism is that they are needlessly anticoagulated. 
Typically, the best outcome is given a value of 1. Less 
good outcomes are given values less than 1, and these 
values should be directly related to the loss of health. 
Although exact quantification is difficult, it is easy 
to agree about the hierarchy of outcomes. Clearly, 
not receiving anticoagulation if it is unnecessary is 
the best outcome. Traditionally, the risk of pulmo-
nary arteriography is viewed as being less than the 
risk of anticoagulation; therefore, pulmonary arte-
riography is often done in order to prove that the 
patient does not have pulmonary embolism.

For patients who have pulmonary embolism, 
there are also three major outcomes. The outcome 
with the highest utility would be patients who are 
treated with anticoagulants but who do not get sub-
jected to the morbidity of pulmonary arteriography. 
The second best outcome is to require a pulmonary 
arteriography in order to accurately make the diag-
nosis of pulmonary embolism, and thus, be antico-
agulated. The worst outcome is to have untreated 
pulmonary embolism. Again, these three outcomes 
have a natural hierarchy even though their exact 
values may be questioned. Another important thing 
to note is that the best outcome for patients with 
pulmonary embolism has to be worse than the worst 
outcome for patients without pulmonary embolism, 
because patients with pulmonary embolism are not 
only subjected to the risk of anticoagulation, but 
they have the additional risk of treated thromboem-
bolic disease.

If these six outcomes in patients with pulmo-
nary embolism are plotted on a graph of utilities 
and prevalence of pulmonary embolism (Fig. 4.3), 
the three utilities in patients without the pulmo-
nary embolism are plotted on the y-axis where the 
prevalence is 0% and the three utilities for patients 
with pulmonary embolism can be plotted on the 
y-axis where the prevalence of pulmonary embo-
lism equals 100%. Mathematically, it can be shown 
that the expected utility for the three major patient 
management options (treatment, no treatment, and 
pulmonary arteriography) fall on a line connecting 

the points that represent each of these management 
strategies.

When the traditional values for the six outcomes 
discussed previously are used, it is apparent that the 
expected utility from performing a pulmonary arte-
riogram is higher than the expected utility for the 
other two management strategies when the preva-
lence of pulmonary embolism in the population 
ranges from approximately 15%–75% (shaded area 
under the curve in Fig. 4.3). Hence, the often quoted 
statement that if the result of a pulmonary ventila-
tion-perfusion study is intermediate, the patient 
management option with the greatest utility is to per-
form pulmonary arteriography; if the prevalence of 
pulmonary embolism is greater than approximately 
75%, the best strategy is to treat the patient, and if 
the prevalence is less than approximately 15%, the 
best strategy is to not treat the patient.

In clinical practice there is an apparent discor-
dance between what the foregoing utility analysis 
would indicate (obtain a pulmonary arteriogram 

Table 4.1. Expected utilities (outcomes)

Patients without pulmonary embolism Patients with pulmonary embolism

Management strategy Expected utility Management strategy Expected utility

No therapy; no pulmonary angiogram 1.00 Therapy 0.84
Pulmonary angiogram; no therapy 0.98 Pulmonary angiogram, therapy 0.82
Therapy 0.92 No therapy 0.70

Fig. 4.3. The traditional expected utilities of three different 
management strategies for patients suspected of pulmonary 
embolism are plotted as a function of the prevalence of dis-
ease. The shaded area shows that the greatest expected utility 
can be obtained by performing a pulmonary arteriogram in 
patients who have a prevalence of disease ranging between 
15% and 75%. Note that at the extremes of this range, there is 
very little difference in the expected utility of the alternative 
management strategy
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when the prevalence of disease is between 15% and 
75%) and what actually happens. In our institu-
tion, only approximately 14% of patients with an 
intermediate likelihood ratio result on their venti-
lation-perfusion study are referred for pulmonary 
arteriography. There are two explanations for this 
discordance. The first explanation is that the preva-
lence of pulmonary embolism (or the post-test prob-
ability of disease) is not determined from the results 
of the ventilation-perfusion study alone. In fact, 
the likelihood ratio for an intermediate probability 
ventilation-perfusion study is close to 1; therefore, 
as shown in Figure 4.3, the post-test probability will 
be very similar to the pre-test probability. The aver-
age prevalence of pulmonary embolism in patients 
referred for pulmonary embolism in our hospital is 
approximately 15%, so not treating the patient and 
not obtaining a pulmonary arteriogram in patients 
with an intermediate likelihood ratio result is not 
inconsistent with optimizing the expected utility 
as shown in Figure 4.3. With a prevalence of 15%, 
the expected utility of not treating the patient and 
of obtaining a pulmonary arteriogram is similar. 
Maybe this helps explain why it often seems that 
the decision to obtain a pulmonary arteriogram in 
patients with intermediate likelihood ratio results 
on their ventilation-perfusion study is based on the 
flip of a coin.

Unfortunately, current interpretation criteria for 
ventilation-perfusion imaging blur the distinction 
between the test result and post-test probability of 
disease (which necessarily includes an assessment of 
the pre-test probability). To make a management rec-
ommendation based solely on the test results without 
accounting for pre-test probability is wrong. At our 
institution, we have tried to emphasize the importance 
of incorporating the pre-test probability with the test 
results in order to calculate the post-test probability by 
reporting the ventilation-perfusion imaging results as 
likelihood ratios rather than probabilities which are 
easily confused with post-test probabilities.

A second, and equally important, reason why 
only a few patients with an intermediate probability 
for pulmonary embolism are referred to pulmonary 
arteriography is that the expected utilities for dif-
ferent management strategies may vary greatly with 
individual patients. For example, it is likely that an 
otherwise healthy patient who has a removable risk 
factor for thromboembolic disease (surgery) who is 
now ambulating and has a negative lower-extremity 
compression ultrasound is at low risk for recurrent 
thromboembolic disease, even if they are untreated. 
The expected utilities for such a patient are shown in 

Figure 4.4. Note that no treatment and no pulmonary 
arteriogram would be indicated for any prevalence 
of pulmonary embolism. The only assumption that 
has changed is that the expected utility for treated 
and untreated pulmonary embolism is now 0.98 and 
0.9, respectively. Expected utilities of 0.92 and 0.7 
were used in Figure 4.3. When the morbidity from 
recurrent thromboembolic disease is lower than the 
risk from anticoagulation, the preferred option is no 
treatment.

The most important point in the preceding deci-
sion is that the management of patients suspected 
of pulmonary embolism cannot be rationally deter-
mined based on the results of the ventilation-perfu-
sion study alone. The risks of pulmonary arteriog-
raphy, anticoagulation, and untreated pulmonary 
embolism for each patient must also be considered.

4.2.5 
Patient Outcome

Patient outcome has become increasingly recog-
nized as the most important factor in determining 
the best diagnostic and management strategy (Eddy 
1990a,b). Utility analysis, as described previously, 
provides a mathematical model that can be used to 
predict patient outcome. An alternative approach is 
to directly measure patient outcome. One possible 
design for a patient outcome study for a diagnostic 
test is shown in Figure 4.5. This study design is simi-

Fig. 4.4. Expected utilities of three different management 
strategies in patients suspected of pulmonary embolism who 
are at low risk for recurrent disease if untreated. If the risk 
of recurrent thromboembolic disease is less than the risk 
from treatment, the expected utility of no treatment is always 
greater than the expected utility of treatment
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lar to the study design typically used to measure the 
effects of a therapeutic intervention. Key elements 
are that patients are randomized to have or not have 
the diagnostic test that is being evaluated and the 
study endpoints are outcomes that are important to 
patients and society rather than diagnostic accuracy 
(e.g., sensitivity, specificity). Outcomes of interest 
would include mortality, morbidity, and costs. Using 
this paradigm, diagnostic tests would only be rec-
ommended if they have some measurable effect on 
patient or societal outcomes. Patient outcome stud-
ies are more difficult to perform than simple diag-
nostic accuracy studies, but they provide far more 
valuable information.

Diagnostic strategies that do not include pulmo-
nary arteriography have been shown to accurately 
identify patients who are at low risk for recurrent 
thromboembolic disease when they are not treated 
(Wells et al. 1998; Perrier et al. 1999). In a well-
designed study, Wells et al. (1998) showed that the 
occurrence of recurrent thromboembolic disease in 
a large portion of patients who were evaluated using 
only clinical history and non-invasive studies was as 
low as the recurrent thromboembolic rate in popu-
lations who had negative pulmonary arteriograms. 
Several older studies have also shown that ventila-
tion-perfusion studies can be used to identify groups 
of patients with low incidence of recurrent thrombo-
embolic disease, even when anticoagulation is not 
given (Lee et al. 1985; Smith et al. 1987; Kahn et 

al. 1989; Hull et al. 1990; Jacobson et al. 1997). In 
the future, it will be difficult to justify recommenda-
tions for more invasive, more costly diagnostic and 
managing strategies if a change in patient outcomes 
cannot be documented.

4.3 
Ventilation-Perfusion Imaging

4.3.1 
Technical Issues

Several radiopharmaceuticals are available to study 
regional ventilation. In the US, 99mTc-aerosols and 
133 Xenon ventilation studies are most common 
because of the unavailability of pertechnegas and 
the cost of 81mKrypton. Despite their differences, 
all of these agents are suitable for studying regional 
ventilation.

Currently, it is common practice to perform both 
a ventilation and perfusion study on patients sus-
pected of pulmonary embolism. The motivation 
for performing a dual study is partly due to the 
fact that the technical quality of a ventilation study 
performed with the xenon or a technetium-labeled 
agent ventilation study is better when performed 
prior to the injection of 99mTc-macro-aggregated-
albumen (MAA).

When the ventilation study is performed first, 
it has to be performed in all patients since patients 
cannot be selected based on the results of their 
perfusion study. If the ventilation study were per-
formed after the perfusion study, the ventilation 
study could probably be avoided in one half to two 
thirds of patients who do not have any significant 
discrete perfusion abnormalities. Avoiding unnec-
essary ventilation studies may have a higher prior-
ity in managed care system than in a fee-for-service 
system. Performing the ventilation study after the 
perfusion study in selected patients has several 
advantages including: (a) avoiding unnecessary 
ventilation studies; and (b) being able to perform 
the ventilation study in the view in which the per-
fusion abnormality is best seen. The disadvantages 
of performing the ventilation study after the perfu-
sion study include: (a) a technically less satisfactory 
study due to downscatter (or crosstalk) from 99mTc; 
and (b) each perfusion study takes longer because a 
smaller dose of 99mTc-MAA should be used. What-
ever technique is used, our technical ability to detect 
perfusion abnormalities is better than our ability to 

Fig. 4.5. Study design to determine the impact of a diagnostic 
test on patient outcome. The most reliable way to determine if 
a diagnostic test uniquely contributes to improved patient out-
come is to randomize eligible patients to have or not have the 
diagnostic test. Justifying the use of diagnostic tests that have no 
measurable effects on patient outcomes will become increasing 
diffi cult as health care resources become more limited
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detect ventilatory abnormalities; therefore, techni-
cal mismatches (perfusion defects with no apparent 
ventilation defects) can occur.

Imaging technology has improved significantly 
since the mid-1970s. SPECT imaging of perfusion 
and ventilation is now possible. These technical 
advances, however, do not solve inherent problems 
of ventilation-perfusion imaging. Firstly, diseases 
other than pulmonary embolism sometimes present 
with ventilation-perfusion mismatches and pulmo-
nary embolism can sometimes cause ventilation-
perfusion matches. Secondly, ventilation-perfusion 
imaging can only reliably detect acute pulmonary 
embolism. Emboli may resolve quickly, especially 
in younger patients without pre-existing cardiopul-
monary disease. Older, partially lysed emboli that 
are adherent to the vessel wall may not decrease 
regional pulmonary perfusion and therefore may 
not be detectable with perfusion imaging. In con-
trast, these older, partially lysed emboli may still 
cause intraluminal filling defects demonstrable 
with pulmonary arteriography or spiral CT. Given 
the apparently good outcome in a patient with a low 
likelihood ratio result on a ventilation-perfusion 
study, the clinical significance of partially lysed 
emboli that do not cause a perfusion abnormality 
can be questioned. Thirdly, ventilation-perfusion 
imaging can only provide information about what 
has already happened in the lungs. The patient’s 
ultimate prognosis will depend on the occurrence 
of future emboli. Evaluating venous structures that 
are likely sources of emboli can only accurately 
assess the risk for future emboli.

4.3.2 
Interpretation Criteria

The interpretation criteria for ventilation-perfu-
sion scintigraphy have been codified by numerous 
groups (Table 4.2; Kwok et al. 1996). These inter-
pretation criteria provide a useful framework for 
inexperienced physicians to use and to learn how 
to interpret ventilation-perfusion studies. By neces-
sity, the interpretation criteria are overly simplistic 
and cannot replace the judgment of an experienced 
physician. Experience is important because of the 
ambiguity and simplicity of the interpretation cri-
teria. For example, the interpretation criteria only 
allow for a binary (matched or mismatched) clas-
sification of ventilation and perfusion defects. In 
practice, degree to which a perfusion defect has 
an associated ventilatory abnormality varies on a 

continuum. Deciding when to consider a perfusion 
defect as matched or mismatched requires some 
judgment. The significance of a perfusion abnor-
mality is also affected by additional characteristics 
such as how well the abnormality conforms to the 
segmental anatomy of the lung, how distinct the bor-
ders of the abnormality are, and the severity of the 
perfusion abnormality. The patient’s presentation 
and the time that has elapsed since the event that 
raised the suspicion of pulmonary embolism need 
to be considered. If a ventilation-perfusion study is 
obtained within hours of a patient having syncope, 
it is unlikely that one or two moderate-size perfu-
sion defects could account for the patient’s presen-
tation. On the other hand, if the syncopal episode 
was days ago, these same findings would need to be 
interpreted more cautiously since considerable lysis 
of the patient’s emboli may have occurred. None 
of these nuances are incorporated into the simple 
interpretation criteria as shown in Table 4.2.

4.3.2.1 
PIOPED

Ventilation-perfusion imaging was the subject of a 
rigorous prospective multicenter study known as the 
PIOPED (Prospective Investigation of Pulmonary 
Embolic Disease) study (PIOPED Investigators 
1990). The motivation for this study came from 
concerns that prior retrospective single institution 
studies comparing the results of ventilation-perfu-
sion imaging with pulmonary arteriography were 
biased because only a small subset of patients who 
had ventilation-perfusion imaging were referred 
for pulmonary arteriography. In the major arm of 
the PIOPED study, all patients with any perfusion 
abnormality on ventilation-perfusion imaging were 
required to have a pulmonary arteriogram. This 
requirement for pulmonary arteriography undoubt-
edly resulted in some selection bias since clinicians 
presumably would only allow their patients to enroll 
in a study in which a high percentage would have 
a mandatory pulmonary arteriogram if they had a 
relatively high suspicion for pulmonary embolism. 
This supposition is supported by the fact that the 
prevalence of pulmonary embolism in the PIOPED 
study is high (33%).

This study had a few strengths and several major 
weaknesses. One of its greatest strengths was that 
it clearly showed that clinicians can assess pre-test 
probability. For the same ventilation-perfusion 
imaging result, the post-test probability of pulmo-
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Table 4.2. V/Q criteria for categorizing probability of pulmonary embolism. (From Kwok 1996)

Prob-
ability

Sullivan (based on 
McNeil 1976)

Biello et al. (1979) PIOPED (1990) Revised PIOPED

Normal No Q defects No Q defects No Q defects 
Q outlines exactly the shape of 
the lungs on CXR

Same as PIOPED

Very 
low

<3 small Q defects with normal 
CXR

Low Multiple V/Q matches
Single subsegmental V/Q 
mismatch

Small V/Q mismatches
V/Q matches without 
corresponding CXR 
changes
Q defect<<CXR density

Nonsegmental Q defect
1 moderate V/Q mismatch, with 
normal CXR
Q defect<<CXR density
Large or moderate V/Q matches, 
involving <4 segments in 1 
lung and <3 segments in l lung 
region with normal CXR or CXR 
findings<<Q defects >3 small Q 
defects with normal CXR

Non-segmental Q defect
Any Q defect<<CXR abnor-
mality
V/Q matches provided that 
the CXR is normal and per-
fusion in some areas of the 
lungs is normala 

Any number of small Q 
defects with a normal CXR

Inter-
mediate

Q defect with matched 
density on CXR
Mixed V/Q mismatches 
and matches
Single segment, lobe or 
lung V/Q mismatch
Multiple subsegmental 
V/Q mismatches

Severe diffuse OPD 
with Q defects
Single medium or large 
V/Q mismatch
Q defect same size as 
CXR change

Anything not falling into 
normal, very low, low, or high-
probability categories
Borderline high or borderline 
low
Difficult to categorize as low or 
high

1 moderate to 2 large
V/Q mismatches or the arith-
metic equivalent in moder-
ate or large and moderate 
defectsb

Single V/Q match and normal 
CXR
Difficult to categorize as low 
or high, or not described as 
low or high

High Multiple segmental or 
larger V/Q mismatches

≥2 medium or large 
V/Q mismatches
Q defect>>CXR density

≥2 large V/Q mismatches, with 
normal CXR or findings<<Q 
defects ≥2 moderate V/Q 
mismatches and 1 large 
V/Q mismatch without CXR 
findings ≥4 moderate V/Q mis-
matches without CXR findings

≥2 large V/Q mismatches or 
the arithmetic equivalent in 
moderate or large and moder-
ate defectsb

V, ventilation; Q, perfusion; CXR, chest radiograph; OPD, obstructive pulmonary disease; <<, substantially smaller than; >>, 
substantially larger than; non-segmental Q defect means very small effusion, cardiomegaly, enlarged aorta, hila, or mediasti-
num, elevated diaphragm.
Biello criteria: small, <25% of a segment; medium, 25%–90% of a segment; large, >90% of a segment.
PIOPED criteria: small, <25% of a segment; moderate, 25%–75% of a segment; large, >75% of a segment.
aVery extensive defects can be categorized as low probability. Single V/Q matches are borderline for low probability and thus 
should be categorized as intermediate in most circumstances by most readers, although individual readers may correctly 
interpret individual scans with this pattern as showing low probability.
bTwo large V/Q mismatches are borderline for high probability. Individual readers may correctly interpret individual scans 
with this pattern as showing high probability for pulmonary embolism. In general, it is recommended that more than this 
degree of mismatch be present for inclusion in the high-probability category.

nary embolism changed as expected when the clini-
cian’s assessment of pre-test probability was consid-
ered (Fig. 4.1). Another strength of the PIOPED study 
is that information about observer variability for 
both ventilation-perfusion imaging and pulmonary 
arteriography was obtained (Table 4.3). Ordinarily, 
we think of the results of pulmonary arteriography 
as being positive or negative. In the PIOPED study, 
the interpretation of the pulmonary arteriogram 

was read as positive, negative, or uncertain in 33%, 
64%, and 3% of patients, respectively. Technically 
unsatisfactory pulmonary arteriograms that were 
uninterpretable occurred in 5% of patients. Blinded 
independent observers agreed that the pulmonary 
arteriogram was positive, negative, or uncertain 
92%, 83%, and 89% of the time, respectively. The 
fact that there is considerable observer variability 
in the reading of pulmonary arteriograms is often 
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overlooked. It is unrealistic to expect that a com-
pletely independent test for pulmonary embolism 
(ventilation-perfusion imaging) would agree with 
the reading of the pulmonary arteriogram better 
than two blinded readings of the same pulmonary 
arteriogram would agree. Given that 17% of nega-
tive pulmonary arteriograms will be read as positive 
by one of two blinded readers, it is remarkable that 
low likelihood ratio results on ventilation-perfusion 
imaging agree with negative pulmonary arteriogra-
phy 85%–90% of the time.

There are several major flaws with PIOPED. 
Firstly, the endpoint was diagnostic accuracy (How 
often does ventilation-perfusion imaging agree with 
the pulmonary arteriogram?) rather than patient 
outcome. A much more valuable study would have 
been to randomize patients with low and/or inter-
mediate likelihood ratio results on their ventilation-
perfusion study to have or not have a pulmonary 
arteriogram. Would there have been any measurable 
difference in outcome between the patients with and 
without a pulmonary arteriogram? The costs and 
patient discomfort would be more in the pulmonary 
arteriogram group. What would have been the off-
setting benefits? Would fewer or more patients be 
anticoagulated? Would there be a change in mortal-
ity or morbidity?

Secondly, PIOPED perpetuated the use of discrete 
categories for the interpretation of ventilation-per-
fusion studies, when in fact the results of any com-
plex imaging test are better represented as a con-
tinuum and should be reported as likelihood ratios 
(Jaeschke et al. 1994a,b). Use of discrete categoriza-
tions also distorts any analysis of observer variabil-
ity. For example, as shown in Figure 4.6, the results 
of any complex imaging test naturally falls on a con-
tinuum from definitely normal to definitely abnor-
mal. When this continuum is broken up into discrete 
segments such as normal, low, intermediate, and 
high likelihood ratio results, this artificially creates 
some apparent observer disagreement. As shown in 
Figure 4.6, using a continuous scale, readers A and 
B disagree more on the interpretation of the study, 
but since both readers A and B’s interpretations fall 

within the category of low they are said to agree. In 
contrast, readers B and C are closer together on the 
continuous scale, yet when forced to put their results 
into these discrete categories, they appear to dis-
agree. The creation of discrete category introduces 
the problem of exactly how to identify the line divid-
ing each of the categories on the continuous scale. 
For example, the dividing line between normal and 
low is difficult to define unambiguously. Discrete 
categories can also frustrate readers since they may 
have to agonize about which side of the artificial line 
they must choose to categorize the result. Allowing 
readers to give an approximate likelihood ratio for 
the results of ventilation imaging studies would: (a) 
help identify true observer variability, (b) decrease 
the artificial mental anguish induced by an arbi-
trary discrete scale, and (c) more clearly convey the 
results of the test.

A third major problem with PIOPED is that it has 
continued to confuse the test result with the post-
test probability of disease. As previously shown in 
Figure 4.1, the clinical history and other informa-
tion must be combined with the test result in order 
to come up with a true post-test probability. Failure 
to distinguish the test result from post-test prob-
ability has resulted in enormous confusion in the 
literature where management recommendations are 
based on test results that are mistakenly interpreted 
as post-test probabilities. For example, in Figure 4.1, 
note that the post-test probability for pulmonary 
embolism was less for a patient with a high result 
and a low pre-test probability (56%) than it was for 
a patient with an intermediate result and a high pre-
test probability (66%). Likewise, the post-test prob-
ability for a patient with an intermediate result and 
a low pre-test probability (16%) was the same as for 
a patient with a low result and an intermediate pre-
test probability (16%).

Table 4.3. Observer agreement: PIOPED Investigators 
(1990) 

Ventilation-perfusion study Pulmonary arteriogram

High 95% Present 92%
Intermediate 75% Absent 83%
Low 70% Uncertain 89%
Very low 92%
Normal 94%

Fig. 4.6. Continuous vs discrete results. Forcing readers to use 
a discrete scale, rather than a continuous scale, often distorts 
studies of observer agreement. The results of observers B and 
C would be classifi ed as disagreements when a discrete scale 
is used, even though they are more in agreement than are 
observers A and B
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Another major shortcoming of the current inter-
pretation criteria is that no distinction is made 
between intermediate likelihood ratio results for 
mild, moderate, or massive pulmonary embolism. 
More risk stratification information is available 
from ventilation-perfusion imaging than is con-
veyed by the simple categories of normal, low, inter-
mediate, and high.

Finally, the PIOPED Investigators (1990) 
reported the results of their study using sensitiv-
ity and specificity (Table 4.4). These measures are 
only appropriate if the simple binary test results are 
obtained. It is virtually impossible to interpret the 
results of complex imaging results that have mul-
tiple outcomes when they are presented in this way. 
A much better way to present the results is as likeli-
hood ratios (Table 4.5). As explained in the Appen-
dix, the likelihood ratio is calculated by dividing the 
P(T–|D+) by P(T–|D–). The likelihood ratios listed 
in Table 4.5 provide much more useful informa-
tion (Jaeschke et al. 1994a,b) than the sensitivities 
and specificities that were provided by the PIOPED 
Investigators and that are listed in Table 4.4. A 
high likelihood ratio result increases the pre-test 
odds of disease by a factor of almost 14. An interme-
diate likelihood ratio result does not change the pre-
test odds of disease; therefore, if the pre-test odds 
were low before performing ventilation-perfusion 
imaging, they remain low after imaging. Low likeli-
hood ratio results and near-normal/normal results 
decrease the pre-test odds by a factor of 0.37 and 0.19, 
respectively. These last two likelihood ratios are not 
as low as desirable, but it must be remembered that 
the observer agreement for a negative pulmonary 
arteriogram was only 83% (Table 4.3). That means 
that 17% of the time, the second observer reads the 
pulmonary arteriogram as (falsely) positive. This 
observer variability with negative pulmonary arte-
riograms partly explains the less than desirable 
likelihood ratios for low and near-normal/normal 
results. When clinical follow-up is used to classify 
the disease status of patients, the values for the 
likelihood ratios for low and near-normal/normal 
results are much lower.

4.4 
Other Diagnostic Tests

The diagnosis and management of patients sus-
pected of pulmonary embolism requires informa-
tion from several sources. The clinical evaluation 

of the patient and the role of ventilation-perfusion 
imaging have already been discussed. This section 
describes the other diagnostic tests. The chest radio-
graph has long been used in conjunction with ven-
tilation-perfusion imaging. Likewise, pulmonary 
arteriography has long been regarded as the refer-
ence standard for diagnosis of pulmonary embo-
lism. Three newer diagnostic tests that are available 
to evaluate patients include serum D-dimer levels, 
compression ultrasound of the lower extremities, 
and CT of the pulmonary arteries.

4.4.1 
Chest Radiograph

The chest radiograph is routinely obtained in all 
patients suspected of pulmonary embolism. Because 
the findings on the chest radiograph are non-spe-
cific for pulmonary embolism (Worsley et al. 
1993; Stein et al. 1991), the chest radiograph is 
useful mainly for discovering other causes for the 
patient’s signs and symptoms such as pneumonia, 
pneumothorax, congestive heart failure, and pleu-
ral effusions.

The non-specificity of radiographic abnormali-
ties is illustrated in Table 4.6 (Elgazzar 1997). The 
likelihood ratio for most findings is close to 1; there-
fore, the chest radiograph findings do not increase 
or decrease the pre-test odds for pulmonary embo-
lism, except for the presence of Westermark’s sign 
(likelihood ratio: 4) and pulmonary edema (likeli-
hood ratio: 0.3).

There is almost universal agreement that a chest 
radiograph is needed to interpret ventilation-per-

Table 4.4. PIOPED results

Scan category Sensitivity (%) Specificity (%)

High 41 97
High or intermediate 82 52
High, intermediate, or low 98 10

Table 4.5. PIOPED results

Scan category PE+ PE– P(Tn|D+) P(Tn|D–) LRn

High 102 014 0.4064 0.0292 13.93
Intermediate 105 217 0.4183 0.4521 00.93
Low 039 199 0.1554 0.4146 00.37
Near normal/normal 005 050 0.0199 0.1042 00.19
Total 251 480

PE pulmonary embolism; P(Tn|D+) probability of the nth test 
result with presence of disease; LRn likelihood ratio of the nth 
test result.
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fusion studies, although one group of investigators 
recently reported that the availability of the chest 
radiograph did not affect their interpretations of 
ventilation-perfusion studies (Denton et al. 1998). 
These investigators acknowledged that their inabil-
ity to demonstrate the need for a chest radiograph 
was likely due to the fact that few of their patients had 
abnormalities on their chest radiograph. Occasion-
ally, with a low or near-normal ventilation-perfusion 
study, one is tempted not to obtain a chest radio-
graph since the chest radiograph is very unlikely to 
change the interpretation of the ventilation-perfu-
sion study. Not obtaining a chest radiograph under 
these circumstances is a mistake, because alterna-
tive explanations for the patient’s symptoms may be 
apparent on the chest radiograph.

Another issue that always arises is how close in 
time the chest radiograph needs to be to the ventila-
tion-perfusion studies. There is a common, simple, 
less accurate answer and an uncommon, compli-
cated, longer, more accurate answer. The simple 
answer is the chest radiograph should be obtained 
within 24 h of the ventilation-perfusion study. The 
complicated answer is that it depends on the clinical 
circumstances. If a patient has acute onset of short-
ness of breath 1 h prior and the most recent chest 
radiograph was 2 h prior, a repeat chest radiograph 
should be obtained. The rationale for this recom-
mendation is that there are acute processes such as 
small pneumothoraces that can be seen on a chest 
radiograph that may not be detected by ventilation-
perfusion imaging. On the other hand, if a patient 
with no intervening pulmonary symptoms has a 
near-normal chest radiograph that is 48–72 h old, 
and if the results of the ventilation-perfusion imag-
ing are normal or low likelihood ratio, no repeat 
chest radiograph is needed. If there are unexpected 
findings on the ventilation-perfusion study, the 
chest radiograph should be repeated.

Our current interpretation criteria are vague 
about how to use the results of chest radiographs. All 
chest radiograph abnormalities are lumped together 
in the generic term ”chest radiograph abnormality.” 
There are conflicting reports about how to interpret 
ventilation-perfusion studies in patients with pleu-
ral effusions (Bedont and Datz 1985; Goldberg 
et al. 1996). In truth, different radiographic abnor-
malities should likely affect our interpretation of 
ventilation-perfusion imaging differently. Chronic 
radiographic abnormalities must have a different 
meaning than acute abnormalities since chronic 
abnormalities cannot explain a patients acute symp-
toms. Finally, should chest radiographic abnor-
malities that are clearly caused by a disease process 
other than pulmonary embolism (e.g., pneumonia, 
cancer) be interpreted as an intermediate likelihood 
ratio for pulmonary embolism simply because they 
cause a triple match?

4.4.2 
D-Dimer

A rapid assay for testing of whole-blood D-dimer 
is now available. D-dimer is a fibrin degradation 
product that is highly sensitive for the detection of 
thromboembolic disease; however, it is non-specific 
since it also can be elevated in patients with a variety 
of other diseases including myocardial infarction, 
pneumonia, heart failure, cancer, and recent surgery 
(Goldhaber 1998). An elevated D-dimer level is 
not helpful in making the diagnosis of pulmonary 
embolism; however, a normal D-dimer level is help-
ful in excluding the diagnosis.

In one large study (Ginsberg et al. 1998), the 
combination of a non-diagnostic lung scan (low 
or intermediate likelihood ratio) and a normal D-
dimer test result had a negative predictive value of 
97.2%. In total, 62% of all patients with non-diag-
nostic lung scan results (i.e., intermediate probabil-
ity for pulmonary embolism) had normal D-dimer 
test results; therefore, pulmonary embolism could 
be excluded in a large percentage of patients with the 
addition of this simple test. When the authors also 
included the pre-test probability of the disease, the 
negative predictive value of a non-diagnostic lung 
scan and a normal D-dimer test were 98.7%, 94.6%, 
and 77.8% in patients with low, moderate, and high 
pre-test probabilities, respectively (Fig. 4.7). The 
authors concluded that in low and intermediate pre-
test probability patients with a non-diagnostic lung 
scan and normal D-dimer test results had a high 

Table 4.6. Chest radiograph findings in suspected pulmonary 
embolism

Finding P(Tn|D+) P(Tn|D-) LRn

Atelectasis 0.71 0.46 1.54
Pleural effusion 0.54 0.37 1.46
Pleural-based opacity 0.35 0.21 1.67
Elevated hemidiaphragm 0.30 0.23 1.30
Oligemia 0.21 0.12 1.75
Prominent pulmonary artery 0.26 0.23 1.13
Cardiomegaly 0.14 0.13 1.08
Pulmonary edema 0.04 0.13 0.31
Westermark’s signa 0.13 0.03 4.33
aProminent pulmonary artery and decreased pulmonary vas-
cularity
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enough negative predictive value to exclude clini-
cally significant pulmonary embolism.

Larger studies have been performed that confirm 
the results of these earlier series, and corroborate 
the utility of a negative D-dimer test. Algorithms 
for the work-up of suspected pulmonary embolism 
start with this blood test. A negative D-dimer result 
(serum level <1 ìg/ml) is associated with a very low 
likelihood of pulmonary embolism (Michiels et al. 
2003; Abcarian et al. 2004). For patients with a low 
pre-test probability, the work-up is stopped in most 
institutions. If the clinical suspicion remains high, 
imaging procedures are the next step.

4.4.3 
Detection of Deep Venous Thrombosis

Several non-invasive tests have been recommended 
for detecting deep venous thrombosis. Impedance 
plethysmography, a test that measures reserve 
venous capacity in the rapidity of outflow from 
the deep venous system of the lower extremities, 
has largely been replaced by the use of compres-
sion ultrasound. Compression ultrasound involves 
a meticulous examination of the major deep venous 
structures of the lower extremities. Thrombosis is 
identified by the inability to compress the vein. 
Compression ultrasound has numerous limitations 
including the fact that it is very operator depen-
dent, it can only reliably detect thrombosis in the 
thigh and knee, and there is considerable difficulty 

in differentiating new from old thrombi. Because 
of the difficulty in assessing thrombosis below the 
knee, serial compression ultrasound has been rec-
ommended in order to improve the sensitivity of this 
technique in detecting clinically significant disease 
(Kearon et al. 1998a,b). When serial ultrasound is 
negative the risk for recurrent thromboembolic dis-
ease in patients with a low or intermediate result on 
the ventilation-perfusion study was <2% during a 
6-month follow-up period. Doppler ultrasound that 
looks at venous flow patterns in the vein is less reli-
able in detecting deep venous thrombosis.

4.4.4 
Pulmonary Arteriogram

Pulmonary arteriography is regarded as the refer-
ence standard for the diagnosis of pulmonary embo-
lism. Its limitations are rarely emphasized. In the 
PIOPED study (Stein et al. 1992), there were five 
deaths among the 1111 patients who had had a pul-
monary arteriogram. In addition, there were nine 
major non-fatal complications that included respira-
tory distress, renal failure, and bleeding requiring 
transfusions. There were minor complications in an 
additional 60 patients.

As discussed previously, observer agreement for 
a complex imaging test, such as pulmonary arteri-
ography, is less than perfect. Observer agreement 
depends on the quality of the pulmonary arterio-
gram. In the PIOPED study, 691 of the 1099 pulmo-
nary arteriograms were rated as good quality, 355 
were rated as fair quality, and 46 were rated as poor 
quality. Observer agreements on positivity were 
93%, 90%, and 98% for good-, fair-, and poor-qual-
ity arteriograms, respectively. Agreement on nega-
tivity was less good. There was 88% agreement for 
good-quality arteriograms, 77% agreement for fair 
quality, and 54% for poor-quality arteriograms.

It is important to recognize that the phenom-
enon demonstrated by pulmonary arteriography is 
very different from the pathology that is detected by 
regional perfusion studies. The detection task for 
pulmonary arteriography is to identify an intralumi-
nal filling defect. The detection task becomes more 
and more difficult as the vessel size gets smaller and 
there are more and more vessels. Observer agree-
ment clearly decreases as vessel size gets smaller.

The ability of pulmonary arteriography to distin-
guish acute from chronic emboli is not well docu-
mented since there is no independent reference 
standard. It is likely that acute emboli cause com-

Fig. 4.7. Negative predictive value for patients with a low or 
intermediate result on the ventilation-perfusion study and a 
negative serum D-dimer test. The negative predictive value 
is acceptably high with a low or intermediate probability for 
recurrent thromboembolic disease, a negative serum D-dimer, 
and a low or moderate pre-test probability (Ginsberg et al. 
1998)
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plete occlusion of a vessel since a soft, freely mobile 
embolus is likely to completely obstruct the vessel. 
Once the embolus becomes adherent to the vessel 
wall and once some thrombolysis has occurred, 
tracking of contrast can be seen around the embolus. 
This finding is regarded as being the most reliable 
finding for acute pulmonary embolism. It remains 
to be seen whether or not the presence of intralu-
minal filling defects on pulmonary arteriography 
or the presence of regional perfusion abnormali-
ties on a perfusion study have greater prognostic 
significance. Interestingly, the best validation for 
pulmonary arteriography has been follow-up of 
patients who have had negative pulmonary arte-
riograms and who have not been anticoagulated 
(Novelline et al. 1978). In this retrospective analy-
sis, 180 patients with suspected pulmonary embolus 
and negative arteriograms were followed for a mini-
mum of 6 months. Of the 167 patients who did not 
undergo therapy, none died as a result of thrombo-
embolic disease. A total of 20 patients died of other 
causes. None of the 147 remaining patients suffered 
a recurrent embolus. This suggests that, indeed, the 
pulmonary emboli that are missed with pulmonary 
angiography are not of great health risk, and that a 
negative pulmonary arteriogram can be regarded 
as adequate information to not introduce therapy. 
It is somewhat surprising that such good prognostic 
information can be obtained solely from examining 
the pulmonary arteries.

4.4.5 
CT-Pulmonary Angiography (CTPA)

Early reports revealed that pulmonary emboli 
could be seen with contrast-enhanced computed 
tomography (CT) (Breatnach and Stanley 
1984; Chintapalli et al. 1988; Goodman et al. 
1997). However, motion artifacts due to respira-
tory motion and sampling error of older single 
slice CT systems, prevented its use as a first-line 
diagnostic tool for detecting pulmonary embolism. 
Technological advances manifested by helical CT 
and electron beam CT enabled acquisitions during 
one single breath hold. The introduction of multi-
detector and multi-slice systems, and later retro-
spective gating, provide fast and high resolution CT. 
Subsegmental pulmonary emboli can be detected 
with these advanced technologies (Geraghty et 
al. 1992; Schoepf and Costello 2004). Magnetic 
resonance angiography protocols utilizing gado-
linium enhancement also have been developed to 

acquire images of the pulmonary vasculature in a 
single breath-hold, which can detect subsegmental 
pulmonary emboli (Meaney et al. 1997). However, 
MR angiography lacks sufficient spatial resolution 
for reliable evaluation of the peripheral pulmonary 
arteries (Schoepf and Costello 2004)

CT pulmonary angiography (CTPA) is minimally 
invasive, an advantage over conventional pulmonary 
angiography. CT has the additional benefit of imag-
ing the thorax, potentially facilitating a diagnosis 
to explain the patient’s symptoms other than pul-
monary embolism. A number of studies have sug-
gested that CT is more “accurate” than ventilation-
perfusion scintigraphy in diagnosing pulmonary 
embolism. These early studies should be interpreted 
with caution since they involved a small number of 
selected patients, and commonly excluded techni-
cally inadequate studies and patients in whom the 
exam could not be performed.

An early prospective study (Mayo et al. 1997) eval-
uated CTPA and ventilation-perfusion scintigraphy 
in 139 patients. Final diagnosis was established by 
concordant interpretation of CT and scintigraphic 
studies. If the ventilation-perfusion scintigraphy 
was interpreted as low or very low probability for PE 
and the CT was negative and the clinical suspicion 
was high, a pulmonary arteriogram was performed. 
If the ventilation-perfusion scintigraphy or CTPA 
results were intermediate or if they were discordant, 
a pulmonary arteriogram was performed. In nega-
tive cases, a 3-month follow-up was undertaken via 
a phone call to the patient’s physician. The results 
showed that CTPA yielded a true positive reading in 
40 cases, false positive in two cases, true negative in 
88 cases, false negative in five cases and was indeter-
minate in four cases. Positive predictive value was 
therefore 95% and negative predictive value also 
95%. By comparison, pulmonary embolism was 
present in 30 of 36 high probability results on their 
ventilation-perfusion studies, 6 of 20 intermediate 
probability exams, 8 of 58 low probability exams 
and 2 of 25 very low probability or normal exams. 
The positive predictive value of a high probability 
exam was therefore 83% and the negative predictive 
value of a normal, low or very low probability exam 
was 88%.

CT angiography has several limitations. Relative 
contraindications include marginal renal function, 
history of contrast reaction, hemodynamic instabil-
ity and severe dyspnea. In one study (Garg et al. 
1998), 4.9% of patients were excluded from contrast 
administration for such reasons. An additional 13% 
had suboptimal studies and were excluded from cal-
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culations of sensitivity, specificity and predictive 
values. It is estimated that approximately 5%–10% 
of CT studies with contrast will be technically inad-
equate (Kuzo and Goodman 1997; Goodman et 
al. 1997). Some vessels are not well seen and others 
cannot be visualized on CTPA (Remy-Jardin et al. 
1992). These are predominantly vessels oriented 
obliquely in the right middle lobe and lingula. How-
ever, given the nature of pulmonary emboli, which 
tend to be multiple, this was not felt to be a major 
limitation. Criteria for interpretation of pulmonary 
embolism on CTPA and potential pitfalls in the evalu-
ation of CT exams have been described (Beigelman 
et al. 1998). A good understanding of the vascular 
anatomy of the lung (e.g., arteries run with bronchi 
while veins run independently) is necessary. Pit-
falls include the external compression of arteries by 
lymph nodes, which may mimic a mural thrombus. 
Volume averaging may be confusing when vessels 
run obliquely. Perivascular edema may produce a 
collar of low attenuation simulating an embolus. 
Motion artifacts were frequently a problem, which is 
negligible in the new generation multi-slice systems 
with fine collimation and high resolution. Streak 
artifacts originating from the SVC due to high rate 
of injection into the SVC can mimic PE. Insufficient 
enhancement may occur due to delayed injection, 
SVC obstruction, shunts, increased pulmonary vas-
cular resistance from consolidation or large pleural 
effusion. Self-evidently, the display window setting 
can adversely affect interpretation.

In 2002, a meta-analysis was performed on the 
detection of pulmonary emboli with CTPA (Safriel 
and Zinn 2002). The rationale for this study empha-
sized that scintigraphy alone is insufficient to estab-
lish pulmonary embolism in the majority of patients 
suspected of having it (about 75% of V/Q scans). 
Between 1990 and 2000, they found 12 studies that 
fulfilled their criteria, and the pooled group com-
prised 1250 patients. They found an overall sensitiv-
ity of 74.1% and specificity of 89.5% and concluded 
that CTPA was a sensitive and specific primary imag-
ing tool for detecting pulmonary emboli. It was also 
effective in patients with an abnormal chest radio-
graph, underlying lung disease or other pathology 
that caused the respiratory symptoms.

A recent state-of-the-art paper (Schoepf and 
Costello 2004) claims that CTPA has become the 
first-line imaging modality for the work-up of pul-
monary embolism. However, CTPA cannot be con-
sidered as the standard of reference, because the 
inter-observer agreement for subsegmental pulmo-
nary emboli is low (45%–66%). The inter-observer 

agreement of CTPA is still better than for scintigra-
phy (van Rossum et al. 1998; Blachere et al. 2000). 
The high negative predictive value of a normal CTPA 
was again emphasized. A similar performance can 
be quoted for a normal lung perfusion scan. The 
additional advantage of CT is for patients with pul-
monary abnormalities, for whom ventilation-perfu-
sion scintigraphy usually is not diagnostic.

The experience of the interpreters in reading 
CTPA is important, as reported in the meta-analy-
sis paper for two European trials. These revealed 
a discrepancy in performance between academic 
and community hospitals: sensitivity 91% vs 60% 
and specificity 91% vs 86%, respectively (Safriel 
and Zinn 2002). This difference may be attributed 
to experience and training. Given the additional 
variability in interpretation of subsegmental fill-
ing defects, and the lack of an ”imaging reference 
standard” for pulmonary embolism, it will take time 
before CTPA will be considered as the routine first-
line test for evaluating patients suspected of suffer-
ing from pulmonary embolism. In our own insti-
tution, the number of ventilation-perfusion scans 
dropped in the mid 1990s, but regained much of its 
loss around the turn of the century. Currently, it is 
again the first-line test for patients referred from the 
emergency room for work-up of pulmonary embo-
lism.

4.5 
Conclusion

The prevailing view is that pulmonary embolism 
is a monolithic disease. Diagnostic strategies are 
based on studies that have imperfect binary diag-
nostic endpoints. Since the dogma has been that 
all patients with pulmonary embolism need to be 
treated, there have been few attempts to overtly risk-
stratify patients.

A great deal of the shortcomings of how we cur-
rently diagnose and manage patients with suspected 
pulmonary embolism are due to how we have evalu-
ated diagnostic tests in the past. Diagnostic accuracy 
tests which compare the results of one imperfect 
diagnostic test (e.g., ventilation-perfusion imaging) 
to another imperfect test (e.g., pulmonary arteri-
ography) are inevitably misleading. What we need 
is outcome studies establishing which diagnostic 
strategies result in the best patient outcomes. One 
reason for accepting a negative pulmonary arte-
riogram as a strong indicator of good prognosis is 
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that the risk of recurrent thromboembolism is low 
in these patients, even when they are not anticoagu-
lated. Likewise, other diagnostic strategies that use 
readily available noninvasive diagnostic tests have 
been shown to identify low risk patients.

In order to be optimized, diagnostic and man-
agement strategies must account for information 
from a variety of sources. Management strate-
gies based on the result of one single test, e.g., 
all patients with an intermediate likelihood ratio 
result on their ventilation/perfusion scan should 
have a pulmonary arteriogram, are naive and 
doomed to failure. Rational decisions can only be 
made based on patient’s post-test probability of 
disease, the risk of invasive diagnostic tests and 
the risk of treatment or no treatment. The post-test 
probability of disease is determined by combining 
the pre-test probability and the test result. The risk 
of no treatment depends on the clot burden in the 
lung, the potential for future emboli and the over-
all medical condition of the patient. It is unclear 
whether the clot burden in the lung is best assessed 
by the number of regional perfusion abnormalities 
detected by scintigraphy, or intraluminal filling 
defects detected by pulmonary arteriography or 
CTPA. One could argue that the presence of regional 
perfusion abnormalities has more prognostic sig-
nificance than the presence of intraluminal filling 
defects that have no effect on regional perfusion. In 
the former instance, the lung is being overwhelmed 
by the embolic burden whereas in the latter case, 
the lungs own potent thrombolytic mechanisms 
are able to keep up with the embolic burden. The 
risk of future emboli cannot be assessed by any test 
that looks solely at the lungs.

The advent of high resolution, multi-slice helical 
CT will have an impact on the work-up of pulmonary 
embolism. The acquisition duration is short, allow-
ing for high quality scans in a single breath hold 
in the vast majority of patients. Many institutions 
favor CTPA as first-line work-up for in-patients. The 
likelihood that an explanation will be found for the 
symptoms is much higher with CT with and without 
contrast, than with ventilation-perfusion scintigra-
phy. For out-patients, it is a different matter and the 
issues have not been sorted out. For patients with 
a low pre-test probability for pulmonary embo-
lism, it is probably more cost effective to confirm 
this impression with a completely normal perfusion 
scan or low-probability ventilation-perfusion scin-
tigraphy. Moreover, the radiation exposure is lower 
for standard ventilation-perfusion imaging than for 
CTPA.

Appendix: Medical Decision Making

A very basic need in medical decision making is a 
way to quantify the accuracy of diagnostic tests. The 
most common and simplest approach assumes that 
test outcomes and disease states are binary (positive 
or negative). A 2+2 table, in which the columns usu-
ally represent the disease states and the rows repre-
sent the test results (Table A4.1), is usually used to 
calculate several ratios (accuracy, sensitivity, speci-
ficity, predictive value of a positive test, predictive 
value of a negative test, likelihood of a positive test, 
and the likelihood ratio of a negative test) related to 

Table A4.1. 2+2 Decision matrix
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the accuracy of diagnostic tests (Table A4.1). These 
ratios can also be written more concisely in prob-
ability notation. When using probability notation, 
the vertical bar ”|” is read as ”given the condition 
that” so the notation P(T+|D+) is read as ”the prob-
ability of having a positive test result given the con-
dition that the patient has the disease.”

In this simplified binary world, sensitivity and 
specificity are regarded as the best measures of test 
performance since, unlike accuracy and the predic-
tive value of the test, these values are not affected 
by the prevalence of disease. Unfortunately, sensi-
tivity and specificity have many other shortcomings 
including the fact that disease states and test out-
comes are not binary and sensitivity or specificity 
can be artificially inflated or deflated depending on 
the threshold which is used to divide positive and 
negative disease states (Royal 1994).

The effects of the choice of the threshold on sen-
sitivity and specificity is illustrated in Fig. A4.1. The 
results of complex imaging tests do not naturally fit 
into the binary world of sensitivity and specificity. 
These results are more realistically viewed as a con-
tinuum that ranges from very normal results to very 
abnormal results. In order to capture the range of 
possible test results, they are typically categorized as 
definitely normal, probably normal, possibly abnor-
mal, probably abnormal, and definitely abnormal, 
rather than simply as positive or negative. When test 

Fig. A4.1. A frequency histogram showing the distribution of 
test results that might be obtained in a diseased (fi lled bar) 
and a non-diseased (open bar) population. The number of sub-
jects having each of the test results is shown above the bars. As 
would be expected, test results from the diseased population 
are more likely to be abnormal. In order to construct an ROC 
curve (see Fig. A4.2), a family of sensitivity and specifi city 
pairs is generated by calculating the sensitivity and specifi city 
for four possible thresholds (Points 1–4). For each threshold, 
all results to the left of the threshold are considered normal 
and all of the results to the right are considered abnormal

Fig. A4.2. The sensitivity/specifi city pairs generated from 
Fig. A4.1 are plotted. Note that any sensitivity or specifi city can 
be achieved by varying the threshold (Points 1–4); however, 
there is a trade-off between sensitivity and specifi city

results are tabulated in this way, a family of sensitiv-
ity and specificity pairs can be generated depending 
on the threshold that is used to distinguish ”positive” 
from ”negative” test results. If a very strict threshold 
is used (Point 1 in Figs. A4.1 and A4.2), the test will 
have a low sensitivity (because the test result needs 
to be ”definitely abnormal” in order to consider it 
a positive result) but a high specificity (since few 
non-diseased patients will have that test result). The 
family of sensitivity and specificity pairs can be plot-
ted on a graph where the y-axis is sensitivity and the 
x-axis is 1-specificity (Fig. A4.2). This graph is called 
a receiver-operating-characteristics (ROC) curve.

More recently, likelihood ratios have gained in 
popularity. Likelihood ratios have several major 
advantages over sensitivity and specificity. Once 
their meaning is understood, this one value provides 
more meaningful information about the meaning 
of a particular test result than does sensitivity or 
specificity. In addition, their use is more appropri-
ate with complex non-binary test outcomes such as 
the results of imaging tests. The general formula for 
the likelihood ratio is:

LRn = P(Tn|D+)
 P(Tn|D–)

where LRn is the likelihood ratio of the nth test result, 
P(Tn|D+) is the probability of getting the nth test 
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result in patients with the disease, and P(Tn|D–) 
is the probability of getting the nth test result in 
patients without the disease.

If the nth test result is more common in patients 
with the disease, the likelihood ratio will be greater 
than 1; if the nth test result is more common in 
patients without the disease, the likelihood ratio 
will be less than 1; if the nth test result occurs with 
the same frequency in patients with and without 
the disease, the likelihood ratio will be close to 1. 
Test results that are useful for ruling in a disease 
typically have likelihood ratios greater than 10; test 
results that are useful for ruling out the disease typi-
cally have likelihood ratios of less than 0.1. The like-
lihood ratio for the test results shown in Fig. A4.1 
are listed in Table A4.2. Note how likelihood ratios 
better capture the meaning of each individual test 
result. When a family of sensitivity and specific-
ity pairs is generated as was done to construct the 
ROC curve, the test results in different categories 
are summed, so important information about the 
meaning of each test result is lost. As is shown below, 
another important advantage of likelihood ratios is 
that they simplify the calculation of the post-test 
probability of disease.

Measures of test performance, such as sensitivity 
and specificity, tell us how often a patient with the 
disease (or without the disease) will have positive (or 
negative) test results [P(T+|D+), P(T-|D-), respec-
tively]. This is not the clinically relevant question. 
The clinician wants to know how often a patient with 
a positive test result will have the disease, P(D+|T+), 
and how often the patient with a negative test result 
will not have the disease, P(D-|T-). In order to deter-
mine the predictive value of a positive or negative 
test, information about the prevalence of disease or 
pre-test probability, P(D+), in the population stud-
ied is needed. If the test result, the performance 
characteristics of the test, and the pre-test prob-
ability are known, the post-test probability can be 
calculated. There are three ways in which to make 
this calculation. These three ways are illustrated in 
the following example: the effects of pre-test prob-
ability on post-test probability for a range of likeli-
hood ratios is shown in Table A4.3. Assume that the 
prevalence of disease is 10% and that the sensitiv-
ity of the test is 87% and the specificity 75%. The 
first way to calculate the post-test probability is to 
use an intuitive method (Table A4.3). Based on the 
prevalence of disease, the sums of the columns in 
a 2+2 matrix can be calculated (Table A4.3, Step 1). 
An arbitrary but large number is used to minimize 
round-off error. If the prevalence of disease is 10%, 

and if the arbitrary large number of studied patients 
is 1000, the sum of the disease-positive results would 
be 100 and the sum of the disease-negative results 
would be 900. Once the sums of the disease-positive 
and disease-negative columns are known, the values 
of the 2+2 matrix can be calculated. If the sensitivity 
of the test is 87%, 87 of the 100 patients with the dis-
ease will have a positive test result and 13 will have a 
negative test result (Table A4.3, Step 2). If the speci-
ficity is 75%, 730 of the 900 patients without disease 
will have a negative test result and 170 will have a 
positive test result (Step 3). Once the squares of the 
2+2 matrix have been filled in, then the predictive 
value of a positive and negative test result can be cal-
culated. If the test results are positive, 87 of the 210 
patients who had positive test results will actually 
have the disease (Step 4). Likewise, 730 of the 750 
patients with negative test results will not have the 
disease (Step 5).
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A second method (Table A4.4) used to calculate 
the predictive value of a positive test and the predic-
tive value of a negative test is to use Bayes’ theorem. 
Bayes’ theorem uses the same simple formula (true 
positives divided by true positives plus false posi-
tives) as the intuitive method described previously 
but the formula is rewritten using probability nota-
tion. The formula for Bayes’ theorem appears to be 
more complicated than it really is. The advantage of 
Bayes’ theorem is that the post-test probability of 
disease can be determined in one step.

Finally, the simplest way to calculate post-test 
probability is to use odds rather than probabilities 
and to use the likelihood ratios (Table A4.5). The 
mathematical manipulations, which are necessary, 
are considerably simpler than those required for 
Bayes’ theorem. Once familiar with likelihood ratios 
and odds, post-test probabilities can easily be calcu-
lated in one’s head. The first step in this method is 
to convert the pre-test probability to pre-test odds. A 
10% chance of having the disease is the same as one 
chance of having the disease and nine chances of not 
having the disease. Using odds notation this is writ-
ten as 1:9. Using the likelihood ratio, the post-test 
odds of disease can be calculated simply by multi-
plying the chances of having disease by the likeli-
hood ratio (Table A4.5, Step 3). If desired, odds can 
then be converted back to probabilities (Table A4.5, 
Step 4). The effect of pre-test probability on post-test 
probability for a range of likelihood ratios is shown 
in Figure A4.3.

Fig. A4.3. Effects of likelihood ratios and pre-test probability 
on the post-test probability of disease. Each line on this graph 
shows the effects of a test result with a particular likelihood 
ratio on post-test probability for a given pre-test probability
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indicating almost complete glomerular filtration 
without significant tubular reabsorption and extra-
renal clearance. 99mTc-DTPA is commonly used for 
both imaging studies and clearance measurements 
while 125I-iothalamate and 51Cr-EDTA do not pro-
duce adequate photons for imaging and are there-
fore less widely used. Furthermore, although it is 
recognised as the tracer of choice for GFR measure-
ments because its clearance is virtually identical to 
that of inulin, 51Cr-EDTA is not available in the US 
(Blaufox 1991). 99mTc-DTPA is minimally bound to 
plasma proteins resulting in a small error (<5%) in 
the measurement of the GFR (Russell et al. 1986). 
99mTc-DTPA is widely used because it not only allows 
the measurement of absolute renal function but also 
imaging in a variety of renal disorders. Further-
more, it is inexpensive, fairly stable and has a low 
radiation dose.

Tubular tracers include those cleared in urine 
after tubular uptake and 99mTc-DMSA, which is 
retained in the renal cortex and minimally excreted 
in urine, hence providing an ideal way to perform 
parenchymal scanning (Fig. 5.1). Up to 40% of the 
injected dose is retained in tubular cells (proximal 
tubule and loop of Henle), which enables imaging of 
the cortex with fine resolution (Moretti et al. 1984). 
99mTc-DMSA uptake also reflects effective renal 
plasma flow (ERPF) and can be used as a marker of 
tubular dysfunction in rare disorders such as con-
genital tubular acidosis and in more common appli-
cations such as chemotherapy-induced renal toxic-
ity (Anninga et al. 1994).

The other tubular agents are excreted in urine. 
Their prototype is radioiodinated orthoiodohippu-
rate (123I- or 131I-hippuran, OIH), which is cleared 
from plasma by tubular secretion (Nordyke et al. 
1960). Its clearance is 81%–96% of the clearance of 
the reference agent para-aminohippuric acid (PAH) 
and makes it suitable for the estimation of ERPF. 
Labelled with either 123I or 131I, OIH can be used for 
renographic studies. However, 131I is far from opti-
mal with regard to physical properties and hence to 
image quality and radiation burden. 123I has there-
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The use of radioisotopes in studies of the urinary 
system is dedicated to three major goals: quantifica-
tion of renal function, dynamic imaging (i.e. renog-
raphy) and parenchymal scintigraphy. This chapter 
deals with the current status and recent achieve-
ments in these fields with particular emphasis on 
pharmacological interventions.

5.1 
Renal Tracers

Two types of radioactive tracers are used for renal 
studies: tracers cleared from plasma by glomerular 
filtration and those cleared by tubular secretion. 
The first class comprises 99mTc-DTPA, 125I-iothal-
amate and 51Cr-DTPA. Glomerular filtration is a pas-
sive mechanism through which plasma is cleared 
from water and solutes. The glomerular filtration 
(GFR) rate represents 20% of renal plasma flow and 
is ideally reflected by the clearance of (non-radio-
active) inulin. Renal clearance of the listed radio-
active tracers approaches the clearance of inulin 
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fore been introduced: it provides nice renograms 
but is not readily available and more expensive. 
Due to these limitations efforts were directed from 
the early 1980s towards designing a 99mTc-labelled 
tracer that would have a higher extraction fraction 
than 99mTc-DTPA and would overcome the practi-
cal drawbacks of OIH as listed above. This search 
has mainly focused on two families of donor ligand 
systems: the diamine dithiolate (N2S2) and triamide 
mercaptide (N3S) (Eshima et al. 1990). The avail-
ability of one of the latter, 99mTc-mercaptoacetyl-
triglycine (MAG3), in a kit formulation, is one of 
the major achievements of the last decade in renal 
nuclear medicine. It provides high quality imag-
ing with an extraction efficiency two- to threefold 
that of 99mTc-DTPA and has become the most widely 
used agent for renography. The dosimetry is more 

favourable than with hippuran and the tracer is 
readily available (Taylor et al. 1987). Its extrac-
tion by the tubular cells is only 50%–60% that of 
PAH because of a high protein binding (Müller-
Suur et al. 1990; Jafri et al. 1988). Owing to that, 
it is almost a perfect tubular agent since there is 
hardly any glomerular filtration (Müller-Suur 
and Müller-Suur 1989). Some limitations include 
the need to boil for labelling, the presence of several 
potential species depending on the kit formulation 
and some liver activity and hepatobiliary clearance, 
especially with low renal function (Shattuck et al. 
1994).

Further developments were made by Verbrug-
gen et al. (1992) who synthesised L,L-ethylenedi-
cysteine (99mTc-L,L-EC) and labelled it with 99mTc. 
This compound is the more polar metabolite of the 
brain agent 99mTc-L,L-ethylenedicysteine diethyles-
ter (99mTc-ECD). In alkaline conditions, it has the 
advantage over MAG3 to be labelled efficiently and 
with high stability at room temperature. Several 
validation studies were undertaken in animals and 
humans and the physiological properties of 99mTc-
L,L-EC are now well characterised (Table 5.1) (van 
Nerom et al. 1993; Stoffel et al. 1994). Major dif-
ferences with MAG3 are the higher extraction frac-
tion, lower protein binding and lack of hepatobi-
liary clearance. Clearance of L,L-EC totals 70% of 
the clearance of OIH as compared to 51% for MAG3 
(Stoffel et al. 1994). Initial clinical studies indi-
cated that L,L-EC is a valid alternative to MAG3 for 
the coming years (Kabasakal et al. 1995; Gupta et 
al. 1995). Taylor et al. (1997) showed that the clear-
ance of the stereoisomer 99mTc-D,D-EC might be 
even closer to that of OIH.

5.2 
Measurement of Absolute Renal Function

Two major parameters of renal function are cur-
rently used as clinical indicators: renal blood flow 

Table 5.1. Pharmacokinetic properties of OIH, 99mTc-MAG3 and 99mTc-L,L-EC

OIH 99mTc-MAG3
99mTc-L,L-EC

Molecular weight (Da) 303 374 379
Extraction efficiency (%) 66-87 50 53
Glomerular filtered fraction (%) <20 <5 17
Protein binding (%) 53-70 79-90 24
RBC binding (%) 15–29 5 <5
Distribution volume (ml/kg) 190 125 192
Clearance (% of OIH) 100 49-67 70
RBC, red blood cells

Fig. 5.1. 99mTc-DMSA scan in a patient with acute pyelonephri-
tis showing globally homogeneous cortical uptake with little 
background activity and a small defect in the lower pole of the 
right kidney (bottom). The top image was obtained in a patient 
with congenital tubular acidosis and shows almost no cortical 
retention of the tracer
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(RBF) and glomerular filtration. Glomerular fil-
tration is related to RBF and the integrity of the 
glomeruli (expressed as the filtration fraction) 
and in routine applications, the GFR is reflected 
by serum creatinine. However, the relationship 
between endogenous creatinine clearance and GFR 
is affected by several factors, including low renal 
function. Indeed when the renal function decreases, 
there seems to be a compensatory increase in tubu-
lar reabsorption of creatinine. It is thus inaccurate 
and relatively insensitive to detect subtle to moder-
ate changes of renal function (Walser et al. 1988; 
Levey et al. 1988). The reference method for mea-
suring GFR is the clearance of continuously infused 
– steady state – inulin, which is exclusively excreted 
by glomerular filtration without reabsorption at the 
tubular level. However, the technique is time-con-
suming, cumbersome and expensive and therefore, 
no longer in use. Many methods using radioactive 
tracers such as 99mTc-DTPA or 51Cr-EDTA have been 
proposed. The continuous infusion method is prob-
ably the most accurate but again is time-consum-
ing and only used for research purposes (Donker 
et al. 1977). For all agents the most popular way 
for measuring GFR is the single-injection method 
followed by a small number of blood samples, typi-
cally two to four usually obtained between 2 and 4 h 
after injection (Chantler et al. 1969; Bröchner-
Mortensen and Rödbro 1976). In this system, the 
plasma clearance is assumed to be mono-exponen-
tial from 90–120 min onwards following injection 
although compartmental analysis describes plasma 
clearance as bi-exponential (Sapirstein et al. 1955) 
(Fig. 5.2). This simplification makes it possible to 
abandon the Sapirstein equation, which necessitates 
multiple blood samples. As a result of this simpli-
fied equation, there is systematic overestimation by 
neglecting the first exponential which is corrected 
for empirically. GFR can be estimated according to 
the general formula:

GFR = k × Vd × α

where Vd is the volume of distribution, calculated 
from the injected dose and intercept of plasma activ-
ity at t0, α the slope of the exponential function 
and k a correction factor varying according to the 
method used.

More simplified methods, using only one sample 
were proposed especially for paediatric purposes, 
even using capillary blood (Fjeldborg and Bröch-
ner-Mortensen 1986). For example, Ham and 
Piepsz (1991) using a single sample at 120 min, and 

applying a method based on the distribution volume 
were able to derive a formula to calculate 51Cr-EDTA 
clearance in children regardless of age and to deter-
mine reference values (Piepsz et al. 1994). A mul-
titude of other methods for calculating the 99mTc-
DTPA clearance were introduced over the last two 
decades. Following the approach by Gates (1982), 
some of these techniques are based on gamma 
camera imaging and may necessitate the calibration 
of the camera response by external standards, heart 
activity or one blood sampling. Critical analysis of 
all these methods is not the purpose of this chapter. 
Just as an example, Fawdry et al. (1985), compar-
ing five simplified methods including three with 
camera uptake measurements, found that a patient 
with a GFR of 80 ml/min as measured by the single-
injection multiple-sample technique, would have a 
predicted GFR at the 95% confidence interval in the 
range of 30–136 ml/min. In this study the most accu-
rate method gave a predicted GFR of 67–81 ml/min. 
In general the simplified methods have proven rela-
tively inaccurate especially for GFR below 30 ml/min
(Li et al. 1997). Gamma camera based methods, 
however, offer the advantage to be a complement to 
renographic studies and to allow the determination 
of relative – split – renal function. In view of the diffi-
culty to analyse the relative merits and drawbacks of 
the multiple methods published, a consensus report 
was published by the Radionuclides in Nephrourol-
ogy Committee on Renal Clearance (Blaufox et al. 
1996a). They recommend the Groth 4-h methodology 
(single-sample) for patients with GFR >30 ml/min 
and urinary clearances for GFR <30 ml/min; two-
sample methods should be used for investigational 
purposes. Finally, an elegant technique was devised 
by Rabito et al. (1993) for continuous monitoring 
of renal function. Using a Cd-Te detector they made 
up a battery-operated arm probe (Ambulatory Renal 
Monitor, “ARM”) that could be used to identify real-
time changes in renal function. The use of this rela-
tively simple equipment may lead to an improved 
management of patients in whom critical changes 
of the renal function require a rapid measurement, 
such as patients in intensive care unit or following 
major surgery.

Although indirect measurements have been per-
formed (Peters et al. 1990), direct measurement 
of RBF requires complicated methods such as the 
indicator-dilution or inert gas washout techniques 
(Schillig 1964; Ladegofed 1966). Smith et al. 
(1938) introduced the concept of effective renal 
plasma flow (ERPF) which only describes the frac-
tion of the plasma flow that goes to the nephrons (i.e. 
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for urine formation) since about 10% of the RBF is 
used for the renal capsule, perirenal fat and inter-
stitial tissue. ERPF can be measured by the clear-
ance method and the reference method uses PAH, 
the extraction coefficient of which is close to 100% 
(Smith et al. 1945). As for GFR, many methods have 
been devised to substitute PAH clearance. Most used 
radioiodinated OIH and again two-sample or single-
sample simplified techniques were proposed. One of 
the most popular was devised by Tauxe et al. (1982) 
and is based on a single sample obtained at 44 min: 
this method was recommended in the consensus 
report of the Radionuclides in Nephrourology Com-
mittee on Renal Clearance (Blaufox et al. 1996a). 
Methods based on fractional uptake can also be used 
to estimate the relative renal function (Chachati et 
al. 1987). Since the early 1990s, substitution of 99mTc-
MAG3 to OIH has called for methods and algorithms 
for estimating ERPF using MAG3 clearance (Russell 
et al. 1988, 1996; Müller-Suur et al. 1991). Simpli-
fied methods, based either on plasma samples or on 
gamma camera images did not appear entirely satis-
factory in part due to the variable extraction fraction 
of the tracer. Nonetheless, some were implemented in 
clinical settings, especially in paediatrics, using the 
gamma camera (Gordon et al. 1991) or single-sample 
approach (Piepsz et al. 1993). The latter method, 
applied in a multicentric study, made it possible to 
determine reference values in children with minimal 

renal disease (Meyer et al. 1998). A completely dif-
ferent concept was applied by Bubeck (1993). This 
principle is based on a theoretical volume of distri-
bution determined by normalising the plasma con-
centration in one sample with respect to individual 
body dimensions. Importantly, this principle can 
be applied to both adults and children and does not 
require imaging. Rather than ERPF, this methodol-
ogy measures a “tubular extraction rate” (TER) and 
does not take into account the variability between 
OIH and MAG3 clearances. A significant concern 
that has been raised for MAG3 clearance is the rela-
tively high day-to-day variation in measurements 
(Piepsz et al. 1996). Finally, simplified methods were 
proposed to derive ERPF from plasma clearance of 
99mTc-L,L-EC (Stoffel et al. 1996).

5.3 
Renography and Pharmacological 
Intervention

5.3.1 
Standard Renography

The dynamic study of renal function using the 
gamma camera makes it possible to evaluate three 
distinct phases: perfusion, concentration and excre-
tion. This can be achieved with Glomerular (99mTc-
DTPA) or tubular (OIH and 99mTc-MAG3) tracers. 
There are relatively few indications in nephrology 
and baseline scans have been progressively replaced 
by renographic studies augmented by pharmacolog-
ical interventions, especially furosemide-induced 
diuresis in the study of dilated excretion systems, 
angiotensin-converting enzyme inhibitors (ACEI) 
for the diagnosis of renovascular hypertension and 
stress renography in assessing essential hyperten-
sion (Clorius and Schmidlin 1983).

There are two exceptions to this move. First, stan-
dard renography remains a very useful tool in acute 
renal failure (Blaufox 1991). Ultrasonography 
remains indisputable but beyond that, radiological 
studies with contrast media are not advisable since 
they can precipitate azotaemia in these patients, par-
ticularly in diabetic patients. It was shown years ago 
that non-visualisation of one or both kidneys had a 
negative prognostic value, provided acute obstruc-
tion could be ruled out (Sherman and Blaufox 
1980). Other indications in acute renal diseases 
include acute tubular necrosis, renal emboli or renal 
vein thrombosis.

Fig. 5.2. Schematic representation of the open bi-compart-
mental model of Sapirstein. V1 and V2 represent the plasma 
and interstitial fl uid volumes, respectively; D and Cl stand 
for dose and renal clearance. The continuous line shows the 
bi-exponential curve fi tted to the original data (open circles). 
The dotted lines are the two components of this bi-exponential 
curve. In the simplifi ed mono-exponential model, only curve 
β is considered with samples between 2 and 4 h



Renal Imaging 87

The other widely accepted exception is the evalu-
ation of renal transplants. Renal transplantation has 
now more than 30 years experience and has become 
the treatment of choice of end-stage renal failure 
(Eggers 1988). The high success of the technique 
is not only due to improvements in the surgical 
management but also to a better selection of donors 
(including HLA-matched living-related donors and 
living non-related donors). Immunosuppressive 
therapy is the major contributor to the long-term 
success of transplantation (Carpenter 1990). Nev-
ertheless, acute and chronic complications of renal 
grafts still frequently occur and nuclear medicine 
procedures are frequently considered because they 
are non-invasive and do not bear the risk of jeop-
ardising the function as would be the case with 
contrast media. The most common indications for 
renograms are acute tubular necrosis (ATN), acute 
rejection, arterial thrombosis and chronic rejec-
tion. Differential diagnosis of transplant dysfunc-
tion now includes drug-induced nephrotoxicity 
(e.g. cyclosporine) (Myers et al. 1984; Andoh et 
al. 1996). Transplant infarcts can be studied with 
99mTc-DMSA. For renographic studies, 99mTc-MAG3 
is the agent of choice, although the typical back-dif-
fusion pattern observed in ATN with 99mTc-DTPA 
is a major advantage for this tracer. Interpretation 

of the renograms is usually made on visual criteria 
and renographic curves following the three classical 
phases described by Taplin (1971) (Fig. 5.3). Semi-
quantitative indices have been derived such as the 
perfusion index proposed by Hilson et al. (1978). 
Interested readers should refer to an interesting 
review on the topic describing the interpretation cri-
teria in some details (Dubovsky et al. 1999). To sum-
marise, MAG3 (or OIH) renograms are particularly 
useful in kidney transplants to identify: (a) absence 
of perfusion in acute rejection and arterial throm-
bosis (Fig. 5.4), (b) good function and parenchymal 
retention in ATN (Fig. 5.5) and (c) progressive deg-
radation of uptake parameters in chronic rejection 
(Fig. 5.6). It must finally be stressed that there is no 
definition of the normal renal transplant’s function: 
in evaluating chronic rejection, the patient is his/her 
own control and changes are more important than 
any parameter taken individually (Hilson 1991).

5.3.2 
ACE Inhibition and Renovascular Hypertension

Renovascular hypertension (RVH) due to renal 
artery stenosis (RAS) accounts for approximately 
1% of all cases of hypertension. However, since it 

Fig. 5.3. Normal transplant study with 
99mTc-MAG3. The fi rst-pass study (left 
lower panel) shows excellent perfu-
sion and the renographic study (upper 
panel) good tracer uptake with short 
parenchymal transit time (3-4 min). 
The transplant curve is normal (right 
lower panel)
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Fig. 5.4. Vascular phase study with 
99mTc-MAG3 showing no perfusion at 
all in the left-sided transplant, indicat-
ing acute arterial thrombosis. The trans-
plant appears as a “background defect”

Fig. 5.5. Typical study with 99mTc-MAG3 
in acute tubular necrosis showing good 
perfusion (left lower panel), good tubu-
lar uptake and parenchymal retention 
(upper panel). The renographic curve 
shows good uptake and a plateau from 
10 min post-injection

often offers a case for cure (angioplasty), it must be 
recognised early, as part of primary management 
of hypertensive disease. There is thus a need for a 
screening method that is highly sensitive but also 

specific enough in view of the low prevalence of the 
disease. Given the high prevalence of hypertension 
in a general population, screening must be non-
invasive and inexpensive.
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First of all, clinical clues suggesting RVH must be 
considered. They include abrupt onset of hyperten-
sion at any age, severe or malignant hypertension, 
cases that are difficult to control with medical treat-
ment (three-drug regimen), unexplained impair-
ment of renal function and inconstant physical 
signs such as an abdominal bruit, evidence of vas-
cular occlusive disease and retinopathy (Vidt 1991); 
evidence for a small unilateral kidney is also sug-
gestive. Beyond these suggestive features, most tests 
developed for diagnosing RVH are rather invasive 
(e.g. arteriography or renal vein renin sampling) or 
insufficiently sensitive and/or specific (e.g. periph-
eral renin assay and “captopril test”). RAS is demon-
strated by direct arteriography or less invasively by 
intravenous digital subtraction angiography; these 
tests, however, do not provide functional informa-
tion and do not establish whether hypertension in a 
particular individual is related to RAS: only success-
ful revascularisation followed by cure of hyperten-
sion is the proof.

Another clinical feature of RVH, which was delib-
erately omitted in the above list of clues, is impair-
ment of renal function as a consequence of angio-
tensin-converting enzyme inhibitors and, to a lesser 
extent, poor antihypertensive effect. This clinical 

fact, along with the serendipitous finding by Majd 
et al. (1983) led several groups to develop protocols 
for studying the effect of ACEI (essentially capto-
pril) on nephroscintigraphy in RVH. The effects 
and mechanisms involved can be summarised as 
follows: RAS leads to a decrease in periglomerular 
arterial gradient: transglomerular filtration pres-
sure, hence GFR, is maintained by vasoconstric-
tion of the efferent arteriole, secondary to increased 
intrarenal angiotensin II. When angiotensin II pro-
duction is blocked in the presence of captopril, this 
compensative mechanism is abolished: glomerular 
pressure falls, leading to decreased GFR and urine 
formation. These pathophysiological consequences 
can explain the findings on renography. With a fil-
tered agent such as 99mTc-DTPA, the drop in GFR 
results in moderate to severe reduction of tracer 
uptake by the affected kidney which in extreme 
cases can be complete with only background activity 
and no appearance of tracer in the collecting system. 
99mTc-MAG3 and OIH typically disclose progressive 
accumulation of the tracer in tubular cells with rela-
tively modest or no decrease in uptake: retention of 
the tracer in the renal parenchyma and prolonged 
renal transit time can be explained by decreased 
urine formation following GFR reduction.

Fig. 5.6. 99mTc-MAG3 study in chronic 
rejection showing impaired fl ow phase 
(left lower panel), delayed uptake and 
altered washout of the tracer (upper 
panel). The curve shows delayed con-
centration and impaired excretion
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Since the description of captopril renography, a 
number of different protocols were proposed and 
the time had come for standardisation. This was 
achieved by the Consensus Report on ACE Inhibi-
tor Renography, published after the Ninth Sympo-
sium on Radionuclides in Nephrourology and later 
endorsed as guidelines of the Society of Nuclear 
Medicine (Taylor et al. 1996; Taylor 2002). The 
recommendations are summarised in Table 5.2.

99mTc-MAG3 is preferred in cases of reduced renal 
function (Prigent 1993). ACEI and diuretic treat-
ment should ideally be stopped before scanning. 
Both concurrent therapies are known to slightly 
alter the diagnostic value of the test (Visscher et 
al. 1995; Setaro et al. 1991; Kopecky et al. 1987). 
In addition, ACEI renography with chronic diuretic 
treatment may result in hypotension, especially in 
dehydrated patients (Svetkey et al. 1989; Dondi et 
al. 1989; Elliot et al. 1993). The recently introduced 
angiotensin II antagonists, such as sartans may have 
an effect on the renogram comparable to ACEI and 
should probably be discontinued (Taylor 2002). 
In a retrospective study, Picciotto et al. (2003) 
reported, however, that performing ACEI renogra-
phy in patients under chronic monotherapy with 
sartans with the acute administration of captopril, 
has the same diagnostic performance than capto-
pril renography in off-drugs patients. A last practi-
cal issue is whether scanning with and without ACEI 
should or could be performed on the same day. It 
seems that both 1-day (baseline study followed by 
ACEI study) and 2-day protocols are acceptable. If 
a 1-day protocol is chosen, care must be taken to 
increase the tracer dose for the second study (e.g. 
1 mCi followed by 5–10 mCi). Such a protocol is 
appropriate for patients with a relatively high likeli-
hood of RVH, whereas in our opinion, in patients 
with a relatively low likelihood of the disease, renog-
raphy can be started with ACEI since a normal study 
will avoid the need for a baseline study.

A more important issue is to determine which 
patients do need an ACEI renogram. To be cost-effec-
tive, the test should not be used as a general screen-
ing test in a hypertensive population, but rather 
concentrate on moderate- to high-risk patients 
(Blaufox et al. 1996b). These groups are defined 
by clinical features as listed previously and include 
patients with “typical presentation” of RVH (abrupt 
onset, abdominal bruits, small kidney, malignant 
course and unexplained azotaemia) or patients with 
a milder course who are unresponsive to well con-
ducted antihypertensive treatment or who display 
worsening of renal function when started on ACEI 
therapy. Diabetic patients, in whom contrast media 
injection should ideally be avoided are also candi-
dates to ACEI renography.

Interpretation of the test relies on the comparison 
of renographic images but mainly on the comparison 
of curves, looking for worsening [flattening, delayed 
peak (increased of > 2 min or 40% of baseline 
value), reduced uptake] of the pattern under ACEI 
as compared with the baseline study (Fig. 5.7a,b). 
Typical curves were proposed by Fommei et al. 
(1993). Changes in relative renal function are also 
important to consider. Evaluation of the flow phase 
(first-pass angiography) is not reliable (Schreij et 
al. 1996). Diagnostic criteria have been well defined 
and should be used to classify patients with high, 
intermediate and low probability of RVH (Nally 
et al. 1991). Pitfalls include bilateral RVH, poor 
global renal function, long-term ACEI therapy and 
dehydration (Setaro et al. 1991; Mann et al. 1991; 
Blaufox et al. 1998).

The sensitivity and specificity of ACEI renog-
raphy have been highly variable with data ranging 
between 45% and 100% for sensitivity and between 
62% and 100% for specificity. Large studies, how-
ever, reported performances in the 90% range (Roc-
catello et al. 1992; Elliot et al. 1993; Fommei et 
al. 1993). More pessimistic results were recently 
published on a large series of high-risk hypertensive 
patients with a sensitivity of 68% and a specificity 
of 90% (van Jaarsveld et al. 1997). Nevertheless, 
whatever the sensitivity and specificity, the preva-
lence of the disease should be taken into consider-
ation. If we look critically at the diagnostic perfor-
mances collected by Taylor et al. (1996) in 1720 
patients, the overall sensitivity and specificity were 
88.2% and 92.2%, respectively. With a prevalence of 
RVH among the compiled studies of 30%, this leads 
to a positive predictive value (PPV) of 82.8% (range 
in individual studies: 46%–100%) and a negative 
predictive value (NPV) of 94.8% (range in indi-

Table 5.2. Recommended protocol for ACEI renography. 
[Adapted from Taylor et al. (1996) and Taylor (2002)]

• If possible discontinue ACEI (4 days) and diuretics (3 days)
• 4 h Fasting before captopril; no fasting if enalaprilat iv
• Good oral hydration (500 ml 30–60 min before test)
• Intravenous line if hypotension anticipated 

(high-risk patients, enalaprilat)
• 99mTc-DTPA or -MAG3, or OIH are adequate
• Captopril 25 mg (or 50 mg) orally 60 min before tracer 

injection
or enalaprilat 40 µg/kg slow iv, 15 min before tracer injection
• Usually 30-min renogram

(1- to 3-s images for flow study – optional)
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vidual studies: 81%–99%): these results are quite 
acceptable. However, if we used these diagnostic 
performances as a rationale to apply ACEI renogra-
phy in a general population (prevalence of RVH: 1%) 
and in a more selected hospital-referral population 
(prevalence of RVH: 10%), the corresponding PPVs 
would be as low as 10.3% and 55.7%, respectively, 
with highly confident NPVs of 99.9% and 98.6%, 

respectively. Although these figures were only gen-
erated for illustrative purposes, they indicate that, 
in a non-selected population, the method is likely to 
perform adequately as an exclusion test but would 
be of little value in the positive diagnosis of func-
tionally significant RAS. This further emphasises 
the need for optimal selection of the patients as out-
lined by Blaufox et al. (1996b). It must be kept in 

Fig. 5.7a,b. Evaluation of a patient with 
severe, abrupt-onset, hypertension and a 
single kidney. The baseline 99mTc-MAG3 
study (no captopril; a) shows slightly 
delayed parenchymal transit but is 
otherwise normal. The captopril study 
(25 mg orally; b) discloses severely 
reduced excretion with worsening of 
the renographic curve. Note that tracer 
uptake is not affected by captopril

a

b
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mind that interobserver variability is not small and 
may be an explanation for differences in diagnos-
tic performances of ACEI renography, besides dif-
ferences in patient selection (Krijnen et al. 2002). 
Beside its role in diagnosing RVH, ACEI renography 
has proven accurate in predicting blood pressure 
response to revascularisation (Dondi et al. 1992; 
Geyskes and de Bruyn 1991). Finally, the effect on 
patient management following ACEI renography has 
been rather poorly assessed: Ramsay et al. (1997) 
concluded from a retrospective study in 95 patients 
that changes in individual patient management were 
observed in only 34% of the cases. Outcome studies 
that more clearly define the place of ACEI renogra-
phy in the armamentarium of hypertension work-
up, with particular insight into decision making, 
are therefore needed in order to optimally meet the 
clinicians’ expectations (Huot et al. 2002).

In conclusion, ACEI renography has been used 
successfully over the last 15 years. The methodology 
is more cost-effective than arteriography (Blaufox 
et al. 1996b). Although most authors have provided 
evidence that the test was accurate in selected pop-
ulations, some rather negative studies indicate the 
need for both optimal standardisation of the prac-
tice, including consensus on interpretation criteria 
and improved patient selection for clinical appli-
cations. Combination of ACEI renography with 
duplex Doppler sonography may be an appropriate 
approach before submitting patients to arteriog-
raphy, as suggested by Miralles et al. (1997) and 
Kaplan-Pavlovic and Nadja (1998).

5.3.3 
Diuretic Renography and Obstructive Uropathy

Diuresis-augmented renography was first described 
by Radó et al. (1967). In the subsequent years, the 
method was developed as a simple technique to dif-
ferentiate between obstructive and non-obstructive 
dilated upper urinary tracts (O’Reilly et al. 1978; 
Britton et al. 1979). Upper urinary tract obstruc-
tion may be due to a variety of causes that can be 
categorised as intraluminal (e.g. calculi), intra-
mural (e.g. stricture and idiopathic hydronephro-
sis) and extrinsic (e.g. retroperitoneal fibrosis); in 
addition, dilation may be due to lower urinary tract 
abnormalities such as posterior urethral valves or 
primary megaureter. Dilation of the renal pelvis 
is usually detected by ultrasonography and can be 
confirmed by intravenous pyelography. These tech-
niques give very little functional information and 

may not be able to identify obstruction, which is 
characterised by an increased pressure. In acute 
obstruction, pelvic pressures, which normally 
range between 4 and 10 cm H2O may increase up 
to 60 cm H2O (Brown 1994). This in turn raises 
tubular pressure which is followed by a decrease 
in renal blood flow and reduction in GFR. There is 
some adaptive elasticity of the pelvis which in some 
cases reduces the pressure and hence the insult to 
the tubuli. This protective mechanism is however 
not the rule and at this stage intervention should 
be questioned. The decision depends on the balance 
between resistance and compliance to flow, urine 
output and GFR. The first two parameters can be 
assessed using urodynamic studies as described by 
Whitaker (1973), but these methods are invasive 
and not widely performed. This is particularly true 
in children and neonates: in the latter group, idio-
pathic hydronephrosis is recognised five times more 
frequently than in the past due to the development 
of foetal ultrasonography (Brown et al. 1987). Since 
the phenomenon may be transient, all neonates need 
not be operated provided a simple test can assess the 
degree of obstruction and split renal function.

Many protocols to perform diuretic renography 
are found in the literature and are reviewed on a reg-
ular basis (O’Reilly 2003). The standard conditions 
are summarised in Table 5.3. In general, the choice 
of the radiopharmaceutical is not of critical impor-
tance and will generally be made between 99mTc-
DTPA, 123I-OIH and 99mTc-MAG3. Currently, 99mTc-
MAG3 is preferred and probably the most widely 
used. Due to its high extraction fraction, it gives 
high quality images of both the cortex and collect-
ing system resulting in sharp curves that are easier 
to interpret than with 99mTc-DTPA. MAG3 and to a 
lesser extent OIH are advisable in case of decreased 
renal function, either in adults or, more generally in 
neonates.

Three items deserve further comments. First, the 
degree of hydration should be optimal: this can be 
achieved by oral hydration in most patients (500 ml 
water or juice). In young children and when seda-
tion is felt necessary, hydration through an iv line 
is more adequate. Typical flow rates are in the range 
of 15 ml/kg isotonic saline during the first 30 min, 
starting 15 min before tracer injection, followed by 
200 ml/kg/24 h over the next few hours. The use of 
hypotonic fluids was proposed by Howman-Giles 
et al. (1987) as a way to increase the effect of furo-
semide and to overcome the importance of hydra-
tion in avoiding false positive tests: this technique is 
known as the volume expansion diuretic renal scan. 
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Secondly, the time of administration of furosemide 
varies between groups. It is usually given at the dose 
of 40 mg in adults 0.5 mg/kg in children and 1 mg/kg 
in infants (Conway 1992). Most publications indi-
cate a time of administration between 20 (known 
as F+20) and 30 min following tracer injection 
(O’Reilly 1992). However, since this may lead to a 
substantial number of equivocal responses, an alter-
native was proposed in which furosemide is injected 
15 min (F-15) before injection of the radiopharma-
ceutical (English et al. 1987). The rationale for that 
has been well outlined by Brown et al. (1992). They 
showed that after injection of 40 mg furosemide, the 
increase in urinary flow rates was perceptible after 
2 min but maximal at 15 min post-injection. Thus, if 
maximal diuresis is required throughout the scan, 
injection of furosemide should take place before 
administration of the radiopharmaceutical. This 
method reduces the rate of equivocal results from 
15%–17% to 3% (O’Reilly 1992; Upsdell et al. 
1988). Nevertheless, the standard F+20 seems appro-
priate in most cases and should be complemented 
in selected cases by a F-15 study (O’Reilly et al. 
1996). Injection of furosemide at the time of tracer 
injection (F0) has also shown a valid alternative to 
discriminate normal collecting systems from those 
with impairment of output efficiency (Wong et al. 
1999; Donoso et al. 2003). This method is particu-
larly adapted to children by reducing the acquisition 
time. It is also noteworthy that using sophisticated 
quantitative indexes, furosemide injection could be 
avoided in up to 21% of children (Kuyvenhoven 
et al. 2003). Third, the role of the bladder in kidney 
washout should be considered. In all cases, the blad-
der should be emptied before initiation of the study 
and a procedure should never be terminated (unless 
normal) without assessing a potential bladder effect. 
This has been well studied by Jones et al. (1990) who 
noted increased pelvic pressure during bladder fill-
ing resulting in a reduced drainage of the pelvicali-
ceal system, which can cause false positive results. 
In children, bladder catheterisation is advised 
(Conway 1992) although it is unclear whether only 
children with a high pre-test probability should 
have a continuous bladder drainage (O’Reilly et al. 
1996). This is particularly true in the case of associ-
ated lower urinary tract dilation. An alternative is to 
perform the test without catheterisation and to per-
form a post-micturition scan, a procedure that may 
convert an obstructive to a non-obstructive pattern 
(Gordon et al. 1988).

Interpretation of a diuretic scan relies both on 
visual examination of the dynamic scan and on 

inspection of time-activity curves derived for each 
kidney using the regions of interest (ROIs) method 
(Fig. 5.8). Typical curves were described by O’Reilly 
(1992). Type I curve corresponds to a normal drain-
age before diuresis: this pattern is most unlikely to 
be associated with obstruction following diuresis 
and should be considered as a normal study. Type II 
curves represent obstruction with a continuous rise 
or plateau following diuresis. Although this type 
of curve is usually related to definite obstruction, 
unrecognised dehydration, massive dilation and 
bladder effect must be excluded. Poor renal function 
may also be associated with such a pattern and it is 
well accepted that a single-kidney GFR below 16 ml/
min would induce an inadequate diuretic response. 
In such cases, the test should be considered incon-
clusive (O’Reilly et al. 1996). Type IIIa response is 
characterised by a sharp response to diuretic injec-
tion. In this case, dilation represents stasis and not 
obstruction (Fig. 5.9). Type IIIb is called the equivo-
cal response: in this case, there is some response to 
furosemide although it is not as marked as in type 
IIIa. In cases with low renal function, it is unlikely 
that F-15 will improve the accuracy of the test. When 
the renal function is good and hydration has been 
well controlled, F-15 is useful to confirm the pres-
ence of subtotal obstruction. Some authors have pro-
posed evaluating the washout phase using quantita-
tive indices such as T1/2 (Kass and Fink-Bennett 
1990; Conway 1992). There is some consensus that a 
T1/2 >20 min represents obstruction and that with a 
T1/2 <15 min there is no obstruction. Between 15 and 
20 min, the test is considered inconclusive. Alterna-
tively, Kletter and Nurnberger (1989) have pro-
posed the Emax or maximal elimination rate. Neither 
this approach nor the half-time method have proven 
entirely satisfactory in terms of reproducibility, 
operator-independence and definition of normal and 

Table 5.3. Recommended protocol for diuresis renography

• Good hydration (usually oral; in some cases iv fluids)
• Complete bladder emptying before starting 

(indwelling catheter in children)
• 99mTc-MAG3 (or OIH) preferred 

(99mTc-DTPA adequate if good renal function)
• Patient usually in supine position 

(erect position may be useful in selected cases)
• Furosemide (40 mg in adults; 0.5–1.0 mg/kg in children) 

iv injection 20 min after tracer (F+20) in selected cases 
furosemide injected 15 min before tracer (F-15) or at the 
time of tracer injection (F0)

• Bladder  voiding after standard scan 
(per- or post-micturition views)

• Abundant fluids after procedure are advised
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Fig. 5.8. Diuretic renogram with 99mTc-
MAG3 in an infant with suspected right 
pelviureteric junction obstruction. 
There is progressive accumulation in the 
collecting system which is unaffected 
by furosemide (F) injection (box). The 
type II curve (1) confi rms obstruction. 
The left kidney curve (2) shows discrete 
stasis with good response to furosemide 
and is considered normal

Fig. 5.9. Diuretic renogram with 99mTc-
DTPA in a child with left pelviureteric 
junction obstruction, before (top) and 
after (bottom) percutaneous pyelo-
plasty. Note the conversion from a type 
IIIb (almost type II) curve before inter-
vention to a type IIIa curve thereafter, 
indicating residual hypotonia of the 
pelvis. F, furosemide injection

abnormal ranges and hence they have relatively little 
clinical impact as stated by the Consensus Commit-
tee on Diuresis Renography (O’Reilly et al. 1996). 
A fourth pattern was subsequently described and is 
referred to as delayed decompensation or Homsy’s 

sign (Homsy et al. 1988). In this case, diuretic injec-
tion is followed by a transient response, which seems 
decompensated at higher urinary flow rates, that is 
within 15 min of furosemide administration. It is 
most likely to represent obstruction – intermittent 
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hydronephrosis – which can be confirmed by a F-15 
study (O’Reilly 1992).

In addition to the excretion pattern, it is important 
to properly assess the function of the dilated kidney, 
especially for prenatally detected hydronephrosis. 
A substantial proportion of babies suspected of pel-
viureteric junction obstruction improve spontane-
ously without treatment (Homsy et al. 1986); Piepsz 
et al. (1989) therefore proposed selecting those chil-
dren with an altered single-kidney GFR for imme-
diate surgery and to sequentially follow the others 
by a repeat study at 6 months. This attitude is more 
conservative and takes into consideration the matu-
ration potential of renal function.

Finally, relatively little has been published about 
obstruction of the lower urinary tract. It is however 
of importance to assess the effect of chronic reten-
tion on dilation of the upper urinary tract (George 
et al. 1983, 1984). The effect of dilated ureters on 
pelvic washout was also studied and typical ureteral 
curves, obtained with continuous bladder drainage 
were proposed for interpretation of ureter dynamics 
(Jamar et al. 1992) (Fig. 5.10). Diuretic renography 
has also been proposed as a substitute to intrave-
nous pyelogram in the follow-up of posterior ure-
thral valves (Gordon et al. 1987).

To conclude, the methodology and interpretation 
of diuresis renography are now well established. 
Interestingly, although it has gained wide accep-
tance, the validity of the technique to diagnose 

obstruction cannot be directly assessed by com-
parison with a gold standard method. Several out-
come studies, in adults and infants showed that the 
function of kidneys with an obstructive pattern was 
improved after surgery whereas it remained stable 
in non-obstructed entities without any intervention 
(O’Reilly 1989; Upsdell et al. 1992; Piepsz et al. 
1989; King et al. 1984). Nonetheless, it is a fact that 
diuretic renography has almost completely replaced 
the invasive and sophisticated urodynamic stud-
ies and has significantly narrowed the spectrum of 
indications for intravenous pyelogram.

5.4 
Renal Cortical Imaging

Renal cortical scintigraphy was initially used as a 
morphological tool. The development of ultraso-
nography and CT scanner along with refinements 
of intravenous pyelography provided clinicians 
with excellent anatomical information so that 
renal scintigraphy, especially with 99mTc-DMSA, 
has evolved to a more functional assessment of the 
renal parenchyma. Although 99mTc-DMSA scanning 
can occasionally be useful in assessing congenital 
abnormalities (e.g. evaluation of horseshoe kidney) 
or space-occupying lesions, the major indications 
now include the diagnosis of urinary tract infection 

Fig. 5.10. 99mTc-MAG3 study in a child 
with primary megaureter, performed 
with continuous bladder drainage. 
There is progressive accumulation of the 
tracer in both ureters after furosemide 
injection (F) and delayed renal washout 
(curves, right upper panel). The ureteric 
curves (left upper panel) are obstruc-
tive: type IIa (curve 2) and IIc (curve 1) 
according to Jamar et al. (1992)
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(UTI), renal scarring especially in vesicoureteric 
reflux (VUR), as an alternative to nephrographic 
agents, and measurement of split renal function 
(Piepsz et al. 1999).

The diagnosis of upper UTI is usually easy in 
adults, based on clinical signs, elevated erythrocyte 
sedimentation rate and C-reactive protein, urine 
analysis and culture. It remains, however, a chal-
lenge in children sometimes due to the paucity of the 
clinical picture. Furthermore, when present, symp-
toms are rather non-specific and fever may be the 
only sign. Prompt diagnosis is necessary because 
of the potentially significant long-term sequelae. 
Adequate management of UTI can prevent scarring 
which can lead to hypertension, loss of functional 
cortex and, in extreme cases, chronic renal failure 
(Smellie et al. 1985). A large prospective study 
showed that a normal DMSA scan in acute UTI was 
predictive of a normal follow-up course whereas an 
abnormal scan was related to VUR in one third of 
the cases and suggestive of a less indolent course 
(Camacho et al. 2004). Although the clinical pre-
sentation of UTI and VUR may be different, it is 
impossible not to establish links between UTI, VUR 
and scarring. In children, scarring is almost always 
associated with VUR and was found in 12% of chil-
dren with UTI and 25% of those with recurrent epi-
sodes (Smellie et al. 1981).

The role of 99mTc-DMSA scintigraphy has been 
well established in identifying potentially revers-
ible defects in acute pyelonephritis and perma-
nent functional damage in scarring (Bingham and 
Maisey 1978; Merrick et al. 1980; Gordon 1987; 
Jakobsson et al. 1992). It must however not be con-
sidered a necessary method for establishing the 
diagnosis of acute pyelonephritis which is usually 
based on clinical and biological data. Although it 
has been a common procedure for almost 20 years, 
interpretation of 99mTc-DMSA scintigraphy is far 
from easy. Gacinovic et al. (1996) reported a lack 
of inter-observer consistency though this was not 
confirmed by two subsequent studies using more 
definite evaluation criteria (Patel et al. 1993; de 
Sadeleer et al. 1998). The key question is to define 
whether a DMSA scan is normal or abnormal. In 
a study by Clarke et al. (1996), images were con-
sidered equivocal in 68/496 children. Of interest is 
the fact that the sensitivity – or more precisely the 
prevalence of abnormalities – of 99mTc-DMSA scan-
ning is relatively low in UTI. This is not due to an 
intrinsic weakness of the method but to the fact that 
abnormalities can only be detected when signifi-
cant damage to the renal cortex has occurred. This 

was nicely shown in animal experimental studies in 
which correlation with histopathology was obtained 
(Majd and Rushton 1992; Parkhouse et al. 1989). 
Thus, the role of DMSA scintigraphy is not only to 
help in the diagnosis of UTI but mainly to assess the 
functional consequences of UTI on the integrity of 
the parenchyma.

Normal images demonstrate fairly uniform dis-
tribution in the cortex with centrally located rela-
tively photopenic defects, corresponding to the cali-
ces and papillary pyramids (Eggli and Tulchinsky 
1993). Activity is not visible in the collecting system 
except in obstruction (Piepsz et al. 1986). In acute 
pyelonephritis, three patterns are observed: a focal 
defect without loss of organ contour, multiple focal 
defects and diffuse involvement of an entire kidney, 
characterised by reduced uptake and often enlarge-
ment due to oedema (Figs. 5.11 and 5.12). In chronic 
pyelonephritis and scarring, focal retraction(s) of 
the cortex with loss of organ contour are the most 
common abnormalities whereas atrophy of either 
one or both kidneys is found in 10%–20% of cases 
(Clarke et al. 1996). Better delineation of the lesions 
can be obtained using pinhole scintigraphy; some 
authors have proposed the use of high-resolution 
SPECT (Joseph et al. 1990; Tarkington et al. 1990; 
Yen et al. 1996). Despite experimental evidence that 
SPECT is more accurate than planar imaging in 
the diagnosis of acute pyelonephritis (Giblin et al. 
1993), its benefit in patients looks rather marginal 
and it seems mainly useful in assessing scarring 
(Williams 1992). Furthermore, a study in normal 

Fig. 5.11. 99mTc-DMSA scan in acute pyelonephritis in a child 
showing normal distribution in the left kidney and severe cor-
tical defects without loss of renal contour on the right side
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Fig. 5.12. 99mTc-DMSA study in acute pyelonephritis (top) with 
almost complete resolution of the cortical defects following 
treatment (lower panel)

volunteers demonstrated abnormalities on SPECT 
images with entirely normal planar images (de 
Sadeleer et al. 1996): systematic use of SPECT car-
ries the risk of over-diagnosing either acute cortical 
defects or scars.

In clinical practice, in children younger than 
5 years, 99mTc-DMSA scanning should be performed 
following UTI, regardless of the result of ultra-
sound, to exclude scarring. The decision to proceed 
to direct or indirect isotopic cystogram or to mic-
turating – X-ray – cystogram will depend on the age 
and gender (Gordon 1990). Finally, it must be stated 
that an abnormal scan at the time of acute infection 
is not predictive of scarring and some defects may 
take time to resolve. Therefore, repeat scanning is 
required in the follow-up (2 to 6 months after infec-
tion) to identify scarring. DMSA scan is a better 
predictor of VUR if performed within 2 months of 
infection (Jakobsson 1997).
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dynamic tissue, a metabolically active structure where 
osteogenesis and resorption occur continuously, and 
which processes can be followed with radioactive 
tracers. Metabolic rates are affected by disease pro-
cesses and can be greatly enhanced as in M. Paget or 
decreased as in involutional osteoporosis. 

Bone scanning has been around for some time. 
In 1962 Blau and collaborators introduced 18F-
fluoride as a bone imaging agent. The annihilation 
radiation of this positron emitter is relatively high 
and suited for rectilinear scanners. Van Dyke et al. 
(1965) reported in 1965 the use of 18F with a gamma 
camera. Since the advent of PET, this radio-phar-
maceutical has been revived and allows for true 
regional quantification of bone blood flow and fluo-
ride influx rate (Schiepers et al. 1990).

A historic breakthrough was the development 
of 99mTc labeled polyphosphate complexes by Sub-
ramanian and McAfee in 1971. This made bone 
scanning possible on routine gamma cameras and 
thus for daily application in the clinic. Gamma cam-
eras have been optimized for 99mTc, and a high dose 
activity can be administered. These developments 
have led to the present important place of bone scin-
tigraphy in clinical practice. 

6.2 
Radiopharmaceuticals

6.2.1 
Fluoride

Radioactive fluoride, 18F– labeled sodium fluoride 
(NaF), is again being used in clinical practice after 
PET systems became available. The skeletal uptake is 
quite high, approximately 70%, and 25% is excreted 
in the urine by 6 h. The half-life of 109.8 min of 18F 
is relatively short but permits transportation from a 
central radiopharmacy to the nuclear medicine clinic. 
Imaging times are reasonable, and a fluoride scan can 
be completed within 2 h after NaF administration. 
Thus, 18F-fluoride forms an excellent tracer to study 
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6.1 
Introduction

Bone scintigraphy is one of the common procedures 
in routine nuclear medicine. The study is relatively 
simple, no patient preparation is required, and the 
imaging procedure is well standardized throughout 
diagnostic imaging departments. Modern equip-
ment has greatly enhanced the ease of operation 
and permits imaging in planar, tomographic and 
whole body mode. 

Bone scintigraphy is an extremely sensitive pro-
cedure for evaluating a variety of skeletal disorders, 
and can also be applied for certain soft tissue abnor-
malities such as calcifications, hematoma, and con-
tusion. The main indications for referral are screen-
ing of patients with malignancy, trauma, orthopedic 
problems, sports injuries, endocrine and rheumato-
logic disorders.

Bone is a specialized form of connective tissue, 
with hardness as its characterizing feature. Bone is a 
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the fluoride kinetics in the skeleton, and provides a 
method for absolute quantification of regional blood 
flow. The small solutes leave the capillaries in bone 
by passive free diffusion, and traverse through the 
fluid spaces to reach the osseous tissues. The uptake 
mechanism of fluoride is adsorption in the water shell 
around newly formed bone crystals, a process of min-
utes to hours. The exchange with hydroxyl ions of the 
hydroxy-apatite in the bone matrix, i.e. the actual 
incorporation, takes days and, therefore, cannot be 
measured accurately with this tracer.

6.2.2 
Technetium Complexes

Presently, labeled diphosphonates are the radiophar-
maceuticals of choice for skeletal scintigraphy. In 
order to obtain stable chelated complexes, reducing 
agents (SnCl2) are needed, which keep technetium in 
a low valence state so that binding occurs. Generally, 
the clearance from the vascular compartment is fast, 
with half times of 2–4 min. Peak uptake varies for the 
different agents, but is usually around 1 h. The bone 
to background ratio also varies due to the different 
clearance and uptake rates of other tissues and, there-
fore, the maximum ratio occurs much later at 4–6 h. 
Patient convenience is also an important factor. The 
combination of contrast, peak uptake, radionuclide 
decay and practical issues, results in optimal imaging 
2–4 h after tracer administration. At this time about 
one third of the administered dose is bound to bone, 
one third is excreted in the urine and the remainder 
is associated with other tissues, about 10% of which 
is bound to blood proteins.

Adverse reactions to the injection of the radio-
pharmaceutical are virtually non-existent. The 
reported incidents are usually related to other agents 
in the kits that are necessary for stabilization, e.g. 
pH buffers, reducing agents to keep technetium in a 
low valence state, and/or metabolites. 

6.3 
Methods

The image acquisition is based on scintillation 
detection (see Chap. 16). Several geometric con-
figurations have been designed for nuclear imag-
ing equipment. The standard gamma camera has 
one head, which can be tilted, angled and moved 
to image patients in the supine, sitting or stand-

ing position. In addition, whole body scanning 
and tomographic imaging is possible. Due to the 
significantly lower photon flux in nuclear imaging 
compared to conventional radiography, acquisition 
duration is prolonged. Presently, gantries with two 
or three heads are available to shorten the acquisi-
tion duration. Varying angles between the camera 
heads are possible to execute specific protocols and 
accelerate the acquisition. Systems with detectors 
over the full 360° are the standard in PET, but not 
in conventional single photon imaging. A feature of 
all tomographic systems in nuclear medicine is the 
simultaneous acquisition of multiple image planes. 

6.3.1 
Positron Imaging

The annihilation radiation of 18F is readily detected 
with a positron camera. PET systems are optimized 
for 511 keV and allow correction for attenuation 
effects. For a more detailed description of this meth-
odology the reader is referred to Chaps. 16 and 17. PET 
is a tomographic technique, which is truly quantita-
tive, i.e. physiologic parameters as bone blood flow 
and tracer uptake rate can be determined. A detailed 
description of the various blood flow determination 
methods with 18F- can be found in the literature: 
quantitative with a gamma camera (Charkes 1980), 
based on whole body clearance (Wootton et al. 1976, 
1981), and with PET (Hawkins et al. 1992). 

In general, a transmission scan is necessary to cor-
rect for attenuation effects, and a dynamic emission 
scan of 1 h to measure fluoride uptake as a function 
of time. The initial framing or sampling rate needs 
to be high, in the order of 5–15 s/frame, to measure 
bone blood flow accurately. Arterial blood sam-
pling is recommended to measure the clearance of 
fluoride from the vascular compartment. However, 
a large vascular structure in the field of view, e.g. 
heart, aorta, or major vessel, offers the possibility to 
measure the vascular clearance with the PET scan-
ner and sophisticated processing techniques such as 
factor analysis (Schiepers et al. 1997b, 1998b).

6.3.2 
Single Photon Imaging

The photopeak of 140 keV of 99mTc is ideal for the 
sodium iodide detector of a gamma camera, and 
allows for administration of high doses, e.g. 700–
900 MBq of 99mTc. There is no special patient prepa-
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ration for a bone scan. After the tracer administra-
tion, the patient is advised to drink plenty of fluids 
and to void frequently. Thus, excretion of tracer 
is enhanced and the radiation dose to the bladder 
minimized. Before scanning, the patient is asked 
to empty the bladder. Self-evidently, the patients 
need to be instructed about possible contamination 
because of tracer in the urine. Various protocols 
are available and imaging can be accomplished in 
several modes: static, dynamic or whole body. In 
addition, tomography can be performed with a dedi-
cated system.

The movement of tracer immediately after the 
injection can be followed with flow imaging, or 
radionuclide angiography. Hereafter the tracer 
disperses in the extra-cellular space, the so-called 
second phase or blood pool phase. After an inter-
val of 2–3 h the delayed phase of bone scintigraphy 
is performed. Therefore, this protocol has been 
named ‘three-phase bone imaging’. For the flow 
phase, images of 2–4 s duration are acquired for 
a total time of 60–90 s. According to Fogelman 
et al. (1993; Ryan and Fogelman 1995) the blood 
pool phase needs to be completed within 10 min in 
order to limit the contribution of bony uptake. The 
delayed images are usually recorded with high reso-
lution, i.e. pixel size of 3–4 mm. 

In the static mode, images are acquired during a 
‘steady state’ of the tracer distribution throughout 
the body. The standard available options of zooming 
and acquisition of spot views under specific angles, 
e.g. anterior or posterior oblique, can be attempted 
if a certain area needs to be inspected in detail. The 
bladder remains a problem, since urine is being pro-
duced continuously during scanning. Most institu-
tions will mount low energy, high-resolution col-
limators, and preferably ultra-high resolution for 
tomography, since physicians like high-resolution 
images. Currently, cameras have a wide field of view, 
allowing for whole body scans and spot views that 
comprise the entire width of the body. This has the 
advantage that uptake between body parts can be 
compared directly, in addition to the standard left/
right comparison. 

Previously, pinhole images were recommended 
in case high magnification was needed, e.g. evalu-
ation of the caput femoris in osteo-necrosis. With 
the currently available equipment, this is no longer 
necessary. Camera sensitivity and resolution have 
been improved and a zoomed image (1.5–4 times) of 
the area of interest, with a corresponding increase 
in acquisition time, will suffice. It is important to 
note that the information density is the relevant 

parameter here. In other words, if the zoom is 2, 
the imaged area of the object is only a quarter of the 
original matrix (both x and y dimensions are cut 
half). Therefore, the acquisition duration needs to 
be increased by a factor 4 in order to maintain the 
information density, i.e. acquire the same number 
of counts per pixel. 

Whole body imaging is the routine in most nuclear 
medicine clinics. The patient is scanned in posterior 
and anterior views. This can be accomplished by 
passing the patient through the camera gantry or by 
moving the detector over the patient on a station-
ary bed. Special dual headed camera systems have 
been developed to image both sides in a single pass. 
This protocol is ideal for screening purposes, e.g. in 
oncology, and additional spot views of suspicious 
areas may be acquired later.

Tomographic sections of a certain body part 
can be reconstructed with SPECT imaging. This is 
only available for the delayed phase, since emission 
tomography assumes an equilibrium distribution of 
the radioactivity in the body. Tomography greatly 
enhances contrast and eliminates superimposed 
activity by providing three-dimensional images, i.e. 
in axial, coronal and sagittal planes. An additional 
requirement is patient immobility compliance. 
Whereas PET traditionally has full 360° acquisition, 
SPECT utilizes a rotating gantry. Currently, single, 
dual and triple headed systems are available. With 
more camera heads the acquisition can be short-
ened, greatly enhancing patient convenience and 
throughput. Best results are obtained with a 360° 
acquisition, 128×128 matrix for high resolution, 3–
6° angular steps and 20–30 s per view. This results in 
a 30–45 min total acquisition time for a single head 
camera, which is tolerable for most patients, but a 
multi-headed system is preferable for a clinically 
acceptable time.

6.3.3 
Radiation Dosimetry

According to ICRP-53 (International Commis-
sion on Radiological Protection 1987), the 
effective dose equivalent (EDE) for a routine whole-
body bone scan with 99mTc-MDP is 0.008 mSv/MBq, 
amounting to 5.9 mSv for a standard dose of 740 MBq 
(20 mCi). The EDE for an 18F-NaF whole body survey 
is more than three times higher with 0.027 mSv/MBq 
or 10.0 mSv for a standard dose of 370 MBq (10 mCi). 
Therefore, 6 mCi (222 MBq) of 18F-NaF deliver the 
same EDE to the adult body as 20 mCi (740 MBq) 
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of 99mTc-MDP. Overall, the radiation dosimetry is 
less favorable for 18F-Fluoride than 99mTc-labeled 
diphosphonates.

The red marrow dose is almost five times higher, 
i.e. 0.04 vs 0.0096 mSv/MBq, and the bone surface 
dose eight times higher, i.e. 0.04 vs 0.0063 mSv/MBq. 
The higher dose to bone and bone marrow is related to 
the higher uptake of fluoride compared to the diphos-
phonates. The only exception is the bladder, where 
the radiation dose from 99mTc is 0.05 mSv/MBq com-
pared to 0.022 mSv/MBq from 18F, related to the longer 
half-life of 99mTc. In addition, the ICRP calculations 
assume an average voiding frequency of every 4 h (1), 
increasing the radiation dose. As mentioned earlier, 
the radiation burden can be decreased significantly by 
drinking ample fluids and voiding frequently, increas-
ing the elimination of tracer from the body. 

6.4 
Image Interpretation

Knowledge of normal uptake in the skeleton is man-
datory. This experience is usually gained through 
training and interpreting sessions with experts. 
Fortunately, skeletal scintigraphy is a routine pro-
cedure, so that each practicing specialist can easily 
get acquainted and become proficient. Normal vari-
ants, however, can be tricky and many an atlas is 
devoted to these. 

The first step is to check for focal or diffuse abnor-
malities, i.e. areas of increased and/or decreased 
uptake, the next step is to compare left vs. right. 
In pediatric patients, the growth plates are active, 
which translates into increased uptake. Additional 
information may be retrieved from the differ-
ent phases, e.g. increased uptake during the flow 
phase, indicating hyperemia. Multi-phase imaging 
is important to differentiate increased uptake in the 
soft tissues from truly increased bone uptake.

A distinctive feature of bone scintigraphy is its 
high sensitivity to detect abnormalities such as frac-
tures, infection, degenerative changes, metabolic 
bone disorders, metastases, but the test is notori-
ously non-specific. Many disease entities present 
with abnormal uptake on the bone scan. However, 
certain patterns may favor one diagnosis over 
another. For instance, a linear array of hot spots in 
the rib cage suggests fractures. Multiple scattered 
areas of focally increased uptake are highly suspi-
cious for metastatic disease. Slight to moderately 
increased uptake in a diffuse pattern in joints sug-

gests degenerative changes, especially when it is also 
seen in neighboring joints. Common pitfalls are: 
patient rotation obscuring the symmetry; genito-
urinary contamination; dental implants or disease, 
radiopharmaceutical problems.

Self-evidently, the clinical context is important 
to focus the possibilities and limit the number of 
differential diagnoses. Image interpretation was 
purposely described first, since it is our policy to 
read the films ‘blind or blank’ to gather all available 
information. Secondly, the clinical history, signs 
and symptoms are added and a final report dictated. 
This sequence prevents omissions and increases the 
likelihood that the majority of differential diagno-
ses is included. 

Last but not least, correlative imaging has to be 
performed (Pomeranz et al. 1994; Ryan and Fogel-
man 1995). It is impossible to provide the referring 
physician with adequate information if the bone 
scan is not interpreted in conjunction with other 
image modalities, i.e. conventional radiography, CT, 
MR or US. Specialized procedures are usually done 
after the bone scan, guided by the detected abnor-
malities. In most cases, correlative interpretation 
of the results of all imaging modalities provides the 
diagnosis. 

6.5 
Selected Clinical Applications

6.5.1 
Positron Imaging with 18F-Fluoride

PET systems became available in most nuclear medi-
cine clinics in the 1990s, making high resolution 
imaging possible. Several studies have compared 
conventional bone scintigraphy to 18F-fluroride PET 
imaging of the skeletal system and have confirmed 
this notion (Hoh 1993 and Blake 2001). In a pro-
spective comparison between planar, SPECT and 
18F-fluoride PET bone scintigraphy in 53 patients 
with newly diagnosed lung cancer 18F-fluoride had 
the highest accuracy for detection of bone metasta-
ses (Schirrmeister 2001). Importantly, the accu-
racy of 18F-fluoride imaging was significantly higher 
than planar bone imaging. Hetzel et al. (2003) stud-
ied 103 patients with lung cancer using planar bone 
scintigraphy, SPECT and 18F-Fluoride PET. PET had 
the lowest number of false negative findings and a 
higher diagnostic accuracy than both conventional 
bone-imaging techniques.
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Using the lesion-to-normal uptake ratio, it was 
not possible to differentiate benign from malignant 
lesions (Hoh et al. 1993). This is not too surprising 
given the non-specific nature of NaF as tracer. 

In breast cancer, PET using FDG (fluoro-deoxy-
glucose) as tumor tracer, was not more sensitive than 
conventional bone scintigraphy to detect skeletal 
metastases (Moon et al. 1998). It has been observed 
that sclerotic lesions, in general, have lower uptake 
(lower standardized uptake value, SUV) than lytic 
lesions. Moreover, PET using FDG detected fewer 
sclerotic lesions than conventional bone scintigraphy 
with MDP (Moon et al. 1998; Cook et al. 1998).

With 18F-NaF and dynamic PET imaging, certain 
physiologic and biochemical bone parameters can be 
measured in-vivo. These quantitative indices are the 
measurement of local bone blood flow and fluoride 
influx rate. 18F-Fluoride kinetics of vertebrae have 
been studied in the healthy human male (Schiepers 
et al. 1990; Hawkins et al. 1992), as well as in meta-
bolic bone disease such as osteoporosis and Paget’s 
disease (Schiepers et al. 1991, 1997a; Ryan and 
Fogelman 1995). Cook et al. (2002) studied verte-
bral bodies involved with Paget’s disease and found 
that fluoride was more tightly bound to the bone 
matrix in this metabolic bone disease compared to 
normal vertebrae. Bone remodeling is closely related 
to bone blood flow as shown by tetracycline label-
ing (Reeve et al. 1988). Thus, metabolic parameters 
of bone may be measured non-invasively with PET. 
Another application is the evaluation of bone graft 
viability (Berding et al. 1995). The potential of 18F-
fluoride PET in clinical practice has been dealt with 
elsewhere (Schiepers 1993). 

An example of an 18F-Fluoride PET scan is given 
in Fig. 6.1. A sagittal image of the torso is shown 
with a set of corresponding transverse slices at the 
levels indicated. Note the exquisite detail and high 
resolution obtained. 

The latest advent is PET-CT, combining two stan-
dard imaging systems into one gantry. Image fusion 
is easily achieved because the patient is imaged with 
both modalities in the same position on the scan-
ner bed, within a short period of time. In clinical 
practice, the CT provides images of diagnostic qual-
ity that greatly enhance the localization of lesions. 
In Fig. 6.2 PET/CT images are displayed of an older 
male with benign facet joint disease. By combining 
anatomical and functional imaging, specificity is 
added to the imaging procedures and the diagnosis 
of benign disease can be made (Fig. 6.2), which saves 
time and greatly benefits the patient. A PET/CT 
study (Even-Sapir et al. 2004) in a population with 

a variety of cancers, demonstrated a sensitivity close 
to 100% and specificity of 88% for skeletal metas-
tasis detection with 18F-fluoride. Compared to PET 
alone, there was a significant difference in sensitiv-
ity but not in specificity (Even-Sapir et al. 2004). In 
Fig. 6.3 an example of a PET-CT scan is shown with 
multiple metastases from prostate cancer.

6.5.2 
Oncology

Skeletal scintigraphy with technetium complexes is 
indicated for screening purposes in various cancers, 
such as prostate and breast. The intent here is to 
detect occurrence and extent of malignant disease, 
presenting as hot or sometimes as cold spots. The 
whole body mode is ideal for surveying the skeleton, 
and is superior to conventional radiography. Since 
the study is not very specific and in some malignan-
cies the number of false positives exceeds that of 
true-positives, a combination of scintigraphy and 
radiography is necessary. For the spine, especially 
vertebrae, MR imaging is recommended to confirm 
presence of absence of bone metastases. A logical 
decision tree of imaging modalities may be devel-

Fig. 6.1. Fluoride PET scan of a 28-year-old male with juvenile 
osteoporosis. Sagittal plane of the torso of a volumetric dataset 
acquired with a 2D PET system 1 h after administration of 300 
MBq of 18F-fl uoride. Corresponding axial slices of the head, 
jaw, neck, thoracic and lumbar spine, and pelvis are given on 
the right. Note the increased uptake in the superior and infe-
rior aspects of thoracic and lumbar vertebrae
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oped as fits the individual laboratory and/or health 
system (Pomeranz et al. 1994). In the last decade, 
referrals for metastasis screening have dropped, 
since the yield of bone scanning in the early stages 
of cancer has been shown to be low. 

In general, bone metastases reveal increased 
uptake (Brown et al. 1993). Since the metastases 
are usually located in the bone marrow, it is not the 
metastasis itself that is seen on the bone scan, but 
the reaction of the bone to the expanding malignant 
bone marrow. In highly aggressive and fast expand-
ing tumors, therefore, the lesions are cold, since 
there is not enough time for the bone to respond and 
the regional bone blood flow may be jeopardized to 
such extent that the tracer cannot be delivered. Cold 
lesions have been reported for leiomyosarcoma, 
ductal breast cancer, and multiple myeloma. The 
feasibility of whole body imaging with 18F-fluoride 
in oncological disorders was reported by Hoh and 
colleagues in 1993 (Hoh et al. 1993). Just as in single 
photon bone imaging, there was considerable over-
lap between uptake in benign and malignant lesions. 
Given the difference in costs, single photon imaging 

with technetium complexes will remain the test of 
choice for screening of bone metastases.

Of considerable clinical interest is the prob-
ability of a solitary lesion on the bone scan to be 
benign. Widely varying frequencies have been 
reported: 15%–35% in the patient without malig-
nancy, between 40%–80% in patients with known 
malignancy (Brown et al. 1993). Lesion distribu-
tion is sometimes important. In breast cancer, dis-
tant metastasis is rare in the absence of lesions in the 
thorax, i.e. ribs, sternum, and thoracic spine (Gold-
farb et al. 1998). 

Primary bone tumors generally show a very high 
uptake. Bone scintigraphy is indicated to evaluate 
the extent of disease and screening for metastases. 
Monitoring of therapy response is no indication 
since the bone scan remains positive for a long time. 
201Tl-chloride or 18F-FDG are better radiopharma-
ceuticals for this purpose. Skeletal scintigraphy is 
useful in diagnosis and screening of osteogenic sar-
coma, Ewing’s sarcoma, and chondrosarcoma. 

An interesting finding is the so-called flare phe-
nomenon, an increasing uptake in lesions and skel-

Fig. 6.2. PET/CT scan using 18F-fl uoride and no contrast in a 67-year-old man with treated prostate cancer and a normal serum 
PSA level. Left panel, coronal cuts; middle panel, sagittal; and right panel, axial images. Top row, CT in bone window; middle 
row, PET; and bottom row, the fused image with CT in gray scale and PET in color. Note the increased uptake in the right C3 
facet joint. The CT shows only degenerative changes, where the hot spot is localized (fused image)
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Fig. 6.3. 18F-Fluoride PET/CT images of an 82-year-old man with hormone refractory prostate cancer. a Coronal (left) and sagit-
tal (right) planes of the CT (top row) and PET (bottom row). b Axial cuts of the chest at two different levels, T8 (left panel) and 
T9 (right panel). Note the difference between CT abnormality and the corresponding PET abnormality. T8 has minor uptake 
whereas T9 uptake involves a much larger part of the vertebral body. These fi ndings suggest a more sclerotic lesion in T8 and 
active disease involvement in T9

a

b
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eton after initiation of chemotherapy, hemi-body 
radiation or high dose radionuclide therapy. In gen-
eral, this is related to the response of affected bone 
to the therapeutic agents and is usually associated 
with a therapeutic effect. 

6.5.3 
Infection and Inflammation

In case of osteomyelitis, a three-phase bone scan is 
performed with increased flow to the affected area 
in the acute stage. The blood pool is also increased 
and the delayed images (third phase) show abnormal 
uptake in the bone, which further increases at 24 h 
imaging (fourth phase). In case the initial increased 
uptake decreases in time and appears not to affect 
the bones, a diagnosis of soft tissue disease such as 
cellulitis may be established. The indication of the 
bone scan is to demonstrate involvement of the bone. 
If the test is negative, osteomyelitis is unlikely, if it is 
positive, further work up is indicated with an infec-
tion survey, i.e., gallium, labeled immunoglobulins 
or WBC (white blood cells), which are dealt with in 
Chap. 7. Alternatively, an MR of the affected area may 
be performed to check for bone marrow edema. 

6.5.4 
Orthopedics

The bone scan is very sensitive in detecting trauma 
and, in general, will be positive 1–2 days after a 
traumatic bone event. Fractures will show increased 
uptake up to 1 year in about two-thirds of cases 
(Collier et al. 1993). Therefore, monitoring of ther-
apy is of less value.

Nuclear medicine in sports injuries is an emerg-
ing field, a trend that can be expected to continue. 
Stress fractures in athletes are not infrequent, and 
routine radiographic evaluation often provides nega-
tive or questionable results, especially in the early 
stages. Stress fractures are most common in the lower 
extremities, with running the reported cause in most 
cases. Ultrasound is a possible adjunct to physical 
examination. Stress fractures occur more frequently 
in female athletes than males. A stress fracture is 
a fatigue fracture, related to repetitive stresses to 
normal bone (Anderson and Greenspan 1996). 
Accurate and timely diagnosis is required to prevent 
possible costly and disabling complications (Reeder 
et al. 1996). Bone scintigraphy is indicated to differ-
entiate stress fractures from shin splints or periosti-

tis. In shin splints there is micro-trauma to the bone, 
which still has a sufficient reparative ability and heal-
ing response, whereas in a stress fracture there is a 
“critical mass” of injured bone leading to mechanical 
failure. Since the therapy is so different for these enti-
ties, i.e., decreasing but continuing exercise at a lower 
level in shin splints and “active-rest” plus immobili-
zation in stress fractures, it is important to make the 
correct diagnosis. In Fig. 6.4 a three-phase bone scan 
of a young female athlete is shown, having both a shin 
splint and stress fracture. 

A frequent referral for a bone scan is the loosen-
ing vs. infection of an orthopedic prosthesis. Bone 
uptake is increased during the first year after pros-
thesis (hip, knee, shoulder or elbow implant). The 
time that the delayed scan is positive is somewhat 
longer for non-cemented than cemented prosthe-
ses, limiting the usefulness of skeletal scintigraphy 
during the first months after surgery (Rahmy et al. 
1994). Increased uptake around the stem and tip 
usually heralds loosening. The differential diagno-
sis with infection has to be made by performing an 
infection survey with 67Ga-citrate or labeled WBC 
and plain films. If the imaging findings are still 
inconclusive, addition of a colloid scan may be indi-
cated to assess the presence and location of normal 
but displaced bone marrow (see Chap. 7). 

SPECT has provided new indications for bone 
scintigraphy. A routine referral is low back pain 
with normal radiographs. In case of negative planar 
scintigraphy, tomography needs to be performed to 
exclude facet syndrome of the spine, occult fracture, 
spondylolysis or spondylolisthesis. Tomographic 
imaging is a real adjunct, because of the increased con-
trast and resolution, and ability to view the skeleton 
in 3-D (Fig. 6.5). In patients with poorly localized or 
persistent bone pain, not satisfactorily explained with 
radiographic imaging, skeletal scintigraphy is help-
ful. In these situations, planar imaging of the whole 
body may reveal unsuspected traumatic pathology, 
and tomographic imaging may disclose small lesions. 
SPECT is very helpful to delineate the lesion, e.g. in 
avascular necrosis, Legg-Calve-Perthes disease.

A role for PET in orthopedic nuclear medicine has 
yet to be identified. Osteonecrosis has been studied 
(Schiepers et al. 1998c). In this preliminary study, 
the healing response of a unilaterally injured femoral 
head could be predicted. Skeletal flow and fluoride 
influx rate in the abnormal and normal hips were 
compared directly, and the relation to final outcome 
evaluated, i.e. surgical replacement or conserva-
tive treatment. A flow ratio of at least 2 between the 
abnormal and normal femoral head was necessary 
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to predict a successful outcome with a conservative 
regimen. A minimum flow of 0.04 ml/min/ml was 
measured in a patient, whose affected femoral head 
healed conservatively. It was concluded that a highly 
technical procedure like PET appeared feasible in 
clinical practice, and permitted prediction of out-
come depending on regional skeletal flow measure-
ments in vivo.

6.5.5 
Vascular Bone Disorders

Reflex sympathetic dystrophy (RSD) is a disorder with 
a widely variable clinical presentation. The patho-
physiology is not completely understood. The syn-

drome is best described as an exaggerated response to 
injury due to an abnormal sympathetic reflex. Early 
and effectively treatment is important, otherwise the 
prognosis is guarded, leading to significant disability 
with lasting socioeconomic consequences.

RSD is a complex entity, which is characterized by 
increased flow in stage I (3–6 months), and the typi-
cal increased peri-articular uptake on the delayed 
scan. In stage II the flow is decreased. The contribu-
tion of scintigraphy in the diagnosis and therapy of 
upper extremity RSD has been reported previously 
(Schiepers 1997; Schiepers et al. 1998a), where the 
utility of dynamic scintigraphy was evaluated. Both 
the three phase bone scan and vascular scan were 
used for diagnosis and staging. Bone scintigraphy 
was highly accurate to diagnose RSD, and vascular 

Fig. 6.4a–c. Three phase bone scan of an 
18-year-old female involved in track and 
fi eld, who complained of right sided leg 
pain. a Flow or fi rst phase in the ante-
rior view, 3 s/image, without abnormal-
ity or asymmetry. b Anterior view of the 
blood pool or second phase. c Delayed or 
third phase: c1, anterior right lower leg 
with focally increased uptake (arrow); 
c2, anterior left leg; c3, medial view of 
the left leg with a stress fracture in the 
posterior tibia (arrow), and shin splints 
in the anterior tibia (arrowhead); c4, 
medial view of the right leg with shin 
splints (arrowhead)

a b

c1 c2 c3 c4
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scintigraphy was best for staging of RSD. Staging by 
bone and vascular scintigraphy was discordant in a 
quarter of patients. Since the RSD stage determines 
the type of therapy, a combination of both studies is 
indicated in the work-up and monitoring of upper 
extremity RSD. 

6.6 
Conclusion

Skeletal scintigraphy, both as positron and single 
photon imaging, is an extremely sensitive test to 
evaluate a large spectrum of abnormalities related to 
the skeleton. The study is notoriously non-specific 
and other imaging modalities, i.e. plain radiogra-
phy, CT, MR, US are usually necessary to reduce 
the number of diagnostic possibilities. The addition 
of sophisticated imaging modalities provides the 
opportunity of correlative imaging, which will yield 
the final diagnosis in the vast majority of patients. 

For the foreseeable future the place of skeletal 
scintigraphy will remain the same. Clinical indica-
tions for quantitative imaging need to be further 
investigated. In single photon imaging, new tracers 
will be developed with faster uptake and/or clear-
ance from the vascular compartment. Thus, the 
delay of hours between tracer administration and 
imaging may be shortened, enhancing patient con-

venience. New equipment may further increase spa-
tial resolution, so that even smaller abnormalities 
can be detected (see Chap. 16). Development of spe-
cialized image reconstruction and processing tech-
niques will produce higher contrast in tomograms 
and improve image quality (see Chap. 17). 

The combination of anatomic and functional imag-
ing, e.g. PET/CT, is the newest addition to our diagnos-
tic armamentarium, providing ease of localization and 
enhanced specificity to lesion characterization. 
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7.1 
Introduction

Scintigraphic visualization of the localization of 
infection and inflammation is a challenging prob-
lem in clinical practice because it may have impor-
tant implications for the management of patients 
with infectious or inflammatory disorders. In order 
to enable clinicians to rapidly administer the most 
appropriate treatment, adequate delineation and 
diagnosis of inflammatory foci is of critical impor-
tance. If the clinical history and physical examina-
tion are indecisive, the clinician can choose from 
several diagnostic modalities to determine the local-
ization, extent and severity of the disease. Sensitive 
radiological investigations like magnetic resonance 
imaging (MRI) and helical computerized tomogra-
phy (CT) are able to locate relatively small focal 
abnormalities. However, these radiological meth-
ods rely on morphological changes, and as a result 
they are less accurate in early stages of infection or 
inflammation and are unable to discriminate active 
processes from anatomical changes due to a cured 
infection or after surgery (scar tissue). 

In contrast, radiopharmaceuticals used for imag-
ing infection and inflammation accumulate in the 
infectious/inflammatory lesion due to the locally 
changed physiological condition, such as enhanced 
blood flow, enhanced vascular permeability, or 
influx of white blood cells. Thus, scintigraphic imag-
ing does not depend on morphological changes, but 
is based on physiochemical processes in tissues. 
Therefore, scintigraphic techniques can visualize 
infectious foci in their early phases, when morpho-
logical changes are not yet apparent. In addition, 
scintigraphic imaging is an excellent noninvasive 
method of whole-body scanning that can determine 
the extent of the infectious or inflammatory disease 
throughout the body. 

This chapter will focus on well-established and 
widely available radiopharmaceuticals and on the 
potential of positron emission tomography (PET) 
using 18F-fluorodeoxyglucose (FDG) in the diagnosis 
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of infectious and inflammatory processes. Before 
discussing the various scintigraphic methods, the 
pathophysiology of inflammation and infection is 
briefly described.

7.1.1 
The Pathophysiology of Inflammation and 
Infection

Inflammation is defined as the response of tissues 
to any kind of injury in order to bring serum mol-
ecules and cells of the immune system to the site 
of damage. Such injury can be caused by trauma, 
ischemia, a neoplasm or an infection. Infection 
simply means “contamination with micro-organ-
isms” (Roitt 1997). Infection is not always accom-
panied by inflammation, for example in the case 
of a severely immunocompromised patient. In gen-
eral, the inflammatory response is characterized by 
locally increased blood supply, increased vascular 
permeability in the affected area, enhanced transu-
dation of plasma proteins and enhanced influx of 
white blood cells. In response to tissue damage, pow-
erful defense mechanisms are activated, consisting 
of white blood cells and plasma proteins (opsonins, 
antibodies, complement). Furthermore, a complex 
variety of chemical mediators are involved. These 
are molecules that are generated during the inflam-
matory response and that modulate the inflamma-
tory process. The migration of white blood cells from 
the blood stream is facilitated by chemical media-
tors which upregulate the expression of adhesion 
molecules on both endothelial cells and white blood 
cells. First, the white blood cells adhere to the vas-
cular endothelium due to locally enhanced expres-
sion of these adhesion molecules. Subsequently, they 
pass through the endothelium and the basal mem-
brane (diapedesis) and migrate into the inflamma-
tory focus (chemotaxis). This process starts within 
minutes of the injury and usually resolves within 
hours or days (Roitt 1997). It causes the classical 
symptoms of acute inflammation: rubor (redness), 
calor (warmth), tumor (swelling), dolor (pain) and 
functio laesa (impaired function).

White blood cells are differentiated into vari-
ous subclasses. Granulocytes are white blood cells 
with conspicuous cytoplasmic granules and are 
subdivided according to the staining properties of 
the granules into polymorphonuclear neutrophils 
(PMNs), eosinophils and basophils. Lymphocytes, 
monocytes and macrophages are other members of 
the family of white blood cells. In acute infection 

or inflammation, infiltrating cells are predomi-
nantly polymorphonuclear neutrophils. In chronic 
infection or inflammation, persisting for weeks or 
months, the cellular infiltrate mainly consists of 
mononuclear cells, such as lymphocytes, mono-
cytes, and macrophages.

7.2 
Currently Available Radiopharmaceuticals 
for Infection/Inflammation Imaging

To date there are at least four agents that are most 
commonly used for imaging infection or inflamma-
tion: (1) 67Ga citrate, (2) radiolabeled white blood 
cells, (3) radiolabeled anti-granulocyte antibody 
preparations, and (4) FDG PET (Fig. 7.1).

7.2.1 
67Ga Citrate

After injection, 67Ga citrate accumulates as an iron 
analogue via binding to circulating transferrin. This 
complex extravasates at the site of inflammation due 
to locally enhanced vascular permeability. In the 
inflamed tissue, 67Ga is transferred to lactoferrin 
that is locally excreted by white blood cells or to sid-
erophores produced by micro-organisms (Weiner 
1990). Physiologically, 10%–25% of the radionuclide 
is excreted via the kidneys during the first 24 h. After 
24 h the principal route of excretion is hepatobiliary. 

Fig. 7.1. Different radiopharmaceuticals for the detection of 
infl ammation and infection and the pathophysiology of their 
uptake mechanism
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After 48 h about 75% of the injected dose remains in 
the body and is equally distributed among the liver, 
bone, bone marrow, and soft tissues (Hoffer 1980). 
67Ga citrate has been used extensively in clinical 
practice in several pathological conditions demon-
strating high sensitivity for both acute and chronic 
infection and noninfectious inflammation (Pal-
estro 1994). However, there are several shortcom-
ings that limit its clinical application. Specificity is 
poor owing to the physiological bowel excretion and 
accumulation in malignant tissues and areas of bone 
modeling (Perkins 1981; Bekerman et al. 1984). In 
addition, the radiopharmaceutical has unfavorable 
imaging characteristics such as a long physical half-
life (78 h) and high-energy gamma radiation (93–
889 keV), causing high radiation absorbed doses. 
These unfavorable characteristics and the develop-
ment of newer radiopharmaceuticals have resulted 
in the replacement of gallium imaging by scintig-
raphy with labeled white blood cells, with a few 
exceptions. White blood cell scanning is of limited 
value in patients with suspected vertebral osteomy-
elitis and sequential gallium imaging appears to be 
a better way to diagnose this condition (Palestro 
1994). Also, in immunocompromised patients, 
67Ga citrate imaging is the procedure of choice for 
detecting opportunistic respiratory tract infections 
(Palestro 1994). Finally, 67Ga citrate scintigraphy 
is still the gold standard for radionuclide imaging in 
patients with fever of unknown origin (FUO), where 
it is able to detect both acute and chronic inflam-
matory conditions and neoplasms (Palestro 1994; 
Knockaert et al. 1994).

However, its limited specificity and the generally 
unfavorable characteristics when compared to FDG 
PET may result in replacement of this technique by 
FDG PET in patients with FUO in the near future.

7.2.2 
Radiolabeled White Blood Cells

Imaging using in-vitro labeled autologous white 
blood cells was developed in the 1970s. A blood 
sample of approximately 50 ml is collected and 
white blood cells are separated in vitro from red 
blood cells. These white blood cells are then labeled 
with radioactive isotopes (111In or 99mTc) and rein-
jected. Using standard labeling procedures, only a 
few granulocytes are damaged by labeling, whereas 
most lymphocytes are damaged. The damaged cells 
are rapidly cleared from the circulation after rein-
jection (Thakur and McAfee 1984). After intrave-

nous administration, the radiolabeled white blood 
cells initially sequestrate in the lungs with subse-
quent rapid clearance from the lungs. The radiola-
bel rapidly clears from the blood and in most cases 
uptake in granulocytic infiltrates is high while a 
substantial portion of the white blood cells accu-
mulate in the spleen and the liver. Autologous white 
blood cells can be labeled with 111In using oxine 
(McAfee and Thakur 1976). The use of HMPAO, 
a lipophilic chelator, allows for efficient labeling of 
white blood cells with 99mTc (Peters et al. 1986). In 
contrast to 111In-oxine, some of the 99mTc-HMPAO 
is released from the white blood cells after injection 
and subsequently is excreted via the kidneys (within 
minutes) and the hepatobiliary system (after sev-
eral hours) (Peters 1994). 99mTc-labeled white blood 
cells have replaced 111In-labeled white blood cells 
for most indications, because of the more optimal 
radiation characteristics. As a result of the biodistri-
bution of 99mTc-HMPAO-labeled white blood cells, 
the use of 111In-labeled white blood cells is preferred 
for evaluation of the kidneys, bladder and gall blad-
der (see Fig. 7.2). 111In-labeled white blood cells are 
also preferred if late images are needed as in chronic 
infection (Peters 1994). With regard to diagnostic 
accuracy, there is no need for a better imaging agent 
than radiolabeled white blood cells. The preparation 
of this radiopharmaceutical, however, is laborious: 
isolating and labeling a patient’s white blood cells 
takes a trained technician approximately 3 h. In 

Fig. 7.2. A 49-year-old female with leukocytosis and fever 
after renal transplantation. 111In-oxine white blood cell scan 
at 3.5 h post injection shows a homogeneous infi ltration in 
the transplanted kidney (arrowhead) with a white blood cell 
uptake index of 2 (normal <0.2) as a sign of transplant infec-
tion (proven with biopsy)
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addition, the need to handle potentially contami-
nated blood can result in transmission of blood-
borne pathogens such as the hepatitis virus or the 
human immunodeficiency virus to technicians or 
patients (Lange et al. 1990; Fleury et al. 2003).

The principal clinical indications for radiolabeled 
white blood cells include inflammatory bowel dis-
ease, osteomyelitis, the follow-up of patients with 
infections of vascular or orthopedic prostheses and 
soft tissue infections (Peters 1994; Liberatore et 
al. 1998; Larikka et al. 2001). There has always been 
concern that chronic infections could be missed by 
labeled white blood cell scans, because these infec-
tions generate a smaller granulocyte response than 
acute infections. However, a study in 155 patients 
demonstrated that sensitivity of labeled white blood 
cells for detection of acute infections (90%) was not 
significantly different from sensitivity for detection of 
chronic infections (86%) (Datz and Thorne 1986).

7.2.3 
Anti-granulocyte Antibodies and Antibody 
Fragments

Ever since it became clear that infectious and 
inflammatory foci could be visualized by radio-
labeled autologous white blood cells, investigators 
have tried to develop a method aiming to label white 
blood cells in vivo. The use of radiolabeled monoclo-
nal antibodies (Mab) against surface antigens pres-
ent on granulocytes has the advantage that labeling 
procedures are easier and do not require handling 
of potentially contaminated blood. Disadvantages 
of the use of Mab, however, are the high molecu-
lar weight, resulting in slow diffusion into sites of 
inflammation, a long plasma half-life, uptake in the 
liver due to clearance by the reticulo-endothelial 
system. A long interval is often required between 
administration of radiolabeled antibodies and 
acquisition of images in order to improve target-
to-background ratios. Use of Mab of murine origin 
sometimes induces production of human anti-
mouse antibodies (HAMA), which can lead to aller-
gic reactions and altered pharmacokinetics when 
repeated injections are given (Becker et al. 1994b). 
This is, of course, a major limitation for follow-up 
studies. The use of antibody fragments (Fab’ or 
F(ab’)2) or humanization of the antibodies could 
overcome most of these limitations: theoretically, 
immunogenicity is lower, blood clearance is faster 
and accumulation in inflammatory foci is higher. 
Moreover, since Fab’ antibody fragments have an 

intrinsic lower affinity for the epitope, bone marrow 
uptake is lower, which is an advantage for imaging 
of infections of the central skeleton. Although radio-
labeled anti-granulocyte antibodies and antibody 
fragments are included among radiolabeled com-
pounds for specific targeting of infiltrating granu-
locytes, recent studies have demonstrated that they 
localize in infectious processes to a large extent by 
nonspecific extravasation due to locally enhanced 
vascular permeability (Skehan et al. 2003; Lipp et 
al. 1996). Binding of the antibodies to infiltrating 
white blood cells may contribute to the retention of 
the radiolabel in the inflammatory focus.

7.2.3.1 
Anti-nonspecific-cross-reacting Antigen-95 

One of the most widely used anti-granulocyte anti-
bodies is the commercially available murine anti-
nonspecific-cross-reacting antigen-95 (anti-NCA-
95) IgG (BW 250/183), labeled with 99mTc, which 
recognizes the nonspecific cross-reacting antigen 
95 (NCA-95) expressed on human granulocytes 
and (pro)myelocytes. This Mab has been used 
successfully for imaging various infectious and 
inflammatory processes (Joseph et al. 1988; Lind 
et al. 1990; Steinstrasser and Oberhausen et al. 
1996), including subacute infectious endocarditis 
(Morguet et al. 1994), lung abscesses (Peltier et 
al. 1993), septic loosening of hip and knee pros-
theses (Boubaker et al. 1995; Klett et al. 2003), 
and diabetic foot infections (Dominguez-Gadea et 
al. 1993). Peripheral bone infections were also ade-
quately visualized (Peltier et al. 1993; Scheidler 
et al. 1994), but sensitivity decreased in cases where 
the focus was located closer to the spine because 
of physiological bone marrow uptake, so imaging 
with 99mTc-anti-NCA-95 is less suitable for diag-
nosing vertebral osteomyelitis (Gratz et al. 1997). 
The worst results were obtained in spondylodisci-
tis (Fig. 7.3). In 40 patients with spondylodiscitis 
all lesions showed photopenic effects (Gratz et al. 
1997). A proposed explanation is increased pres-
sure in the vertebral bodies, which prevents labeled 
white blood cells or antibodies from penetrating. 
Pulmonary infections other than abscesses were not 
visualized (Peltier et al. 1993; Prvulovich et al. 
1995). 99mTc-anti-NCA-95 scanning appeared to be 
a safe and reliable method for detecting infectious 
foci in neonates and infants with fever of unknown 
origin (Gratz et al. 1998). The preparation was also 
used in the evaluation of patients with inflamma-
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tory bowel disease, but it appeared to be less accu-
rate than radiolabeled white blood cells partly due 
to nonspecific bowel uptake (Segarra et al. 1991; 
Papos et al. 1996; Gyorke et al. 2000). Due to the 
relatively slow blood clearance, imaging 24 h after 
injection is generally necessary for correct localiza-
tion of the inflammatory process. The major draw-
back of radiolabeled anti-NCA-95, however, is the 
production of HAMA after the first injection.

7.2.3.2 
Anti-stage-specific Embryonic Antigen-1

Anti-stage-specific embryonic antigen-1 (anti-SSEA-
1, NeutroSpec, Mallinckrodt Inc., MO) is a mono-
clonal antibody of the IgM subclass, that recognizes 
CD15 antigens on granulocytes with high affinity 
(Kd=10-11 M). The in vivo binding exceeds 50%, sug-
gesting involvement of more specific accumulation 
in inflammatory sites, such as in vivo migration of 
white blood cells from the circulation to the focus. 
99mTc-anti-SSEA-1 IgM was successfully used in 
patients with various inflammatory and infectious 
diseases, such as osteomyelitis, diabetic foot ulcers, 
and post-surgical infection (Thakur et al. 1996, 2001) 
with similar diagnostic accuracy when compared to 
radiolabeled white blood cells. Imaging with 99mTc-
anti-SSEA-1 IgM also proved to be a highly sensitive 
test for detection of appendicitis in equivocal cases 
(Kipper et al. 2000; Rypins and Kipper 2000). 99mTc-

anti-SSEA-1 IgM is a convenient radiolabeled com-
pound (imaging after 1 h, easy preparation) and no 
HAMA formation has been observed. Disadvantages 
are high liver uptake and transient mild neutropenia 
that has been observed after 99mTc-anti-SSEA-1 injec-
tion in several patients. In most cases, however, this 
does not represent a clinical problem and does not 
impair image quality (Signore et al. 2002).

7.2.3.3 
Anti-nonspecific-cross-reacting Antigen-90 Fab’ 

99mTc-labeled anti-NCA-90 Fab’ (sulesomab, Leu-
koScan, Immunomedics GmbH, Darmstadt, Ger-
many), which binds to NCA-90 surface antigen on 
granulocytes, is a commercially available infection 
imaging agent. Promising results have been obtained 
in the scintigraphic detection of endocarditis (Gratz 
et al. 2000) and nonclassic appendicitis (Barron 
et al. 1999). Scintigraphy using 99mTc-anti-NCA-
90 Fab’ also helped reach a final diagnosis in eight 
out of 20 patients with FUO (Maugeri et al. 2001). 
99mTc-anti-NCA-90 Fab’ proved to be no alternative 
for radiolabeled white blood cells in patients with 
inflammatory bowel disease due to limited sensitiv-
ity (Stokkel et al. 2002; Charron et al. 2001). Also, 
nonspecific bowel activity is often present, especially 
in the delayed images (Ivancevic et al. 2001). At first, 
scintigraphy using 99mTc-anti-NCA-90 Fab’ appeared 
to provide rapid localization of bone and soft tissue 
infections with a negligible HAMA response rate and 
accuracy comparable to that of white blood cell scan-
ning (Becker et al. 1994a, 1996; Harwood et al. 1999; 
Hakki et al. 1997). In other studies, however, 99mTc-
anti-NCA-90 Fab’ scintigraphy was found to be less 
specific for the diagnosis of musculoskeletal infec-
tions than white blood cell scanning (Devillers et al. 
2000; Ivancevic et al. 2002; Ryan 2002; Gratz et al. 
2003). In addition, false-negative results were found in 
several patients with chronic infections (Gratz et al. 
2003). These studies suggest that 99mTc-anti-NCA-90 
Fab’ scintigraphy could be used for imaging of acute 
orthopedic infections, with its greatest strength being 
a high negative predictive value. Positive studies may 
require further correlative imaging.

7.2.4 
FDG PET

18F-Fluorodeoxyglucose (FDG) accumulates in tis-
sues with a high rate of glycolysis, which not exclu-

Fig. 7.3. A 63-year-old male with fever of unknown origin with 
a cold lesion in lumbar spine (right panel) as a sign of spondy-
lodiscitis and a hot lesion in the left abdomen (left panel) as 
a sign of soft tissue abscess in the transplant kidney. Whole-
body scan with antibody BW 250/183 4 h post injection
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sively occurs in neoplastic cells. FDG uptake is pres-
ent in all activated white blood cells (granulocytes, 
monocytes as well as lymphocytes) enabling imag-
ing of acute and chronic inflammatory processes. 
The mechanism of FDG uptake in activated white 
blood cells is related to the fact that these cells use 
excess glucose as an energy source only after activa-
tion during the metabolic burst. FDG, like glucose, 
passes the cell membrane. Phosphorylated FDG is 
not further metabolized and remains trapped inside 
the cell in contrast to phosphorylated glucose that 
enters the glycolytic pathway. 

Increased uptake and retention of FDG has been 
shown in lesions with a high concentration of inflam-
matory cells, such as granulocytes and activated mac-
rophages. Since the first report on high FDG uptake 
in a human abdominal abscess (Tahara et al. 1989), 
there have been many reports of FDG accumulation 
in different infections and inflammatory lesions (de 
Winter et al. 2002; Zhuang and Alavi 2002). 

PET using FDG has been studied in a wide vari-
ety of bone and soft-tissue infections of bacterial, 
tuberculous, and fungal origin. Sensitivity gener-
ally exceeds 90%. FDG PET has been especially suc-
cessful in cases of acute osteomyelitis (Guhlmann 
et al. 1998; Zhuang et al. 2000; Kalicke et al. 
2000; Stumpe et al. 2000). The high spatial resolu-
tion allows differentiation between osteomyelitis or 
inflammatory spondylitis and infection of the soft 
tissue surrounding the bone (Kalicke et al. 2000). 
High spatial resolution and rapid accumulation into 
infectious foci are significant advantages over con-
ventional imaging techniques such as labeled white 
blood cells. However, in a direct comparison of the 
diagnostic value of white blood cell scintigraphy and 
FDG PET, the former showed superior diagnostic 
performance compared to FDG PET in cases of FUO 
(Kjaer et al. 2004). The poorer performance of FDG 
PET is in particular attributable to a high percentage 
of false positive scans, leading to low specificity. 

Moreover, low specificity due to indiscriminate 
uptake in any cell type with high glycolytic activ-
ity is a general limitation. For example, FDG PET 
cannot discriminate between tumor and inflam-
matory lesions. Moreover, FDG uptake in infectious 
foci is affected by serum glucose levels. Though FDG 
PET is still rather expensive, with the growing avail-
ability of PET scanners, it is expected that infection 
imaging with FDG PET will have a place in clinical 
practice of infection imaging in the near future. 
However, indications of FDG PET as compared to 
conventional techniques have not yet been defined 
unequivocally. 

7.3 
Infection Imaging in Patients with 
Infectious or Inflammatory Disorders

7.3.1 
Infected Joint Prosthesis 

An important group referred to nuclear medicine 
for infection imaging is patients with suspected 
infection of a joint prosthesis. In most patients the 
complications of prosthetic joint surgery are read-
ily diagnosed. A significant number of patients 
with joint prosthesis present with aseptic loosen-
ing of the prosthesis as can be determined radio-
graphically (Harris and Seldge 1990). However, 
1%–3% of the patients with joint prostheses pres-
ent with infected implants (Hanssen and Rand 
1998) and the differentiation of aseptic loosening 
from infection can be difficult. In case of suspi-
cion of any type of postoperative complication, 
a negative bone scintigraphy effectively rules out 
any complication (Love et al. 2001). However, the 
majority of the infections occur within 1 year after 
implantation, and at that time enhanced peripros-
thetic uptake is observed on the bone scan in most 
patients (Palestro and Torres 1997). Therefore, 
an abnormal bone scan will require additional 
studies to determine the cause of the abnormality. 
Although not the ideal agent in these patients 67Ga 
citrate can be used to delineate infected prosthe-
ses, with a moderate overall accuracy of 70%–80% 
(Palestro and Torres 1997). Radiolabeled white 
blood cells can accurately delineate infections in 
this patient population. However, in many cases 
the physiological uptake of the labeled white blood 
cells in the bone marrow complicates the interpre-
tation of the images. In combination with sulfur 
colloid, which accumulates in active marrow but 
not in infection, the diagnostic accuracy for diag-
nosing painful prosthesis exceeds 90% (Palestro 
et al. 1991). Furthermore, infected prostheses can 
be diagnosed very accurately using radiolabeled 
anti-granulocyte antibody preparations. In a 
study of 53 patients with infected joint prostheses 
Leukoscan (99mTc-labeled anti-CD66 Fab’) had a 
diagnostic accuracy of 88%, as compared to 81% 
for radiolabeled white blood cells (Becker et al. 
1996). FDG is sensitive for delineating infected 
prostheses. It appears that FDG PET does not 
allow differentiation between aseptic loosening of 
prostheses and infected prostheses, resulting in 
low specificity (Zhuang et al. 2001; Love et al. 
2000).
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7.3.2 
Osteomyelitis

A three phase bone scan in otherwise normal bone 
is able to diagnose osteomyelitis with high sensitiv-
ity and specificity. Obviously, in patients with osse-
ous abnormalities, the specificity of the bone scan is 
much lower. In those patients 67Ga citrate or radio-
labeled white blood cells can be applied to increase 
the specificity. Radiolabeled white blood cells are 
less suitable for diagnosing chronic low-grade osteo-
myelitis, however. In patients suspected of vertebral 
osteomyelitis radiolabeled white blood cells are not 
the first choice because these images will often show 
a photopenic defect in the spine. The preferred tech-
nique for patients with disease localized in the verte-
brae is a 99mTc-MDP scan and 67Ga citrate scanning. 
In case of spinal osteomyelitis, the 99mTc-MDP scan 
will show intense uptake in the affected vertebrae 
with a reduction of the space between the discs. 

In several studies, FDG PET enabled correct visu-
alization of spondylodiscitis (Schmitz et al. 2001; 
Gratz et al. 2002; Stumpe et al. 2002). FDG PET 
proved to be superior to MRI, 67Ga citrate scintig-
raphy and three phase bone scan in these patients 
(Gratz et al. 2002; Stumpe et al. 2002). FDG PET 
was also able to differentiate between mild infection 
and degenerative changes (Stumpe et al. 2002). PET 
images are not disturbed by the presence of metal-
lic implants, which is a major advantage when com-
pared to CT and MRI. In addition, FDG PET is a very 
sensitive tool even for chronic and low-grade infec-
tions (Guhlmann et al. 1998; Chacko et al. 2003; 
de Winter et al. 2002).

7.3.3 
Pulmonary Infections 

67Ga citrate can be used for imaging of suspected 
pulmonary infections. In these patients the physi-
ological uptake of 67Ga in the gastrointestinal tract 
will not deteriorate the images. The sensitivity of 
67Ga citrate for imaging infections in the chest region 
is good, but the specificity is relatively low. Further-
more, due to the relatively high radiation burden and 
the 1- to 3-day delay between injection and imaging 
time, 67Ga citrate scanning is replaced nowadays by 
high-resolution chest-CT. Radiolabeled white blood 
cells can effectively visualize sarcoidosis, intersti-
tial pneumonia, tuberculosis and other pulmonary 
infections. In many cases radiolabeled white blood 
cells or 67Ga citrate can also be used to assess the 

location and extent of disease, differentiating active 
disease from scar tissue, guiding potential biopsy, 
and determining recurrence and response to ther-
apy. More recent studies indicate that pulmonary 
infections can be imaged effectively with FDG PET. 
Although the differentiation between neoplasm and 
infection with FDG PET may be difficult, FDG PET 
has a high sensitivity for imaging a variety of benign 
pulmonary disorders (Alavi et al. 2002). 

7.3.4  
Abdominal Infections

Early treatment following rapid and accurate diag-
nosis of intra-abdominal infections has been shown 
to improve outcome (Fry et al. 1980; Bohnen et al. 
1983; McLauchlan et al. 1995). For this purpose, 
ultrasonography, computed tomography and mag-
netic resonance imaging are currently considered 
the modalities of choice (Montgomery and Wilson 
1996). However, in early stages of infections with-
out anatomical changes, or in postoperative patients 
with equivocal anatomical changes, scintigraphic 
imaging can be very useful (Gagliardi et al. 1988; 
Lantto 1994). Although 67Ga citrate has a reason-
able diagnostic accuracy for diagnosing abdominal 
infection, the physiological gastrointestinal uptake 
of 67Ga citrate limits the interpretation of the images 
(Staab and McCartney 1978). Therefore 67Ga citrate 
is not the agent of choice for diagnosing abdominal 
infections. Radiolabeled white blood cells are the 
most suitable radiopharmaceutical in these patients. 
Because 111In-labeled white blood cells normally do 
not localize in the gastrointestinal tract, they have 
an advantage over 99mTc-labeled white blood cells. 
In a study in 170 patients suspected of abdominal 
infections who were studied with ultrasound, CT 
and 111In-white blood cells, white blood cell scan-
ning had a sensitivity of 86% for detecting abdomi-
nal abscesses (Knochel et al. 1980). Based on these 
data the authors recommended that patients who are 
not critically ill and who have no localizing signs 
should be studied first with 111In-labeled white 
blood cells. 

7.3.5 
Fever of Unknown Origin 

In patients with FUO the imaging with radiola-
beled white blood cells is not very helpful, because 
in this patient population only 25%–35% of the 
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patients actually have an infection (Knockaert et 
al. 2003). Patients with FUO can be classified into 
four categories; infections, tumors, noninfectious 
inflammatory diseases and miscellaneous, and in 
this subgroup of patients an imaging agent that also 
gives diagnostic information in the patients with-
out infection is more valuable. Because of the FDG 
accumulation in inflammatory foci and in a wide 
range of neoplastic lesions FDG PET appears to be a 
suitable agent in patients with FUO. The percentage 
of FDG PET scans helpful in the diagnostic pro-
cess in patients with FUO varied from 37% to 69% 
(Bleeker-Rovers et al. 2004; Blockmans et al. 
2001; Meller et al. 2000; Lorenzen et al. 2001). In a 
retrospective study of 16 patients with FUO in whom 
conventional diagnostics had not been conclusive, 
Lorenzen et al. (2001) found that FDG PET was 
helpful in 69%. Meller et al. (2000) prospectively 
studied the utility of FDG coincidence imaging in 20 
patients with FUO. In 55% of these patients FDG PET 
was helpful in establishing a final diagnosis. Positive 
predictive value was 90% and negative predictive 
value was 75% compared to a positive predictive 
value of 67Ga scintigraphy in the same patients of 
75% and a negative predictive value of 70% (Meller 
et al. 2000). In a prospective study of 58 patients with 
FUO, Blockmans et al. (2001) demonstrated that 
FDG PET was helpful in 41% of the patients. 67Ga 
scintigraphy was only helpful in 25% of a subgroup 
of 40 patients in the same study (Blockmans et 
al. 2001). In 35 patients with FUO, we found that 
FDG PET was helpful in the diagnostic process of 13 
patients (37%), while the probability of a diagnosis 
was 54% (Bleeker-Rovers et al. 2004). 

7.3.6  
Vascular Graft Infections

In general, to visualize infectious vascular lesions 
one should preferably use a radiopharmaceutical 
with a relatively short residence time in the cir-
culation. The background activity of the images 
obtained with 67Ga and radiolabeled IgGs in many 
cases is too high for accurate visualization of vas-
cular lesions. Vascular infections can be very accu-
rately detected with radiolabeled white blood cells. 
In a study in 162 patients with vascular graft infec-
tion, the overall sensitivity, specificity, and accuracy 
of 111In-labeled white blood cells was 100%, 92.5% 
and 97.5%, respectively (Liberatore et al. 1998). 
Figure 7.4 shows the extent of a graft infection after 
clinical diagnosis.

Although so far there is only limited clinical 
experience FDG PET also appears to be a useful 
tool to detect vascular infections. Stumpe et al. 
(2000) studied ten patients with suspected blood 
vessel graft infection with FDG PET. In five patients 
with infection, the lesions were successfully identi-
fied while the scans in the patients without infec-
tion were negative (Stumpe et al. 2000). Similarly, 
Chacko et al. reported the correct identification of 
vascular graft infection in three patients with FDG 
PET (Chacko et al. 2003).

7.3.7  
Vasculitis

Vasculitis is a collective noun for a wide range of 
inflammatory vascular diseases, such as giant cell 
arteritis, polymyalgia rheumatica, polyarteritis 
nodosa, Takayasu, Churg-Strauss, Wegener’s granu-
lomatosis, vasculitis of the skin, among others. The 
detection of vascular inflammation and monitor-
ing of the activity of the disease is still a challeng-
ing clinical problem. Various radiopharmaceuticals 
have been tested for the diagnosis of vasculitis. Gal-
lium-67-citrate scintigraphy had a 94% specificity 
and a 90% positive predictive value in patients with 
temporal arteritis (Genereau et al. 1999). Reuter 
et al. (1995) showed that radiolabeled white blood 
cell scintigraphy was superior to conventional angi-
ography and CT for detecting and monitoring vas-
culitis of the respiratory tract. In contrast, 111In-
white blood cell scintigraphy had a low sensitivity in 

Fig. 7.4. A 61-year-old man with aortobifemoral bypass graft, 
redness, and swelling of the right inner thigh. The antigranu-
locyte antibody scan showed a 24-h intensive uptake in the 
right iliac part of the prosthesis (top arrowhead) and a soft 
tissue uptake (arrowhead at lower border of image)
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patients with Takayasu arteritis (Chen et al. 1995). 
More recent reports suggest that FDG PET is a useful 
imaging technique for diagnosing and determining 
the extent of various forms of vasculitis (Fig. 7.5). In 
25 patients with biopsy-proven temporal arteritis or 
polymyalgia rheumatica Blockmans et al. (2000) 
found a sensitivity of FDG PET of 56%, a specificity 
of 98%, a positive predictive value of 93% and a neg-
ative predictive value of 80%. Bleeker-Rovers et 
al. (2003) studied the use of FDG PET in 27 patients 
suspected of vasculitis. FDG PET results were true 
positive in ten patients, true negative in 14 patients 
and false negative in three patients resulting in a 
positive predictive value of 100% and a negative 
predictive value of 82%. These recent studies also 
suggest that FDG PET may become a useful tool for 
evaluating the effect of treatment of vasculitis.

7.4 
New Radiopharmaceuticals to Image 
Infection and Inflammation

Each of the radiopharmaceuticals that are currently 
available for infection imaging has its limitations. 
The applicability of 67Ga citrate is limited due to the 
physiological bowel uptake and the high radiation 
dose. Despite the high diagnostic accuracy of radio-
labeled white blood cells, the cumbersome and time-
consuming preparation is an important limitation 
of this radiopharmaceutical. Furthermore, the diag-
nostic accuracy of radiolabeled anti-granulocyte 
antibody preparations in various patient popula-
tions is insufficient, and FDG PET is not available in 
the majority of institutions. Therefore, there is still a 
need for a better agent to image infection or inflam-
mation. Currently this search focuses on agents that 
avidly bind to cells or receptors expressed on cells 
involved in inflammatory processes. 

During the past two decades various analogues 
of receptor-binding ligands for receptors expressed 
on white blood cell subsets have been tested for 
imaging infection and inflammation. Apart from 
the defensive proteins in plasma, a large variety of 
chemical mediators (e.g. interleukins, chemotactic 
factors, vascular mediators) appear in the affected 
region that regulate the activity of the immune cells 
in the region. The immune cells involved (granulo-
cytes, monocytes, and lymphocytes) have specific 
receptors on their cell surface for these chemical 
mediators. In general, these chemical mediators 
have a high affinity for the receptors on the white 

blood cell plasma membrane. Their high affinity 
makes these mediators suitable vehicles for the scin-
tigraphic visualization of the homing of white blood 
cells in infectious and inflammatory foci. Examples 
of receptor binding peptides under investigation are 
interleukin-8, platelet-factor 4 and interleukin-2.

Interleukin-8 (IL-8) is a small chemotactic pro-
tein, binding with high affinity to receptors on neu-
trophils (Patel et al. 2001). The potential of radio-
labeled IL-8 to image inflammation was reported 
for the first time by Hay and colleagues (1997). In 
a pilot study in eight diabetic patients these inves-
tigators showed that 123I-IL-8 could visualize active 
foot infections (Gross et al. 2001). Recently, a 99mTc-
labeled IL-8 preparation using HYNIC as a chela-
tor was developed (Rennen et al. 2001, 2002, 2003). 
Studies with 99mTc-IL-8 in patients with infectious 
and inflammatory disorders are ongoing.

Platelet factor 4 (PF4) is a chemotactic cytokine 
like IL-8. 99mTc-labeled P483H, a PF-4 analogue, has 
been studied in 30 patients to test its applicability 
as an imaging agent for scintigraphic detection of 
infection and inflammation with good results (86% 
sensitivity, 81% specificity, 83% accuracy; Palestro 
et al. 1999). Due to the high physiological uptake in 
the lungs, the agent is not suited for detection of 
pulmonary infections. In addition, in some patients 
excessive thyroid uptake was observed, which cor-
related with the peptide:heparin ratio.

Fig. 7.5. A 64-year-old woman with unexplained weight 
loss and elevated erythrocyte sedimentation rate. FDG PET 
showed increased vascular FDG uptake in the thoracic and 
abdominal aorta, both subclavian, carotid, iliac, and femoral 
arteries suggesting vasculitis. She was eventually diagnosed 
with vasculitis and responded well to corticosteroids

ba
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Chronic inflammation is characterized by infil-
tration of monocytes and lymphocytes. Thus to 
visualize chronic inflammatory processes, ligands 
of receptors on these mononuclear cells should be 
applied. Radiolabeled interleukin-2 (IL-2) targets 
IL-2 receptors expressed on activated T-lympho-
cytes. 123I-IL-2 has been used successfully in patients 
with type 1 diabetes (Signore et al. 1996). Studies in 
patients with autoimmune disorders such as Hashi-
moto thyroiditis, Graves’ disease, Crohn’s disease 
and celiac disease demonstrated localization of 
123I- or 99mTc-labeled IL-2 at the site of lymphocytic 
infiltration (Signore 1999; Signore et al. 2003). In 
patients with active Crohn’s disease, the focal uptake 
of 123I-IL-2 in the intestinal wall decreased after 
corticosteroid therapy, and potentially this tech-
nique can be used to monitor the effect of therapy 
(Signore et al. 2000a). Scintigraphic results using 
123I-IL-2 in patients with celiac disease was con-
sistent with the histologically determined number 
of infiltrating IL-2 receptor-positive cells in the 
jejunal mucosa (Signore et al. 2000b). 99mTc-IL-2 
also accumulated in the thyroid glands of patients 
with Hashimoto’s thyroiditis and Graves’ disease 
(Signore et al. 2003). 

The agents described above have a specific affin-
ity for receptors expressed on cells involved in the 
inflammatory response, and these agents target the 
cells infiltrating the inflamed tissue. As these agents 
accumulate in the focus due to a common feature of 
infection and inflammation, they can not be used to 
differentiate between infection and inflammation. 
Agents that specifically target the infectious organ-
ism (e.g. bacteria or fungi) have the potential to dis-
tinguish microbial from nonmicrobial inflamma-
tion. During the last decade a few agents have been 
presented that aim to specifically visualize infec-
tious foci by targeting the infectious organism, the 
most intensively studied agent being Infecton. Infec-
ton is ciprofloxacin labeled with 99mTc. Ciprofloxacin 
is a fluoroquinolone antimicrobial agent that binds 
to prokaryotic topoisomerase IV and DNA gyrase as 
expressed in proliferating bacteria (Anderson and 
Osheroff 2001; Pan et al. 2001). It has been hypoth-
esized that 99mTc-labeled ciprofloxacin could specifi-
cally target living bacteria in vivo and thus that Infec-
ton is able to specifically visualize bacterial infection. 
The first results obtained with Infecton in 56 patients 
with known or suspected sites of infection suggested 
that Infecton had a high sensitivity (84%) to visual-
ize infection (Vinjamuri et al. 1996). The efficacy of 
Infecton for imaging infections was evaluated in 879 
patients in a large multicenter study. The overall sen-

sitivity and specificity for infection were 85.5% and 
81.6%, respectively (Britton et al. 2002). Despite 
these impressive figures from this large multina-
tional study, several reports dispute the claim that 
Infecton only visualizes bacterial infection. Firstly, 
the specific interaction of Infecton with living bacte-
ria as opposed to dead bacteria, fungi, or white blood 
cells could not be demonstrated in vitro (Welling et 
al. 2000). Secondly, in rabbits with infected and unin-
fected knee prostheses, increased 99mTc-ciprofloxa-
cin uptake was also observed in rabbits with nonin-
fected knee implants (Sarda et al. 2002). Lastly, in 71 
patients suspected of osteomyelitis (n=30) or septic 
arthritis (n=41), the specificity of the Infecton scan 
was very low (50% and 57%, respectively) (Dumarey 
et al. 2002). The clinical usefulness of Infecton as an 
imaging agent to discriminate bacterial infection 
from other disease is currently under investigation 
in a large clinical trial, using an improved formula-
tion of 99mTc-ciprofloxacin.

7.5 
Conclusions

Scintigraphy using autologous white blood cells, 
labeled with 111In or 99mTc, is still considered the ”gold 
standard” nuclear medicine technique for the imag-
ing of infection and inflammation for its excellent 
diagnostic accuracy. However, 67Ga citrate is still the 
agent of choice for several indications, while anti-
granulocyte antibodies may provide an alternative 
for in-vitro labeled white blood cells. New develop-
ments show a gradual shift from basic, nonspecific, 
cumbersome, and even hazardous techniques to more 
intelligent approaches, based on small agents bind-
ing to their targets with high affinity. In general, the 
lower molecular weight should also lead to enhanced 
blood clearance reducing blood pool activity. New 
agents should also obviate the need to handle blood 
as this presents potential hazards of transmission of 
hepatitis virus or human immunodeficiency virus to 
both patients and medical personnel. Radiolabeled 
compounds are being designed enabling specific dis-
tinction between infection and noninfectious inflam-
matory disease and between acute and chronic pro-
cesses. The ideal agent will thus be determined by 
the clinical situation. The advantages of 99mTc as a 
radionuclide will be fully explored. FDG PET may 
become as useful in the rapid detection and manage-
ment of infectious and inflammatory diseases as it is 
in the management of malignant diseases.
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is the radiotracer of choice. It is inexpensive, easily 
prepared, optimally detected by the Anger camera 
and neither secreted nor absorbed by the esophageal 
mucosa. However, in multiple swallow studies, its use 
is limited by scattered radiation from the stomach.

Typically, a water bolus of 10–20 ml, labeled with 
7.5 Mbq (200 µCi) of 99mTc-sulfur colloid is given to 
the patient. Practice swallows with normal water are 
recommended to educate the patient to swallow the 
labeled bolus in a single gulp.

8.1.2 
Acquisition Procedure

The patient is positioned supine under the camera 
in order to eliminate the effect of gravity. The 
upright position is used only to evaluate the effec-
tiveness of medications or surgical procedures. In 
both instances, the mouth, esophagus and proximal 
stomach are visualized in a single field of view.

Anterior imaging is usually performed. The bolus 
material is administered to the patient with a syringe 
or a straw, and swallowed in one gulp. In a multiple 
swallow test, 4–6 bolus swallows are recommended 
to decrease the intraindividual variations in esoph-
ageal transit time.

In order to adequately assess motility, we acquire a 
total of 140 dynamic 64×64 pixel images in two steps: 
first, 120 images of 0.25 s followed by 20 images of 
30 s each. After the initial bolus swallow, the patient 
takes “dry swallows” every 30 s to assess the residual 
activity in the esophagus. In patients with significant 
stasis, delayed images are taken at 15 and 30 min.

8.1.3 
Analysis and Quantification

Time-activity curves are generated by drawing regions 
of interest around the upper, mid and lower segments 
of the esophagus (Fig. 8.1). Global esophageal transit 
is calculated using the following formula:
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8.1 
Esophageal Transit Scintigraphy

8.1.1 
Introduction

Esophageal transit scintigraphy is typically per-
formed after a 4- to 6-h fasting period. Medications 
affecting esophageal motility should be discontinued 
for at least 24 h. Water is the preferred bolus mate-
rial because it is homogeneous and does not disperse 
along the esophagus. Technetium-99m sulfur colloid 
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C(t) = 100 × (Emax – E(t)) / Emax (1)

In Eq. 1, C(t) is the percent esophageal empty-
ing at time (t), Emax is the maximal count rate in 
the esophagus, E(t) is the esophageal count rate at 
time (t) (Tolin et al. 1979). Both global or segmen-
tal esophageal transits can be assessed using differ-
ent parameters, such as the esophageal transit time 
(ETT), segmental emptying time, global esopha-
geal emptying time, esophagogastric transit time 
(Taillefer and Beauchamp 1984).

Different methods have been introduced to inte-
grate data obtained from multiple swallows, facilitate 
the qualitative assessment of radionuclide esophageal 
transit and improve the diagnostic ability of esopha-
geal motor disorders. The technique of “condensed 
images” displays in one single image, the spatial dis-
tribution of the radioactive bolus along the esopha-
gus path (Klein 1986). Another method integrates 
the dynamic sequences into a single condensed image 
to represent average esophageal transit of multiple 
boluses (Tatsch 1992).

8.1.4 
Visualization and Interpretation

Completeness of bolus ingestion, progression 
through the esophagus, retention in the esophagus 
or gastroesophageal reflux are first assessed by cine 
display of the images.

In normal individuals, the esophageal transit 
time for a liquid bolus is less than 10 s. The con-
densed picture shows a smooth progression of the 
bolus along the esophagus, with a physiologic decel-
eration in its mid portion due to the aortic arch.

8.1.5 
Clinical Applications

The role of scintigraphy is to provide a physiologi-
cal, quantitative and non invasive evaluation of sus-
pected esophageal motor disorders, before and after 
medical or surgical treatment.

Achalasia: This disorder is characterized by a 
marked, prolonged and chaotic retention of the 
tracer in the distal segment of the esophagus with 
very little passage into the stomach.

Diffuse esophageal spasm: There is a prolonged 
transit time associated with decreased segmental 
esophageal emptying, periods of esophageal retro-
grade motion and fragmentation of the tracer. Time-
activity curves show multiple peaks of activity in all 
esophageal segments.

Nutcracker esophagus: This disorder is charac-
terized by high amplitude esophageal contractions 
and shows a prolonged retention of activity in the 
distal esophagus and a mild distal to mid esopha-
gus esophageal reflux. However, since the esopha-
geal contractions are peristaltic, scintigraphy can be 
entirely normal.

Non specific motor disorders: The most common 
finding is a prolonged esophageal transit time with 
an uncoordinated pattern.

Neuromuscular and connective tissue disorders: 
Radionuclide esophageal transit is the only test to 
assess early involvement of the esophagus by pro-
gressive systemic sclerosis and is typically char-
acterized by stagnation of the tracer in the lower 
two-thirds of the esophagus. This retention can be 
cleared by increasing the pressure in the esophagus 
either by the upright position or a glass of water.

Miscellaneous: Radionuclide esophageal transit is 
the only test which allows for the physiologic quan-
titative evaluation of esophageal motility before and 
after surgical treatment for hiatal hernia and reflux 
and for the assessment of the transposed stomach or 
colon after esophagectomy.

8.2 
Gastric Emptying Scintigraphy

8.2.1 
Introduction

Introduced more than 30 years ago, gastric empty-
ing scintigraphy has been significantly refined and 
optimized over the years. The simultaneous mea-

Fig. 8.1. Processing of esophageal transit scintigraphy. Regions 
of interest are drawn around the upper, middle, and lower 
third of the esophagus and a time activity curve is generated 
for each segment. A curve of fundal activity can also be gen-
erated. Esophageal transit line represents the time required 
for the bolus to transit from the upper esophageal sphincter 
to the fundus
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surement of solid and liquid emptying by scintigra-
phy is now well established as the “gold standard” 
method to evaluate gastric emptying.

Conventional gastric emptying is a simple pro-
cedure which measures the transit of a standard-
ized radiolabeled test meal through the stomach; 
it requires static imaging at defined time inter-
vals, minimal processing and analysis. Hereafter, 
we present the technique employed at our insti-
tution. Conventional gastric emptying provides 
little information on gastric physiology and patho-
physiology. Over the past 10 years, mathematical 
modeling of the gastric emptying curves, compart-
mental analysis of the stomach and later, dynamic 
antral scintigraphy (DAS) have provided new tools 
to evaluate the pathophysiology of gastric motors 
disorders. 

8.2.2 
Standard Gastric Emptying Procedure

Gastric emptying is performed after a 12-h over-
night fast and discontinuation of any medication 
likely to interfere with gastric motility. Patients 
should refrain from smoking since it may delay gas-
tric evacuation. Diabetic patients should be stud-
ied early in the morning, after receiving two thirds 
of their usual insulin dose. There is currently no 
consensus on the optimal test meal to study gastric 
emptying. However, radiolabeled eggs, which are 
readily available, easy to prepare and stably labeled 
are used in most nuclear medicine laboratories. The 
eggs are mixed with 20–40 Mbq (0.5–1.0 mCi) 99mTc 
sulfur colloid, cooked till firm in a Teflon-coated 
pan, and given to the patient as an egg sandwich. 
To evaluate liquid emptying, water is labeled with 
3 Mbq (75 µCi) of 111In-DTPA. Ingestion of the test 
meal should be completed within 10 min.

Imaging is preferably performed with the subject 
sitting or standing. A 57Co marker placed on the 
xiphoid process or iliac crest facilitates reposition-
ing of the patient and automated processing.

8.2.2.1 
Acquisition

Immediately after the completion of the meal, the 
patient is positioned in front of the camera fitted 
with a medium-energy parallel-hole collimator. An 
initial 1-min image of the stomach is acquired in 
the 140 keV±20% technetium window. The patient 

then ingests the water and a second 1-min image 
is taken in the technetium window to calculate the 
downscatter percentage of indium into the techne-
tium window. Simultaneous anterior and posterior 
static images (dual head system), or an anterior, 
immediately followed by a posterior view (single 
head system) of the stomach are taken in a 64×64 
or 128×128 matrix in the technetium and indium 
windows at regular time intervals up to 50% emp-
tying. 

Depth attenuation must be corrected for by cal-
culation of the geometric mean (i.e., the square root 
of the anterior activity multiplied by the posterior 
activity) of gastric counts. Counts are then decay 
and downscatter corrected, and normalized to 100% 
based on total gastric counts obtained immediately 
following ingestion of the meal (time t = 0). Solid 
and liquid data are then plotted as percentage reten-
tion of food in the stomach over time.

8.2.2.2 
Visual Assessment and Quantification

In normal subjects, immediately after meal inges-
tion, both solid and liquid phases are retained in 
the proximal stomach. Water distributes then uni-
formly throughout the stomach and is rapidly emp-
tied into the duodenum. In contrast, solids move 
progressively from the proximal to the distal stom-
ach where they are ground and slowly emptied into 
the duodenum (Fig. 8.2). 

Measurement of the half emptying time (T1/2), or 
time required by the stomach to empty 50% of the 
ingested meal, is the simplest way to assess gastric 
transit. It is routinely and commonly used for clini-
cal evaluation.

8.2.2.3 
Modeling of Gastric Emptying Curves

Liquid emptying curves are usually adequately 
described by the single exponential function:

y (t)= e–kt   (2)

In Eq. 2, y(t) is the fractional meal retention at 
time t, and k the emptying rate in min-1. T1/2 is 
equal to 0.693 k.

Gastric emptying of solids is sigmoid in shape 
and characterized by an initial shoulder with little 
emptying (“lag phase” or Tlag ), followed by a pro-
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longed linear phase and finally a much slower phase 
(Fig. 8.3). The lag phase corresponds qualitatively 
and quantitatively to the redistribution of solid food 
particles from the fundus to the distal stomach and 
more specifically to the time to peak activity in the 
distal stomach (Urbain et al. 1989). 

The modified power exponential function ade-
quately fits biphasic solid emptying data:

y(t) = (1 - (1-e-kt)ß)  (3)

In Eq. 3, y(t) is the fractional meal retention at 
time t, k is the gastric emptying rate in min-1 and ß is 
the extrapolated y-intercept from the terminal por-
tion of the curve. The parameters k and ß are deter-
mined by a non-linear least squares algorithm using 
the measured fractional retention y(t) and time t as 
input. Four parameters can be derived from the gas-
tric emptying curve: Tlag in minutes, the emptying 
rate in percent of emptying per minute, and the half 
emptying time (T1/2) in minutes. 

8.2.2.4 
Clinical Applications

Diabetes mellitus: Rapid gastric emptying can be 
observed in the early stages of diabetic autonomic 
neuropathy (Kong et al. 1996). Delay in solid gas-
tric emptying is very common in symptomatic and 
asymptomatic long-standing diabetes. This delay is 
essentially due to a prolonged lag phase while the 
emptying rate is preserved. Advanced gastroparesis 
is characterized by a markedly prolonged gastric 
emptying, with a linear solid emptying curve. A 
prolonged lag period with a normal T1/2 has also 
been described in patients with longstanding dis-
ease (Urbain et al. 1993). 

Liquid emptying is only abnormal when solid 
food emptying is severely impaired (Urbain et al. 
1990a). 

Idiopathic dyspepsia: In functional dyspepsia 
associated with gastroparesis, there is a prolonged 
lag phase and slow emptying rate that reflects the 
retention of food in the distal stomach (Malagelada 
1991). 

Gastric surgery: In patients with partial gastrec-
tomy such as the Roux-en-Y procedure, there is an 
initial precipitous emptying followed by a slow evac-
uation phase resulting in a delay in both solid and 
liquid emptying. There is no lag phase, and both liq-
uids and solids empty in a similar fashion (Urbain 
et al. 1990b).

Fig. 8.2. Gastric emptying of solids. Anterior and posterior 
projections of the stomach are displayed immediately (T0), 
30 min (T30), 60 min (T60), and 90 min (T90) after meal comple-
tion. Initially, solid food is stored in the proximal portion of 
the stomach. Over time, the solid particles move to the distal 
portion of the stomach for grinding and emptying into the 
duodenum through the pylorus

Fig. 8.3. Gastric emptying curves for solids and liquids. A 
liquid emptying curve follows a mono-exponential pattern. 
A solid emptying curve is sigmoidal in shape with an initial 
plateau (lag phase) followed by a linear emptying phase and 
a late slower portion
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8.2.3 
Compartmental Analysis of the Stomach

Scintigraphy, like electrophysiologic and manomet-
ric studies, enables characterization of the respec-
tive role of the proximal and distal stomach in the 
gastric emptying process. Distinct regions of inter-
est are drawn over the proximal and distal stomach. 
Food retention in each compartment is normalized 
to the total maximum gastric activity at time zero 
and displayed on time activity curves. Mathemati-
cal compartmental analysis of food distribution 
in the stomach has been investigated (JADALI et al. 
1994).

In normal subjects, total and proximal liquid gas-
tric curves are almost identical because there is no 
retention of liquid in the distal stomach. In contrast, 
solids are retained in the stomach by the pylorus and 
the distal stomach emptying curve for solids takes 
an asymmetric bell shape pattern.

In diabetic gastroparesis, there is significant 
retention of food in the proximal stomach which 
might correspond to a decrease in fundic motor 
activity (URBAIN et al. 1993). 

In contrast, patients with functional dyspepsia 
with or without gastroparesis display a normal prox-
imal stomach emptying corroborating the normal 
electromechanical findings (URBAIN et al. 1995). 

8.2.4 
Dynamic Antral Scintigraphy (DAS)

The most significant development in gastric empty-
ing over the past decade has been the introduction of 
dynamic gastric scintigraphy; this procedure enables 
characterization of the frequency and amplitude of 
antral contractions, and correlation between gastric 
motility and gastric emptying. 

8.2.4.1 
Procedure

The subject is given a standard solid food test meal 
labeled with 75 Mbq (2 mCi) of 99mTc sulfur colloid. 
Static images of the stomach are acquired at regu-
lar time intervals; in addition, 1-s anterior dynamic 
images are acquired for 4 min after each set of static 
images.

Time-activity curves are generated from proxi-
mal, middle and distal regions of interest in the 
antrum and then analyzed using the autocorrelation 

function and a Fourier transform to determine the 
mean frequency and amplitude of the antral con-
traction.

8.2.4.2 
Interpretation and Clinical Significance

In normal subjects, antral contraction frequency 
and amplitude correlate inversely with the lag phase, 
emptying rate and total gastric emptying course, i.e. 
the greater the antral motility, the faster the gastric 
emptying (Urbain et al. 1990c, 1993, 1995). 

In diabetic gastroparesis, delayed gastric emptying 
is due to a retention of food in the proximal stomach 
and a decrease in the amplitude of antral contractions 
despite a higher frequency (Urbain et al. 1993). 

Patients with functional dyspepsia seem to have a 
paradoxical increase in the amplitude of antral con-
tractions and gastric emptying delay may be caused 
by a preponderance of non expulsive antral contrac-
tions and pyloric dysmotility (Urbain et al. 1995).

8.3 
Colon Transit Scintigraphy

8.3.1 
Introduction

Patients are asked to discontinue any medications 
likely to affect colon transit, for at least 3 days before 
the test. No dietary change is needed. The study 
should not be performed within a 4-week period 
following a colonoscopy.

Oral administration of 111In-DTPA is the most 
commonly used radionuclide to assess colon transit. 
It is administered either in encapsulated nondigest-
ible capsules (Stubbs et al. 1991), plastic particles 
(Madsen and Jensen 1989) or methylacrylate-coated 
resin particles that dissolve in the ileocecal region 
(Camilleri et al. 1989). The easiest method consists 
of the oral administration of 4 Mbq (100 µCi) 111In-
DTPA in water (Smart et al. 1991).

8.3.2 
Acquisition, Analysis, and Quantification

Imaging is typically performed at 6, 24, 48, 72 and 
96 h following the oral administration of 111In-
DTPA. Anterior and posterior images of the abdo-
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men are obtained for 10 min, using a LFOV camera 
with medium-energy collimator.

Different methods exist to analyze colon transit 
images. The simplest method consists of determin-
ing the percentage of retention in each segment over 
time and to calculate the time required to clear 50% of 
the initial radioactivity (Madsen and Jensen 1989). 
Quantitation of residual activity in the different 
colonic regions at 4 and 24 h provides accurate colon 
transit information (Camilleri and Zinsmeister 
1992). Colon transit time can also been assessed by the 
“condensed images” technique (Notghi et al. 1993). 

The “geometric mean center” (GMC) technique is 
now widely used to determine the segmental emp-
tying of the anatomic regions of the colon (Fig. 8.4) 
(Krevsky et al. 1986).

8.3.3 
Findings and Interpretation

In normal subjects, the ascending colon empties in 
a linear manner after an initial lag phase suggesting 
its storage role (Proano et al. 1990). Periods of no 
emptying alternating with periods of emptying can 
be observed. A linear progression through the colon 
is also demonstrated when using the GMC analysis 
(Stubbs et al. 1991). Solid or liquid tracers produce 
similar patterns of colon transit (Smart et al. 1991). 
Significant interstudy variability in transit can be 
observed. Colon transit is slower and more variable 
in females than males, but there is no effect of aging 
(McLean et al. 1992). 

In patients with idiopathic constipation, the GMC 
analysis makes it possible to differentiate colonic 
inertia from pelvic obstruction of defecation. Colonic 
inertia is a pancolonic disorder characterized by a 
very slow transit throughout the entire length of the 
colon, in patients with significant stasis of radioac-
tivity in the esophagus. In contrast, obstructed def-
ecation is associated with an abnormal retention in 
the rectosigmoid (Krevsky et al. 1989a).

8.3.4 
Clinical Applications

The most common clinical application of colon tran-
sit scintigraphy is the evaluation of patients with 
idiopathic constipation. It has also been used to 
demonstrate the prokinetic effect on the colon of 
drugs such as cisapride or naloxone (Kaufman et 
al. 1988; Krevsky et al. 1989b). 

8.3.5 
Whole Gut Transit

Several methods have been proposed to investigate 
the entire gastrointestinal tract in a single test. In 
our institution, 111In-DTPA in water is given with a 
solid meal. The egg sandwich (see above) is labeled 
with 99mTc to simultaneously study gastric emptying 
of solids. In normal subjects, water empties from the 
stomach rapidly (90% within 2 h) and a geometric 
mean of abdominal counts is obtained at 2–3 h to 
determine 100% of the administered 111In-DTPA 
activity. This determination enables us to generate 
terminal ileum filling rates as well as the input bolus 
into the colon to measure the GMC. Whole gut tran-
sit techniques may be limited in patients with severe 
gastroparesis, particularly when liquid emptying is 
markedly delayed. 

8.4 
Gastrointestinal Bleeding Scintigraphy

8.4.1 
Introduction

Over the past 20 years, the management of patients 
with a GI bleed has changed dramatically. The wide-
spread availability of upper and lower GI endoscopy 

Fig. 8.4. Colon transit geometric center technique. Regions of 
interest (ROI) are generated around the six segments of the 
colon on the anterior and posterior images to determine the 
geometric mean of counts in each segment. The counts in ROI 
7 are equal to the difference between input activity in the colon 
and the counts in the entire colon. The geometric center is 
calculated according to the formula Σ ROI ι (1–7) / total counts 
x ι (1–7). This weighted numerical value represents the center 
of the activity as it travels though the colon
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and the progress in interventional radiology and 
embolization techniques have given nuclear medi-
cine a new role in the diagnostic and therapeutic 
algorithms of gastrointestinal bleeding.

In our institution, a bleeding scan is performed in 
patients with a lower GI bleed to evaluate the impor-
tance of the bleed and, more importantly to localize 
the site of bleeding before selective catheterization 
and embolization or surgery. 

Both in vivo and in vitro red cell labeling meth-
ods are available for performing GI bleeding studies. 
In vivo labeling using the injection of stannous ion 
followed 20–30 min later by 99mTc-pertechnetate is 
convenient and easy to perform. However, labeling 
efficiency is variable and inconsistent varying from 
60% to 90%. When present in significant amount, 
free pertechnetate is secreted by the gastric mucosa 
and the kidneys. This may interfere significantly with 
the ability to detect a bleed in the stomach, proximal 
small bowel, and/or colon. The in vivo/vitro tech-
nique consists in the intravenous administration of 
the stannous ion, the 99mTc pertechnetate labeling of 
a blood sample collected in a syringe containing an 
anticoagulant and 99mTc pertechnetate and the rein-
jection of the labeled sample. The labeling efficiency 
approaches 95%. The absence of blood manipulation 
and risk of contamination is a significant advantage 
of these two techniques. In the in-vitro technique, a 
sample of blood is withdrawn from the patient and 
an anticoagulant and stannous solution are added. 
Sodium hypochlorite and ACD solution are then 
added to oxidize the extracellular stannous ion. 99mTc 
pertechnetate is added to the blood sample and dif-
fuses into the red blood cells, where it is reduced and 

trapped. Labeling efficiency is high and image qual-
ity appears superior (Maurer et al. 1998).

8.4.2 
Acquisition Protocol

In our institution, we acquire sequential sets of 15-
min continuous dynamic study with 15-s framing 
for a total of 60 images in a 128×128 byte matrix. 
Each 15 min the acquisition is saved at completion. 
The study is stopped when the bleeding site is identi-
fied. If the patient is not bleeding during the initial 
hour following the administration of the labeled red 
cells, the study is terminated. 

Patients are often brought back to the depart-
ment within the next 24 h for additional imaging if 
an acute onset of bleeding occurs.

8.4.3 
Findings and Interpretation

Bleeding rate detection varies from 0.05 to 0.1 ml/
min depending on the efficiency of the labeling pro-
cedure and other technical factors (Brown 1995). 
The cine display of the continuous dynamic set of 
images permits, in most cases, visualization and 
precise localization of the bleeding site by track-
ing down the progression of blood within the bowel 
(Fig. 8.5). If the patient is bleeding profusely, a quick 
transfer is organized, either to interventional radiol-
ogy for selective catheterization and embolization, 
or to the operating room for surgery.

Fig. 8.5. Gastrointestinal bleeding scan. The images are cine displayed on the computer monitor and examined for the site of 
bleeding and motion of blood within the intestine. Images of this sequence have been reframed for illustration. In this case there 
is a site of bleeding in the right upper quadrant seen on the third image (arrow on the left). Images 6 and 7 show that the blood 
travels from the right towards the splenic fl exure (arrowhead on the right) indicating that the bleeding occurs in the region of 
the hepatic fl exure. Colonoscopy demonstrated that this patient had an angiodysplastic lesion at that level
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9.1 
General Principles of Hepatobiliary 
Scintigraphy

9.1.1 
Radiopharmaceuticals

Development of 99mTc-labeled iminodiacetic acid 
(IDA) derivatives provided us with an elegant way 
of studying key elements of hepatobiliary physiology 
and pathophysiology (Loberg et al. 1976). This area 
of diagnostic scintigraphy allows for depiction of liver 
blood flow, hepatocellular function, bile formation 
and excretion, as well as biliary tract integrity and 
dynamics. It further sheds light on gastrointestinal 
tract motility and patency as bile travels along, or in 
some less fortunate instances, outside its lumen.

Hepatobiliary radiopharmaceuticals witnessed 
one of the most prolific and fruitful developments, 

detailed elsewhere (Krishnamurthy and Turner 
1990; Hladic and Norenberg 1996). To reiterate, 
the focus was ultimately placed on perfection of 
IDA derivatives, which are actively taken up and 
transported intracellularly by hepatocytes’ organic 
anion-transporting polypeptide (similar to non-
conjugated bilirubin). They are later excreted into 
canaliculi unchanged via the apical ATP-dependent 
export pump. Modern IDA analogues are probably 
the closest we have come to the concept of an ideal 
radiopharmaceutical (Karesh 1996).

The two in common clinical use today are 99mTc-
disofenin, 2,6-diisopropylacetanilide iminodiace-
tic acid (DISIDA), and 99mTc-mebrofenin, bromo-
2,4,6-trimethylacetanilide iminodiacetic acid 
(BromIDA). Considering a patient’s total bilirubin 
level, a clinical question addressed by the test, avail-
ability and the cost, one makes a specific choice. If 
the latter two are of no concern, 99mTc-mebrofenin 
is the ideal choice, for it has the best hepatic uptake 
and washout, while displaying the least activity out-
side hepatobiliary system (Krishnamurthy and 
Turner 1990).

A typical adult dose is 200 MBq (5 mCi) of 
either compound injected as an intravenous bolus. 
BromIDA should be used in jaundiced patients, esca-
lating the dose to 7.5 mCi and 10 mCi at total biliru-
bin levels of 4 mg/dl and 8 mg/dl, respectively. Pedi-
atric patients should receive 7 MBq/kg (0.2 mCi/kg), 
but no less than 37 MBq (1 mCi). The gallbladder 
wall is the target radiation exposure organ, receiv-
ing 0.11 mGy/MBq dose (Gilbert et al. 1987).

9.1.2 
Hepatobiliary Scintigraphy Technique

Ensuring an optimal scintigraphic result starts with 
proper patient preparation. It is well recognized that 
biliary flow and GB motility is a complex process 
that can be dramatically altered by a multitude of 
variables. Ideally, the patient is instructed to avoid 
opiates and opioid drugs and to fast for 4–24 h prior 
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to the test. It is preferred that the last pre-test meal (a 
bedtime snack) contains a significant fatty compo-
nent if it can be tolerated by the patient. This would 
empty the GB, rendering it in the state of refilling at 
the start of scintigraphy the following morning.

Our institutional routine hepatobiliary scintig-
raphy (HBS) includes an optional rapid blood flow 
(scintiangiography) phase, and a slower dynamic 
(hepatobiliary) phase. Optimal resolution and 
counting statistics can be obtained by acquiring 
images in a 128×128 matrix size. The framing rate for 
the scintiangiography phase is one frame per second 
for a total of 60 s, while the subsequent images are 
acquired at one frame per 15 s for 1 h. The flow is 
best viewed by re-framing the rapid phase into 3–5 s 
per displayed frame, while the slower dynamic phase 
is re-framed into 2–4 min per displayed frame. If 
further dynamic imaging is required, it is typically 
acquired and displayed similar to the hepatobiliary 
phase for as long as the intervention is planned to 
last. When the gallbladder is the focus of attention, 

such as in the case of a gallbladder ejection frac-
tion (GBEF) study, a 25°–35° left anterior obliquity 
renders the best separation of GB from duodenal 
activity (Fig. 9.1). Individualization on the basis of 
initial imaging may be needed in those who may 
have unusual GB position (intrahepatic, vertical-
posterior, etc.). Some indications (such as bile leak) 
call for even longer static acquisitions and will be 
addressed later.

While the activity is continuously changing 
during HBS, and thus violates the pre-requisite of 
the steady state distribution, single photon emission 
computed tomography (SPECT) could be acquired 
with special modifications to provide improved 
visualization of regional liver function and the bili-
ary tree (Oppenheim and Krepshaw 1988). SPECT 
imaging of the parenchymal phase is rarely useful 
in clinical practice, but may be helpful in delineat-
ing hepatocellular function of a small and deeply 
located liver lesion that cannot be appreciated on 
planar HBS (Steiner et al. 2003).

Fig. 9.1a–d. Normal gallbladder ejection fraction (GBEF) following the 15-min infusion protocol. a Normal 60-min anterior 
image demonstrates a fi lled GB abutting the duodenal activity (arrow). b The fi rst frame prior to cholecystokinin infusion is 
acquired in the left anterior oblique projection to achieve an optimal separation of the GB and the duodenum, which allows for 
less interference of duodenal activity with that obtained from the stationary GB region used for the curve and GBEF generation. 
The rest of post-cholecystokinin dynamic images (not shown here) are obtained in the same projection. c The image corre-
sponding to the trough GB activity at minute 24 from the start of CCK injection. d A normal curve following cholecystokinin 
infusion with calculated GBEF of 81%
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9.1.3 
Qualitative Assessment of Hepatobiliary 
Scintigraphy

The scintiangiography phase may reveal gross 
abnormalities of the heart and the aorta, such as 
cardiomegaly or aneurisms (Stryker and Siegel 
1997). Liver blood flow via the hepatic artery is typi-
cally faint, as it represents only 25% of overall blood 
circulation through the organ. Activity in the liver 
begins to accumulate more rapidly upon recircula-
tion, as blood returns via the portal vein 3–5 s later. 
It is just before the portal phase that a focal blush 
signals a lesion with arterial hypervascularization, 
such as hepatocellular carcinoma, adenoma, or focal 
nodular hyperplasia. Conversely, decreased flow 
can be seen in hypovascular lesions exemplified by 
an abscess and a cyst (Yeh et al. 1973).

Next is the hepatocellular or parenchymal imaging 
phase. The first 8-10 min of imaging offers a window 

into the functional hepatocellular integrity. Normally, 
the blood pool activity in the heart clears completely 
by the eighth minute (it may be faintly seen on the first 
4-min image), with the tracer concentrated densely 
in the liver. In cases of severe hepatocellular disease 
(hepatitis, cirrhosis, etc.) the cardiac blood pool activ-
ity can persist for hours following the injection. Avid 
tracer uptake allows one to examine the liver for a 
hepatocyte-replacing, space-occupying lesions (such 
as metastatic disease, hemangioma, liver abscess, 
liver cyst, etc.) (Fig. 9.2). An appearance of the tracer 
in the ductal system signals the beginning of the bili-
ary dynamic phase. While the left and right hepatic 
ducts are typically seen, visualization of the seg-
mental hepatic ducts is rare in the normal individual 
and may indicate pathology. Biliary tree dilation can 
range anywhere from a slight residual prominence in 
a previously obstructed system to a more pronounced 
appearance in a partial obstruction, such as sphincter 
of Oddi stricture or dysfunction.

Fig 9.2a–d. Two hepatocyte-replacing lesion patterns on hepatobiliary scintigraphy. a Anaerobic liver abscess exhibited as a 
solitary photopenic defect (Ab) on a representative hepatobiliary image at 5 and 15 min. Subsequent views (not shown here) also 
showed the defect, but with progressively decreasing clarity as the hepatic activity diminished. b A CT scan showed characteristic 
appearance of an abscess (Ab) corresponding to the photopenic defect. c A multifocal photopenic pattern is depicted on 5- and 
90-min hepatobiliary images. d While the most common cause of such a fi nding is metastatic disease, in this unusual case the 
CT was most consistent with multifocal fatty replacement, which was subsequently confi rmed by liver biopsy
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When the bile enters the duodenum it signals 
the intestinal phase of the study. The time from 
the radiotracer injection to this phase is commonly 
called a “biliary-to-bowel transit time.” Depending 
on the bile production rate and driving pressure gra-
dients in the hepatobiliary system, it may be as short 
as 10–15 min or as long as 1–2 h. A recent meal, stim-
ulating a lasting GB contraction with increasing bile 
flow, represents an example of the former (Qvist et 
al. 1989). Exemplifying the latter is cholecystokinin 
(CCK) pre-treatment, which causes preferential bile 
flow into the relaxing GB and away from CBD and 
duodenum (Kim et al. 1990). Another major factor 
determining this time is the patency (anatomical 
or functional) of the hepatobiliary system, starting 
at the beginning of the common hepatic duct and 
ending at the level of sphincter of Oddi. Finally, 
the bile production rate plays an important role, 
explaining severe transit time delays in intrahepatic 
cholestasis.

As the tracer fills the bowel there is a concomi-
tant parenchymal washout, expressed numerically 
as T1/2 (see Sect. 9.1.4). Under normal conditions 
it is homogeneous throughout the liver. However, 
focal nodular hyperplasia (FNH) is the most typical 
example of focal delayed (“hot spot”) washout. It can 
also be seen in hepatic adenoma and, rarely, in hepa-
tocellular carcinoma. These three entities cannot 
be definitively differentiated scintigraphically, but 
some general rules do apply. A typical triad for FNH 
consists of increased flow on scintiangiography 
phase (76% of all FNH cases), increased or normal 
uptake of 99mTc-sulfur colloid and IDA compound, 
with frequent (92%) delayed focal washout on HBS 
(Tanasescu et al. 1984; Boulahdour et al. 1993). 
Adenoma typically has unremarkable flow and 
reduced 99mTc-sulfur colloid uptake. Hepatocellular 
carcinoma usually has reduced 99mTc-sulfur colloid 
and IDA uptake, with very rare instances of delayed 
“hot spot” on HBS, but commonly very 67Ga-citrate 
avid. However, the clinical value of these observa-
tions is limited, as there are no reliable data on sen-
sitivity and specificity of those patterns in differen-
tiating among the hepatic lesions.

It is useful to pay attention to the pattern of bowel 
activity and its relationship to the liver. A displaced 
bowel loop or an unusual liver shape may signal 
a displacement by a pathological structure, such 
as a markedly enlarged and radioactivity lacking 
hydrops gallbladder (Fig. 9.3). An abdominal mass 
can similarly display persistent non-filling of a bowel 
loop in the corresponding area (Lee et al. 2001). An 
unusually dilated small bowel loop that fills only to 

a point may signal the intestinal obstruction (Tobin 
et al. 1987). A markedly dilated stomach filled with 
refluxed radioactive bile can be a secondary finding 
of a small bowel obstruction (Lantz et al. 1994).

9.1.4 
Quantitative Analysis in Hepatobiliary 
Scintigraphy

By far the most common analytical application to 
HBS is quantitation of GBEF (Figs. 9.1 and 9.4). It is 
the difference in GB counts, corrected by the back-
ground activity, between its maximal and minimal 
intensity, as a percent of the former. While a simple 
calculation, care should be taken to confirm that 
the GB region of interest (ROI) contains the GB 
throughout this imaging segment. It is common 
for the GB to change orientation, typically with the 
fundus moving in the cranial direction, assuming a 
more horizontal position. Such motion may cause 
a partial escape of GB outside the ROI, which is 
commonly drawn on the early image and applied 
to the entire image set, leading to an erroneously 
higher GBEF. Patient motion can have a similar 
effect by moving the GB outside a stationary ROI. 
An inappropriately positioned background ROI that 
includes bowel activity may occasionally lead to an 
erroneous result. Another common problem with 
a stationary GB ROI is an unintentional inclusion 
of nearby bowel activity that moves into the ROI 
towards the end of the study. It is sometimes neces-
sary to apply individual GB and background ROIs to 
the pre-CCK and the image with least GB activity.

All contemporary gamma camera systems offer 
quantitative GBEF as part of a standard package. 
Yet, some practitioners advocate visual (qualitative) 
assessment of images for characterization of gall-
bladder emptying (O’Neill and McCreath 2000). 
In nuclear medicine practice today, however, it is 
difficult to find justification for omitting computer 
processing for GBEF in favor of visual inspection 
alone.

A recent investigation advanced a mean GBEF 
(mGBEF) as a more reproducible measure of the 
organ’s motility (Toftdahl et al. 1996). It is defined 
as 100% minus the area under the time-activ-
ity curve, normalized to 100% and divided by the 
time interval from maximum to minimum counts 
per minute. While this parameter appears promis-
ing, testing it as a predictor of post-surgical success 
in patients with acalculous gallbladder disease is 
imperative prior to wide clinical acceptance.
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Fig. 9.3a–d. Two examples of bowel activity displacement caused by hydrops gallbladder (GB). a The fi rst case shows an unusu-
ally deep rounded indentation at the inferior margin of the liver (arrowheads) on the 15-min image. There is an inferomedial 
displacement of the common bile duct (CBD) and inferior displacement of the duodenal activity (Du) on the 60-min image. 
b CT scan showing a hydrops gallbladder occupying an unusually large area under the liver edge. c A second example depicts 
hydrops in a form of a photopenic “light-bulb” fi nding. It did not fi ll in with radioactive bile at 4- or 24-h images (not shown 
here). This case also demonstrates poor hepatocellular function in this patient with a cirrhotic liver, refl ected in increased 
cardiac blood pool (BP) and general body background activity. d The ultrasound image demonstrated sludge at the fundus of 
the hydrops gallbladder

A number of parameters are calculated from the 
time activity curves generated from the ROIs placed 
over the heart (activity in the circulation), liver, 
hepatic hilum, CBD, and duodenum. The whole liver 
activity curve analysis initially involved determina-
tion of time to the maximal activity (Tmax) and half-
time of clearance (T1/2) from Tmax (Gilbert et al. 
1987), which is a measure of bile formation and/or 
impedance to its flow. The normal Tmax is reached 
within 10 min of imaging, while the normal T1/2 for 
DISIDA and BromIDA are 18.8±2.5 min (Gilbert 
et al. 1987; Brown et al. 1988) and 16.8±1.3 min 
(Gilbert et al. 1987; Krishnamurthy and Krish-
namurthy 1988), respectively. The hepatic activity 
washout, also called percent of radiotracer excreted, 
can be expressed by a percent clearance from Tmax to 
a specific time (typically at 30, 45, 60, and 90 min). 
This method is especially useful if an intervention 

is applied during the study to challenge the biliary 
dynamics (Shaffer et al. 1986; Thomas et al. 2000). 
Another clinically useful parameter of bile transit 
is the hepatic hilum to duodenum transit time. It 
was found to be the most reproducible and the best 
discriminator between symptomatic and asymp-
tomatic patients with sphincter of Oddi dysfunction 
(Cicala et al. 1991).

Adding some complexity of deconvolutional 
analysis, the hepatic uptake of IDA compounds can 
be quantitatively expressed as extraction fraction 
(Brown et al. 1988). This parameter reflects func-
tional hepatocellular integrity (100% in normal 
cases). In spite of usefulness in distinguishing 
hepatocellular disease from biliary problems, it is 
uncommonly used in contemporary practice.

The gallbladder bile concentration function is 
amenable to scintigraphic analysis (Krishnamur-
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thy and Krishnamurthy 2002). Interestingly, it 
was shown to remain normal in chronic acalculous 
cholecystitis. Another sophisticated method, where 
ultrasound data is incorporated with scintigra-
phy, was developed to study GB’s biliary turnover 
rate (Radberg et al. 1993; Prandini 2003). While 
advancing our knowledge of GB physiology and 
pathophysiology, these methods are yet to find clini-
cal utility.

9.2 
Clinical Applications of Hepatobiliary 
Scintigraphy

9.2.1 
Acute Cholecystitis

HBS can demonstrate an obstructed cystic duct, a 
typical finding in acute cholecystitis (ACC), by the 
lack of activity in the GB. While newly formed radio-
labeled bile in a normal fasting individual appears 
in the GB within the first hour, a variety of factors 
and disease states can delay it. However, very few 
circumstances (mentioned in the later discussion 
of false positive results) other then ACC totally pre-
clude it. Some evidence suggests that non-visualiza-
tion of GB in ACC may have more to do with very 
high GB pressures rather than the classically cited 
cystic duct obstruction (Borly et al. 1995).

ACC was the most common clinical application 
as HBS started to enter diagnostic practice. The 
initial useful criterion for a positive test was non-
visualization of radioactivity in the GB within 4 h 
of imaging. It was soon recognized that most false 
positive results were secondary to chronic cholecys-
titis (Freitas and Gulati 1980; Freitas et al. 1983). 
Several augmentations were developed to enhance 
specificity, including waiting for up to 24 h (Drane 
et al. 1984), pre-treating patients with CCK (CCK 
pre-HBS), administering CCK after the first hour 
(CCKpost-HBS), and morphine augmented HBS 
(Choy et al. 1984). Morphine augmentation cap-
tured an overwhelming popularity in the contem-
porary practice. While similar in sensitivity to the 
4-h HBS (96% versus 97%), it has significantly better 
specificity (84% versus 68%) for ACC (Cabana et 
al. 1995). It also has better specificity than CCK pre-
HBS (Chen et al. 1997).

In a traditional approach the patient is imaged 
first for 1 h. If no GB activity is observed during 
that time, and other causes (recent meal, prolonged 

fasting, etc.) of non-visualization are excluded, the 
diagnoses to consider are either acute or chronic 
cholecystitis. Continued non-visualization during 
the 30 min following morphine injection estab-
lishes the former diagnosis, while appearance of 
the GB confirms the latter one. Another variation of 
the technique is to inject morphine as soon as one 
observes activity in the small bowel (Achong and 
Tenorio 2003). It may shorten the study consider-
ably, but could limit the study’s diagnostic ability for 
chronic cholecystitis.

A possibility of a false negative study is important 
to keep in mind. In general, if the GB is visualized 
within the first 30 min, the chance of false nega-
tive is much lower than in cases of later appearance 
(Hicks et al. 1990). Activity in the duodenal diver-
ticulum (Brown et al. 1981; Gupta et al. 2000), focal 
accumulation during enterogastric reflux (Subra-
manian et al. 1985) or via an enterobiliary fistulae 
(Ripley and Fink-Bennett 1985) can simulate the 
GB. On rare occasion it is difficult to differentiate 
activity in the duodenum from that in the gallblad-
der. A simple maneuver that consists of 225 ml of 
water ingestion can settle the question. Since it has 
no cholecystokinetic effect, the decreasing inten-
sity would indicate its duodenal origin (Keller et 
al. 1984; Wahl 1984). However, an image in the left 
anterior obliquity (LAO) and the right lateral view 
would typically accomplish the same goal. Best seen 
in the right lateral projection, the GB activity would 
appear anterior while the duodenum is found in pos-
terior location. The LAO view unwraps overlying GB 
and duodenum by moving GB towards the patient’s 
right while duodenum shifts left.

Sometimes there is enough activity entering the 
portion of cystic duct just proximal to obstruction 
that it can be mistaken for the GB, especially if it 
is dilated (Massie et al. 1983; Coleman et al. 1984; 
Achong and Oates 1991). One should not be mis-
guided away from the diagnosis by the appearance 
of the GB in the presence of percutaneous gallblad-
der drainage, as it happens frequently in patients 
with ACC treated in such a way (Borly et al. 1995). 
Similarly, GB perforation secondary to ACC may 
result in its visualization (Achong et al. 1992; Shih 
et al. 1993). Intense pericholecystic liver uptake 
(“rim sign”) may resemble the GB and lead to a false 
negative interpretation (Arose et al. 1987).

Acute acalculous cholecystitis is a life threatening 
disease, usually found in patients with severe inter-
current illness, which deserves special discussion. 
There is evidence that it is triggered by endotoxin 
injury to the GB in critically ill patients (Cullen et al. 
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2000). The injury causes hemorrhagic changes and 
loss of contractility, while the cystic duct obstruction 
is not as common as in acute calculous cholecystitis. 
It would be logical to expect that under such circum-
stances sensitivity of HBS may suffer. Surprisingly, 
the literature shows that morphine augmented HBS 
is very useful in this condition with sensitivity 
(greater than 90%) not significantly different from 
calculous ACC, but with somewhat reduced specific-
ity (Weissmann et al. 1983; Ramanna et al. 1984; 
Mirvis et al. 1986; Swayne 1986; Flancbaum et al. 
1989; Prevot et al. 1999; Jamart 2000). It is likely 
that the more frequent false positive studies are 
because of multiple factors (endotoxin, medications, 
prolonged fasting, etc.) that render GB atonic and 
congested in this very ill patient population. Some 
authors advocate white blood cell imaging for those 
with doubtful HBS results (Ziessman 2001).

False positive examinations should be infrequent 
if the patient is prepared properly. One of the most 
common preventable reasons is a recent meal that 
keeps the GB contracted (Klingensmith et al. 
1981a; Qvist et al. 1989). Therefore, a 4-h fasting 
prior to the study initiation is important. The oppo-
site extreme, prolonged fasting (more than 24 h) can 
also cause non-visualization of the GB (Larsen et 
al. 1982; Warner et al. 1987). This latter situation 
can be helped by CCK pre-treatment (Patterson 
and Kam 1985). Some authors suggested that acute 
pancreatitis may prevent or delay GB visualization 
(Edlund et al. 1982), while later evidence (Neop-
tolemos et al. 1983) does not support this claim. 
For reasons unknown, Ceftriaxone therapy may 
cause a false positive examination and should be 
discontinued prior to the test (Lorberboym et al. 
1996). It used to be that chronic cholecystitis was 
the most common cause of a false positive (Freitas 
and Gulati 1980; Freitas et al. 1983). This asser-
tion is doubtful in the era of morphine augmented 
HBS. Similarly, it is unclear if the commonly cited 
intercurrent severe illness (Kalff et al. 1983; Fig 
et al. 1990) and hyperalimentation (Shuman et al. 
1982) continues to cause false positives in the cur-
rent practice (Drane et al. 1984; Sippo et al. 1987; 
Flancbaum et al. 1989; Flancbaum and Choban 
1995).

It was reported that GB non-visualization after 
morphine has a higher predictive value in diagnosis 
of ACC when it is accompanied by an increased activ-
ity in the common hepatic duct (Kim et al. 2000). 
The authors postulate that increasing activity in the 
common hepatic duct results from competent con-
traction of the sphincter of Oddi. Conversely, lack 

of increasing activity suggests a failed attempt of 
morphine to contract the sphincter, hence, a failed 
attempt at driving the bile into the GB.

“Rim sign” (hepatic activity abutting the GB 
fossa) is a specific (specificity of 100%), but 
insensitive (sensitivity of 45%) indicator of ACC 
(Meekin et al. 1987). More importantly, it alerts 
one to an increased likelihood of complication, 
such as GB gangrene (Brachman et al. 1984) or 
perforation (Smith et al. 1986). The etiology is 
linked to the presence of local capsular edema and 
sinusoidal congestion (Meekin et al. 1987). While 
some advocate calling ACC on the basis of the 
“rim sign” alone as soon as it is observed (Bush-
nell et al. 1986; Meekin et al. 1987), others warn 
that the “rim sign” is not specific enough (Lowry 
and Tran 1991; Shih et al. 1992; Jacobson 1995) 
and advocate proceeding with complete (includ-
ing morphine augmentation) HBS (Oates et al. 
1996). One of the most common false positive “rim 
sign” calls by a less experienced observer is made 
in female patients with a band of increased activ-
ity from the scatter at the inferior edge of the right 
breast (Fig. 9.4).

9.2.2 
Gallbladder Hypokinesia Syndrome

There is a heterogeneous group of conditions that 
presents as a chronic, periodic abdominal pain, 
often biliary-like (“colicky”) in character, and 
united by a common finding of gallbladder hypo-
kinesia. First described and detailed utilizing cho-
lecystokinin cholecystography (Cozzolino et al. 
1963; Nathan et al. 1969; Valberg et al. 1971; Dunn 
et al. 1974), it remains a highly debated and evolving 
entity (Corazziari et al. 1999). Because of complex 
mechanisms involved in GB contractile regulation 
(Krishnamurthy and Krishnamurthy 1996; 
Corazziari et al. 1999; Johnson 2003), its hypo-
kinesia in response to CCK can be a reflection of a 
great variety of etiologies. Some of them originate 
in the GB itself, such as chronic calculous chole-
cystitis, chronic acalculous cholecystitis, and the 
cystic duct syndrome. Others are at various remote 
locations that can be as near as sphincter of Oddi 
dysfunction, or as remote as inflammatory bowel 
disease. While the former group is likely to benefit 
from cholecystectomy, the latter one is not. It is a 
daunting task for a clinician to identify patients in 
the latter group to avoid unnecessary cholecystec-
tomy. The ability to exclude these patients, and the 
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subsequent ratio of the two groups within a study 
population, is what probably explains variability in 
the reported power of CCK-GBEF to predict the relief 
of symptoms following cholecystectomy. A majority 
of studies report high predictive value of the test 
(Pickleman et al. 1985; Yap et al. 1991; Zech et 
al. 1991; Middleton and Williams 1992; Soren-
son et al. 1993; Khosla et al. 1997; Canfield et al. 
1998; Goncalves et al. 1998; Klieger and O’Mara 
1998; Dumont and Caniano 1999) while a minor-
ity offers an opposing view (Mishkind et al. 1997; 
Adams et al. 1998; Gani 1998).

Diagnostic stimulation of GB contraction is pres-
ently a focus of some controversy in respect to the 
choice between the fatty meal and intravenous CCK. 
Standardization does not exist in either the compo-
sition of the former or the dosage of the latter. While 
the fatty meal would seem to be the most physio-
logical approach, it is not studied specifically in the 

gallbladder dyskinesia population to determine its 
predictive value for relief of symptoms after surgery. 
However, there are well established normal values 
for some standardized fatty meals (Shafer et al. 
1983; Bobba et al. 1984; Fisher et al. 1987b; Mackie 
et al. 1987; Xynos et al. 1994; Buchpiguel et al. 1996; 
Patankar et al. 1996; Hadigan et al. 2003; Ziess-
man et al. 2003). The debate about CCK infusion rate 
is also unsettled and best exemplified in published 
argument exchanges (Middleton and Williams 
1995; Krishnamurthy and Krishnamurthy 
2003). The only clinically validated slow infusion 
technique in adults involved administration over 
45 min (Yap et al. 1991). It was observed that maxi-
mal GB contraction was achieved by 15 min into the 
infusion. Hence, an infusion over 15 min with image 
acquisition for 30 min seems to be most practical. 
There is a well established normal range for a total 
CCK dose of 0.02 µg per kilogram administered over 
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Fig. 9.4a–d. Gallbladder ejection fraction (GBEF) after 15-min cholecystokinin (CCK) infusion protocol for a dyskinesia case. 
a The parenchymal image acquired for 4 min following the tracer injection showing normal extraction. There is breast attenu-
ation with higher activity due to scatter along its edge (white arrowheads). This pattern can be mistaken for the “rim sign” 
when located close to the gallbladder fossa, as observed here. This woman fi lled the GB in 12 min following the tracer injection 
(images not shown here). b The pre-CCK challenge image shows no signifi cant bile activity in the intestine. The gallbladder 
is outlined by the stationary region, which will be applied to the rest of the dynamic post CCK acquisition. The background 
stationary region is placed superior to it. c There is minimal activity in the small bowel (black arrowheads) on the post-CCK 
image. d The curve generated from the stationary GB region, corrected by the background activity, refl ects the minimal evacu-
ation of bile in response to CCK. The calculated GBEF is 10%
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15 min (Raymond et al. 1988). This dosage was later 
used successfully to predict response to cholecys-
tectomy in children and adolescents with gallblad-
der hypokinesia syndrome (Dumont and Caniano 
1999). While GBEF of less than 35% is considered 
abnormal (Raymond et al. 1988), some authors 
advocate a more liberal threshold of 50% (Dumont 
and Caniano 1999). It is optimal to acquire images 
in 25º–35º left anterior oblique projection to prevent 
contribution of duodenal activity to the GB ROI.

Application of GBEF in hospitalized patients who 
are typically unstable, undergoing some treatment, 
and often suffering from nausea, abdominal pain 
and other gastrointestinal symptoms, warrants a 
word of caution. It is likely that in such cases GBEF 
may be abnormal as a result of pharmacological, 
hormonal, or neural influences, causing signifi-
cant reduction in specificity of the test (Moody et 
al. 1990; Raduns et al. 1990). Only a normal result 
under such circumstances would be clinically help-
ful. Therefore, experts recommend using this test in 
clinically stable outpatients only (Ziessman 2001). 
For example, increased GB contractility is observed 
with cholinergic agonists (Llamas-Elvira et al. 
1990; Garrigues et al. 1992), hypercalcemia (Mal-
agelada et al. 1976), erythromycin (Catnach et 
al. 1992), nonsteroidal anti-inflammatory drugs 
(O’Donnell et al. 1992), and those with vagotomy 
(Masclee et al. 1990). These circumstances may pro-
mote false negative results, while false positive stud-
ies are more common and can result from reduced 
GB contractility secondary to narcotics, endotoxins 
associated with severe intercurrent illness (Cullen 
et al. 2000), hyperglycemia (de Boer et al. 1994), 
somatostatin (Fisher et al. 1987a; Ewins et al. 1992; 
Hopman et al. 1992; Grimaldi et al. 1993; Stolk 
et al. 1993), diabetic neuropathy (Mitsukawa et al. 
1990), spinal cord injury (Fong et al. 2003), achala-
sia (Annese et al. 1991), inflammatory bowel syn-
drome (Sood et al. 1993), liver cirrhosis (Kao et al. 
2000), and progesterone (Tierney et al. 1999).

9.2.3 
Post-Operative Applications

The most useful post-operative application of HBS 
is in patients with a suspected bile leak. Laparo-
scopic cholecystectomy is a common procedure with 
1%–3% of early symptomatic bile leak. Interestingly, 
the incidence of asymptomatic self-resolving leak is 
about 7% (Hasl et al. 2001). The diagnosis is based 
on extraluminal appearance of the bile. It can be 

seen in the gallbladder fossa (a “phantom gallblad-
der”), track along or around the liver, make its way 
to the paracolic gutter, or appear as a typical dif-
fuse peritoneal distribution pattern (Fig. 9.5). It is 
useful to keep in mind the typical normal pattern 
of tracer transit through the biliary and the bowel 
tracts in distinguishing the instances of extralu-
minal appearance. One can appreciate the rate of 
leakage, which would convey the clinical gravity. In 
our experience the voluminous leaks are unlikely to 
cease spontaneously. Chronic leaks may mislead-
ingly appear as a minimal activity and much later in 
the study, as the receiving biloma fills to its capacity. 
It is imperative in those instances to obtain up to 4-h 
delay images. In a sizable series from Case Western 
Reserve University the test’s sensitivity and specific-
ity was an impressive 100% (Sandoval et al. 1997), 
consistent with our institutional experience. While 
anatomic modalities can visualize intra-abdominal 
fluid collections, only HBS is able to definitively and 
noninvasively differentiate the bile leak from post-
operative seroma, lymphocele, and hematoma. HBS 
is similarly diagnostic in other abdominal surgeries 
with potential for biliary leak or biliary fistula for-
mation (Marshall et al. 1984; Lineaweaver et al. 
1985; Nagle et al. 1985; Salam et al. 1987; Balsam 
and Wasserstein 1990; Velchik et al. 1991; Bhat-
nagar et al. 1995; Herrlin 1995; Sharma et al. 
1997; Outomuro et al. 2000; Benson et al. 2001; 
Lee 2001).

HBS is helpful in the diagnostic evaluation of 
patients with postcholecystectomy abdominal pain, 
which is observed in 5%–60% of those patients 
(Zeman et al. 1985). This heterogeneous group 
includes sphincter of Oddi dysfunction, cystic duct or 
GB remnants, and biliary tree obstruction or injury. 
It was initially suggested that sphincter of Oddi dys-
function may be diagnosed before cholecystectomy on 
CCK-HBS by observing a prominent CBD post-CCK 
(DeRidder and Fink-Bennett 1984). However, later 
reports showed that CCK-HBS is not useful for this 
indication (Kalloo et al. 1994; Ruffolo et al. 1994). 
The accuracy of CCK augmented HBS for sphincter of 
Oddi dysfunction detection in postcholecystectomy 
patients was near perfect in some of the early reports 
(Sostre et al. 1992). In a larger prospective series 
(Rosenblatt et al. 2001) the test was found to corre-
late poorly with manometry (the reference standard). 
Encouragingly, the authors discovered that abnormal 
HBS in this population predicted those who gained 
sustained symptomatic relief after sphincterotomy. 
This observation was later confirmed in a larger 
series at another institution (Cicala et al. 2002). 
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The latter investigators used a practical measure 
of the hepatic hilum to the duodenum transit time. 
It becomes unimportant that incoming literature 
points out that this parameter correlates poorly with 
manometry (Craig et al. 2003), for it is able to predict 
which patient is likely to benefit from sphincterotomy 
and can do that better than manometry (Cicala et 
al. 2002). Another useful approach to this group of 
patients is to augment HBS with morphine injection 
(Thomas et al. 2000). An abnormally slow DISIDA 
clearance from the liver had about 80% sensitivity 
and specificity. On the other hand, acceleration of bil-
iary tracer clearance from the liver by administering 
glyceryl trinitrate is a useful approach to demonstrat-
ing sphincter of Oddi dysfunction and differentiating 
it from organic obstruction (Bertalan et al. 2004). 
Supposedly, the nitrate relaxes the tight sphincter of 
Oddi and allows for faster flow through the CBD. This 
recently introduced methodology is awaiting the ulti-
mate evaluation by testing it for prediction of symp-

tomatic relief or improvement after sphincterotomy. 
Other less frequent symptomatic complications after 
cholecystectomy where HBS is useful include the 
cystic duct or gallbladder remnants (D’Alonzo and 
Velchik 1984), biliary tree obstruction (Falco et al. 
1993; Negrin et al. 1995), and increased incidence 
of symptomatic biliary reflux into the stomach and 
esophagus (Mekhtikhanov et al. 1991; Obradovic 
et al. 2000).

HBS plays an important role in the evaluation 
of liver transplant patients. The bile leak detection 
can be definitively diagnosed and localized in those 
without severe intrahepatic cholestasis (Lantsberg 
et al. 1990; Mochizuki et al. 1991; Gelfand et al. 
1992; Banzo et al. 1998). Vascular occlusion can 
be detected early on HBS by visualizing reduced or 
absent tracer uptake in an anatomically normal (on 
CT or US) region (Brown et al. 1986). While reduced 
hepatocellular function and cholestasis are nonspe-
cific findings in rejection (Engeler et al. 1992), 

Fig. 9.5. Post-laparoscopic cholecystectomy biliary leak. This is a typical display of the fi rst hour of dynamic imaging, formatted 
into 15 frames that were acquired for 4 min each. The fi rst frame showed normal liver uptake with a photopenic area consistent 
with a gallbladder fossa (hollow arrow). Subtle renal uptake of 99mTc-disofenin is normal (fi lled arrowheads on frames 1 and 2) 
and later seen excreted into the urinary bladder (indicated by hollow arrowhead on frames 3 and 11). The gallbladder fossa 
fi lls in progressively, with more intense activity starting from the second frame onward (indicated by the hollow arrow on 
frames 2, 3, and 5), resembling a gallbladder appearance in this recently cholecystectomized female (“phantom gallbladder”). 
A cranial extension of extraluminal activity is subtly appreciated on the fourth frame, which extends in a linear fashion along 
the left liver lobe (black arrows). This pattern becomes progressively more intense as it continues to make its way under the 
left hemidiaphragm and down the left pericolic gutter (outlined by the black arrows on the seventh frame). There appears 
to be some activity slowly getting into the small intestine (outlined by arrows with hollow arrowheads on the eleventh and 
fourteenth frames)
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sequential HBS is helpful in assessing its response 
to therapy (Loken et al. 1986). Transplant infarct 
is the final stage of rejection and would be scinti-
graphically indistinguishable from primary vascu-
lar occlusion, resulting in ominous “phantom liver” 
sign (Williams et al. 1985).

9.2.4 
Common Bile Duct Obstruction

Acute common bile duct (CBD) obstruction evolves 
through three main stages. During the initial 24 h the 
GB provides an overflow reservoir for the bile that 
cannot normally empty via the CBD. There is no dila-
tation of the biliary ducts, thus it commonly escapes 
detection on anatomic imaging. HBS is done rarely 
at this stage, but would typically show good liver 
uptake, visualization of the GB, and no activity in the 
bowel (Fig. 9.6) (Klingensmith et al. 1981b). After 
about 24 h, the GB compensation is overwhelmed and 
the biliary tree begins to distend. The back pressure 

shuts down the bile production, causing the “liver 
scan appearance” on HBS (Noel et al. 1985). This is 
the most typical finding in complete CBD obstruc-
tion, consisting of reasonably good hepatic extraction 
with no tracer transit into the GB, CBD or the bowel 
within 24 h of observation (Verdegaal et al. 1978). 
Anatomic modalities would reveal CBD dilation. If 
the obstruction is not relieved in 96 h, the hepatocel-
lular damage progresses with corresponding decrease 
in hepatic tracer uptake. Structural evaluation would 
often show progression of CBD dilation that extends 
to involve intrahepatic ducts. A common cause of 
false positive HBS for obstruction is severe cholestasis 
with or without hepatocellular dysfunction (Lieber-
man and Krishnamurthy 1986; Donohoe et al. 
1987).

Unlike the thus far discussed complete CBD 
obstruction, diagnosing partial obstruction is much 
more complicated. Early studies established some 
basic principles (Verdegaal et al. 1978). Usu-
ally, the intestinal activity is delayed, but observed 
within 24 h. One of the proposed criteria is a higher 

Fig. 9.6a–d. An example of an acute common bile duct obstruction (probably within 24 h of study initiation) by an infl amed 
pancreas is depicted. a The static view obtained at 5 min after injection shows increased cardiac blood pool (BP) activity in 
this alcoholic patient with liver cirrhosis. Vicarious renal excretion (the renal shine through from under the liver is outlined in 
black) is prominent with some focal concentration in the calices (arrowheads). b The image at 50 min revealed an unequivocal 
gallbladder fi lling with radioactive bile (arrow), but no activity in the bowel. There is a hint of BP activity, which in conjunc-
tion with parenchymal tracer retention points to signifi cant hepatocellular disease and intrahepatic cholestasis. c At 2 h, the 
patient was given a cholecystokinin challenge. The image at 30 min after the initiation of CCK showed no GB contraction or 
bowel activity. This pattern persisted on the 24-h image (not shown here). d A CT scan showed an enlarged pancreas (P) that 
was later confi rmed to have caused the common bile duct obstruction
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concentration of activity in the hepatic ducts or 
the common bile duct after 2 h, compared to liver 
activity (regardless of the gallbladder visualiza-
tion). This pattern is not specific and may be seen in 
other hepatobiliary pathologies. Caution should be 
exercised in calling partial obstruction on the basis 
of scintigraphically apparent biliary duct dilation, 
as an increasing concentration of radiotracer even 
in a normal size duct creates a “blooming” artifact 
(Floyd and Collins 1983). False positive studies 
can result after opioid administration (Taylor et 
al. 1982; Barlas et al. 2002), which can be clarified 
by reversing this effect with Naloxone (Patch et al. 
1991). Further discussion on partial obstruction in 
postcholecystectomy sphincter of Oddi dysfunction 
can be found in Sect. 9.2.3.

9.2.5 
Biliary Atresia

When the point of study is demonstration of biliary 
tree patency, increasing the bile flow (commonly 

achieved with phenobarbital or cholecystokinin) 
may become critical. It is especially important in 
differentiating biliary atresia from the neonatal hep-
atitis syndrome (severe intrahepatic cholestasis). 
For an optimal diagnostic result, these patients must 
be pretreated with a minimum of 3 (preferably 5–7) 
days of phenobarbital (Majd et al. 1981). The dosage 
is typically 5 mg/kg/day in divided doses, but it may 
need adjustment if the blood levels are subtherapeu-
tic (below 15 mg/dl). Oral feeding is withheld for 
several hours before and up to 4 h after (duration of 
fasting depends on the clinical situation) the tracer 
injection to prevent dilution of biliary activity in 
the bowel. Delayed static views are obtained hourly 
for at least the first 6–8 h with an additional view 
acquired for 10 min at 24 h (Fig. 9.7). A clear bowel 
activity excludes biliary atresia and the imaging can 
be stopped at that time. If bowel activity is not seen 
by 24 h, atresia is highly likely, but the child should 
be further evaluated with cholangiogram, since 
some cases of severe cholestasis may cause a false 
positive study. Vicarious renal excretion can cause 
a false negative study – an avoidable situation when 

Fig. 9.7a–h. A 72-day-old infant boy with persistent jaundice demonstrates no biliary excretion on this 99mTc-mebrofenin study. 
a The fi rst 4-min anterior image shows somewhat reduced liver uptake, signaled by signifi cant cardiac blood pool (BP) activity. 
Subtle blood pool activity is appreciated in the spleen (hollow arrowhead), left kidney (black arrow), and inferior pole of the right 
kidney (hollow arrow). b Cardiac blood pool decreased during the study, leaving only a hint of activity on the 40-min anterior 
image. Renal activity is now in the collecting system, including the urinary bladder accumulation (curved black arrow). c The 1-h 
image showed no activity attributable to bowel excretion. Urinary activity persists. d The right lateral and left anterior oblique 
(not shown) views are routinely obtained at this time to confi rm the origin of abdominal activity. Only a hint of radioactivity is 
seen in the right kidney (hollow curved arrow) with inferior pole descending below the inferior liver edge. e No radioactivity is 
seen in the abdomen below the liver except for the urinary bladder on this 8-h anterior view. An ovoid photopenia below the left 
liver lobe refl ects the attenuation of recent feeding in the stomach. f The right lateral view at 8 h confi rms lack of extrahepatic 
abdominal activity. g The 24-h anterior image is usually grainy secondary to very low radioactivity remaining in the patient. 
There is barely visible radioactivity in the kidneys and urinary bladder, as well as urine in the diaper (black arrowhead). h The 
right lateral view is a grainy twin to the image obtained at 1 h [image (d)], except for diaper activity (black arrowhead). Surgery 
the following day confi rmed biliary atresia
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multiple views (anterior, posterior and left anterior 
oblique) are obtained to help sorting out the location 
of activity focus. Routine use of BromIDA is strongly 
recommended to reduce renal activity. The overall 
accuracy, sensitivity, and specificity of this tech-
nique for the diagnosis of biliary atresia are 91%, 
97%, and 82%, respectively (Nadel 1996).

9.3 
Conclusion

HBS continues to enjoy frequent application in a vari-
ety of hepatobiliary conditions, but most widely in 
gallbladder hypokinesia syndrome (acalculous bili-
ary disease). While its application is supported by 
several convincing studies, well-designed controlled 
investigations are too few. Indeed, it is mostly the 
preponderance of strongly suggestive evidences and 
sound physiologic rationale that supports its current 
use. Yet another major challenge to even broader 
acceptance is significant variability in methodology 
among the practitioner. In this age of evidence based 
medicine and standardization in disease manage-
ment pathways it is our challenge to fill those voids 
such that patients in need would continue benefiting 
from this elegant physiologically based modality.
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10.1 
Introduction

Receptors are high-affinity binding proteins that 
respond to specific ligands with a defined physi-
ological event. Changes in the interaction of a ligand 
with its receptor have been implemented in a variety 
of human diseases such as diabetes and hyperlipo-
proteinemia. Over the past decade, substantial doc-
umentation with receptor-mediated imaging agents 
has been presented. Radiotracers and nuclear medi-
cine technology are used to detect many types of 
cancers in their early stages by recognition of tumor-
specific properties. However, among thousands of 
possible candidates, only a few radioligands have 
entered the clinic and are useful in daily routine. 
Over the past three decades, such radioligands have 
evolved from monoclonal antibodies, which are large 
proteins, through F(ab’)2 and Fab fragments to the 
smaller ”molecular recognition units,” and finally 
to small biologically active (synthetic) peptides. 
The molecular weight of such peptides is extremely 
diverse, ranging from small peptides which can be 
produced by solid phase or solution synthesis to 
larger polypeptides (>50 residues) which are more 
efficiently prepared by molecular cloning.

One of the characteristics that can be exploited 
for imaging is the high-affinity binding of a radio-
peptide tracer to receptors expressed on the surface 
of specific cells. The high level expression of pep-

CONTENTS

10.1 Introduction 153
10.2 Radiolabeled Peptides as Imaging Agents 155
10.2.1 Octreotide-Based Agents 156
10.2.2 111In-DOTA-Lanreotide  157
10.2.3 99mTc-Depreotide (P829) 157
10.2.4 99mTc-Vapreotide (RC-160) 157
10.2.5 123I-VIP and Analogs  158
10.2.6 Radiolabeled Neurotensin Analogs 158
10.2.7 Radiolabeled Bombesin/Gastrin Releasing 
 Peptides 158
10.2.8 Radiolabeled Cholecystokinin/Gastrin Analogs 159
10.2.9 Other Radiolabeled Peptides 159
10.3 Scintigraphy with Radiolabeled Peptides 159
10.3.1 Scintigraphy with 
 111In-DTPA-D-Phe1-Octreotide 159
10.3.2 Scintigraphy with 99mTc-Depreotide 160
10.3.3 Scintigraphy with 123I-VIP 160
10.3.4 Scintigraphy with Other Radiolabeled Peptides 160
10.4 Oncologic Applications 160
10.4.1 Colorectal Cancer 160
10.4.1.1 The Clinical Problem 160
10.4.1.2 123I-VIP Receptor Scintigraphy 161
10.4.1.3 Scintigraphy with Radiolabeled Somatostatin 
 Analogs 162
10.4.2 Pancreatic Cancer 162
10.4.2.1 The Clinical Problem 162
10.4.2.2 123I-VIP Receptor Scintigraphy 163
10.4.2.3 Scintigraphy with Radiolabeled Somatostatin 
 Analogs 164
10.4.2.4 Scintigraphy with Other Peptides 165
10.4.3 Lung Cancer 165
10.4.3.1 The Clinical Problem 165
10.4.3.2 123I-VIP Receptor Scintigraphy 165
10.4.3.3 Scintigraphy with Radiolabeled Somatostatin 
 Analogs 165
10.4.4 Breast Cancer 166
10.4.4.1 The Clinical Problem 166
10.4.4.2 123Iodine VIP Receptor Scintigraphy 167
10.4.4.3 Scintigraphy with Radiolabeled Somatostatin 
 Analogs 167
10.4.5 Neuroendocrine Tumors 168

10.4.5.1 The Clinical Problem 168
10.4.5.2 Carcinoid Tumors 168
10.4.5.3 Insulinomas 170
10.4.5.4 Other Neuroendocrine Tumors 170
10.4.6 Thyroid Cancer 170
10.4.6.1 Medullary Thyroid Cancer 171
10.4.7 Merkel Cell Carcinoma 172
10.4.8 Melanoma 172
10.4.9 Lymphoma 172
10.4.10 Prostate Cancer 172
10.5 Other Tumors 172
10.6 Future Prospects 173
 References 175



154 I. Virgolini and T. Traub-Weidinger

tide receptors on various tumor cells, as compared 
with normal tissues or normal peripheral blood cells 
(Virgolini et al. 1994a; Reubi 1995), has provided 
the molecular basis for the clinical use of radiola-
beled peptides as tumor tracers in nuclear medicine. 
In fact, receptor scintigraphy using radiolabeled 
peptide ligands has proven its effectiveness in clini-
cal practice. In particular, somatostatin (SST) and 
vasoactive intestinal peptide (VIP) analogs have 
successfully been used for imaging purposes.

Molecular cloning of human SST and VIP recep-
tors (hSSTR, hVIPR) has recently provided new 
insight into the biology and interaction of SST 
and VIP. These receptors are widely distributed 
throughout the human body and seem to be respon-
sible for the divergent effects observed for SST, VIP, 
and their analogs. Somatostatin is a 14-amino-acid 
peptide acting as a neurotransmitter or as a hor-
mone, depending on the site of action and target cell 
type. Hormonal effects of SST include the suppres-
sion of release of growth hormone (GHRF) from the 
anterior pituitary gland (Brazeau et al. 1973) as 
well as inhibition of release of other pituitary, pan-
creatic, and gastrointestinal hormones or secretary 
proteins (Brazeau et al. 1973; Plewe et al. 1984). 
In addition, SST inhibits growth and proliferation 
of various tumor cells (Reichlin 1983). Vasoac-
tive intestinal peptide is a 28-amino-acid neuroen-
docrine mediator with a broad range of biological 
activities in various cells and tissues. Initially, VIP 
was characterized as a vasodilatory substance (Said 
and Mutt 1970) responsible for the watery diarrhea 
syndrome in patients with VIP-secreting tumors 
(Verner and Morrison 1958; Bloom et al. 1973; 
Said and Faloona 1975). VIP and its analogs pro-
mote growth and proliferation of both normal and 
malignant cells (Pincus et al. 1990; Haegerstrand 
et al. 1989; Virgolini et al. 1994a).

Five different hSSTR (Yamada et al. 1992a,b, 
1993; Yasuda et al. 1992; Demchyschyn et al. 1993; 
Corness et al. 1993; Rohrer et al. 1993; Bell et al. 
1995) have been characterized in detail and have 
been cloned. In several species, VIPR subtypes 
have been characterized and/or cloned (Laburthe 
and Couvineau 1988; Couvineau and Laburthe 
1985; Couvineau et al. 1986, 1990, 1994; Ishihara 
et al. 1992; Lutz et al. 1993; Sreedharan et al. 
1991; Usdin et al. 1994; Ullrich et al. 1998). The 
human VIPR cloned from the small intestinal epi-
thelium (hVIPR; Couvineau et al. 1994) presents 
a human common VIP/PACAP receptor, similar to 
the VIPR cloned from human colonic cancer cells 
(Sreedharan et al. 1991). This receptor has been 

termed VIPR1, whereas another VIPR (termed 
VIPR2) has been cloned from animal (Lutz et 
al. 1993; Inagaki et al. 1994) and human species 
(Svoboda et al. 1994). VIPR2 is characterized by 
substantial affinity for helodermin (Robberecht 
et al. 1989). Also secretin appears to distinguish 
between these receptors (Adamou et al. 1996). They 
are members of a distinct subfamily of GTP-binding 
protein-coupled seven-helix transmembrane span-
ning receptors, being similar in their amino acid 
sequences but differing in extracellular amino ter-
minal and intracellular carboxy-terminal domains. 
There is at least one PACAP receptor, termed PAC1, 
which is characterized by high affinity for PACAP 
and low affinity for VIP (Robberecht et al. 1994; 
Harmar et al. 1998; Vaudry et al. 1997).

Several efforts have been undertaken to iden-
tify hSSTR subtypes expressed by primary human 
tumors; however, the expression patterns have 
not been established in detail (Fig. 10.1). We have 
reviewed (Virgolini et al. 1997) the results of sev-
eral attempts to identify hSSTR subtypes in primary 
human tumors. The patterns of expression of mRNA 
for hSSTR subtypes and their distributions are dif-
ferent, but often overlapping in various tumors. 
Using the RT-PCR (reverse transcription polymerase 
chain reaction) technique, in situ hybridization or 
Northern blotting, numerous observations suggest 
that hSSTR are expressed in various human tumors. 
However, the expression of hSSTR seems to be very 
individual and varies from tumor entity to tumor 
entity. In initial studies only the hSSTR2 was iden-
tified frequently in primary human tumors (Reubi 
et al. 1994). With the years, other hSSTR have been 
frequently described (Greenman and Melmed 
1994a,b; Kubota et al. 1994; Panetta and Patel 
1994; Vikic-Topic et al. 1995; Miller et al. 1995; 
John et al. 1996; Buscail et al. 1996; Janson et al. 
1996; Schaer et al. 1997; Laws et al. 1997; Jais et 
al. 1997; O’Nilsson et al. 1998; Fisher et al. 1998). 
The data published vary from research group to 
research group, most probably due to the different 
techniques applied and also to the different tumor 
entities investigated. Others and ourselves have 
identified the hSSTR3 as another peptide receptor 
expressed on or in human tumor cells (Pangerl et 
al. 1997; Schaer et al. 1997). Human-SSTR3 may be 
responsible for binding both VIP and SST/octreo-
tide (common binding site), and for the observed 
cross-competition between these peptides in pri-
mary human tumors as well as a variety of human 
tumor cell lines (Virgolini et al. 1994a, 1996b, 
1998a; Peck-Radosavljevic et al. 1998). Contrary 
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to other SSTR subtypes, only the hSSTR3 appears to 
be over-expressed at a very high level in or on all 
tumors (Pangerl et al. 1997; Raderer et al. 1998a). 
In terms of the VIP receptors, Reubi et al. (2000a,b) 
showed VIPR subtype expression on tumors using 
receptor subtype-selective analogs: VIPR1 expres-
sion was found more frequently in malignant epi-
thelial neoplasms, such as carcinomas of the lung, 
stomach, colon, rectum, breast, prostate, pancre-
atic ducts, liver, or urinary bladder. In contrast, 
the VIPR2 was only expressed in leiomyosarcomas. 
Predominant expression of PAC1 was observed in 
tumors originating from the neuronal and endo-
crine system including glial tumors (astrocytoma, 

glioblastoma, oligodendroglioma), neuroblastomas, 
as well as pituitary adenomas (Oka et al. 1998; Rob-
berecht et al. 1994, 1993; Vertongen et al. 1996). 
Therefore, catecholamine-secreting tumors (pheo-
chromocytoma, paraganglioma) and many endo-
metrial carcinomas express PAC1 receptors (Reubi 
et al. 2000a,b).

10.2 
Radiolabeled Peptides as Imaging Agents

The SSTR/VIPR imaging agents used for clinical 
studies are listed in Table 10.1. Some of these radio-
labeled agents were also tested for their in vitro 
binding to hSSTR/hVIPR subtypes expressed on 
COS7 or CHO cells. Surprisingly, for several of the 
peptides differences were described in the binding 
behavior of the parent substance, the labeled and/
or unlabeled ligand (Smith-Jones et al. 1998). All 
these tracers were found to bind to tumor cell lines 
known to express SSTR as well as to primary human 
tumors. For most SSTR/VIPR tracers, significantly 
increased binding to tumor cells as opposed to 
normal cells was documented.

Native SST exists in two forms (14 or 28 amino 
acids), but it is readily attacked by aminopeptidases 
and endopeptidases, and has a short in vivo half-life. 
Consequently, synthetic SST analogs, which incor-
porate a Phe-(D)Trp-Lys-Thr (or similar sequence) 
and which are metabolically stabilized, at both the 

Table 10.1. Overview of selected imaging agents (as of June 2004)

Radioligand Availability Receptor binding data

123I-octreotide No longer in use Not studied 
123I-Tyr3-octreotide No longer in use hSSTR2, 5 (3)
111In-DTPA-D-Phe1-octreotide Commercially available hSSTR2, 5 (3)
111In-DOTA-Tyr3-octreotide May be prepared in house hSST2, 5 (3)
111In-DOTA-lanreotide (MAURITIUS) In house hSST2–5 (1)
99mTc-HYNIC-octreotide In house Not studied 
99mTc-depreotide (P829) Commercially available hSST2, 3, 5
99mTc-Demotate1 (Tyr3-Octreotate analog) May be prepared in house Not studied
123I-VIP In house hSSTR3, VIPR1, 2
99mTc-TP 3654 (VIP analog) In house not studied
 99mTc-Neurotensin-XI First clinical data NTR1
111In-DTPA-D-Glu1-minigastrin Phase I/II CCK2
99mTc-RP527 (Bombesin/GRP analog) First clinical experiences GRP (BB2)
99mTc-Bombesin (BN) First clinical experiences Not studied
111In-DTPA-Pro1, Tyr4-BN In house Not studied

PET-TRACER

64Cu-DOTA-Aoc-BN(7-14) In house Not studied
64Cu-TETA-octreotide In house Not studied
68Ga-DOTA-Tyr3-octreotide In house hSSTR 2 (3,4,5)
68Ga-DOTA-Tyr3-octreotate In house
18F-FP-Gluc-TOCT (octreotate analog) In house hSSTR2 (3,4)

Fig. 10.1. Presentation of somatostatin (SST) and vasoactive 
intestinal peptide (VIP) receptor expression in human tumor 
cells. Five different SST and two different VIP receptors were 
characterized and cloned
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N- and C-terminals, were developed for clinical 
applications. In the past, three commercially avail-
able SST analogs, i.e., octreotide (Rosenberg and 
Brown 1991), lanreotide (Giusti et al. 1997), and 
vapreotide (Stiefel and Morant 1993), have been 
shown to be effective in controlling the growth of 
some human tumors. These SST analogs all have 
similar binding profiles for four of the five hSSTR 
subtypes (i.e., a high affinity for hSSTR2 and hSSTR5, 
moderate affinity for hSSTR3, and very low affinity 
for hSSTR1), but lanreotide and vapreotide have a 
moderate affinity for hSSTR4, whereas octreotide 
has little or no affinity for this hSSTR (Lamberts 
et al. 1996).

10.2.1 
Octreotide-Based Agents

In initial studies 123I-Tyr3-octreotide was used to 
demonstrate the feasibility to detect and localize 
human neuroendocrine tumors (Lamberts et al. 
1990; Krenning et al. 1989, 1993; Kvols 1994). How-
ever, the labeling with 123I-sodium iodide of high 
specific activity is expensive and is hardly avail-
able worldwide. Furthermore, iodination of peptides 
requires technology and skills, which are usually 
restricted to larger nuclear medicine institutions. 
Due to substantial accumulation of 123I-Tyr3-octreo-
tide in the gut as a result of hepatobiliary clear-
ance of the agent, interpretation of the abdominal 
images can sometimes be very difficult. Similar 
high abdominal accumulation was also found with 
123I-octreotide (Virgolini et al. 1996a). Some of the 
aforementioned problems have successfully been 
overcome by the introduction of 111In-DTPA-D-Phe1-
octreotide which is the first receptor radiophar-
maceutical available on the market (OctreoScan, 
Mallinckrodt Medical, St. Louis, Mo.). In this mol-
ecule a DTPA group is coupled to the NH2 group of 
the N-terminal D-Phe residue (Bakker et al. 1991). 
As opposed to 123I-Tyr3-octreotide, 111In-DTPA-D-
Phe1-octreotide shows minor accumulation in the 
liver and is predominantly excreted via the kidneys 
(Krenning et al. 1992). Therefore, the interpreta-
tion of scintigrams of the abdominal region is less 
affected by intestinal background radioactivity.

Clinical studies with 111In-DTPA-D-Phe1-octreo-
tide have clearly shown that this receptor radio-
pharmaceutical is effective in diagnosing and stag-
ing tumors and their metastases, due to binding to 
hSSTR2 (Lamberts et al. 1996; Smith-Jones et al. 
1998a,b).

Another analog of octreotide, 111In-DOTA-D-
Phe1-Tyr3-octreotide, has been prepared showing 
similar in vivo accumulation as compared with 
111In-DTPA-D-Phe1-octreotide (Krenning et al. 
1996, 1997). The purpose of this development was 
to create a ligand, which can be stably labeled with 
90Y for receptor-mediated radiotherapy (Otte et al. 
1997, 1998). In this molecule the Phe3 was replaced 
with Tyr to increase the hydrophilicity of the radio-
labeled peptide.

Several efforts have been made to label octreo-
tide with 99mTc. At our institution, 99mTc-labeled 
N-α-(6-hydrazinonicotinoyl)-octreotide (HYNIC-
octreotide) did not display sufficiently high binding 
affinity for hSSTR compared with other octreotide 
analogs (Krois et al. 1996). However, scintigraphic 
data have demonstrated excellent image quality for 
similar HYNIC-octreotide analogs in human stud-
ies (Bangard et al. 1998; Decristoforo et al. 2000; 
Gabriel et al. 2003).

One of the drawbacks of 111In-DTPA-octreotide 
is the limited spatial resolution of the radiopeptide. 
The development of a suitable chelator for radio-
metal labeling, such as DOTA, a universal ligand for 
labeling with trivalent metal ions, resulted in syn-
thesis of the PET tracer 68Ga-DOTA-Tyr3-octreotide 
(68Ga-DOTA-TOC; Hofmann et al. 2001). 

The first data of 64Cu-TETA-octreotide showed a 
high rate of lesion detection, sensitivity, favorable 
dosimetry and pharmacokinetic in a small cohort 
of neuroendocrine tumor patients (Anderson et al. 
2001).

Improvements on octreotide itself included 
the replacement by octreotate, thereby increas-
ing the internalization rate and subsequently the 
in vivo uptake by hSSTR2 expressing tumor cells 
(de Jong et al. 1998a). The change from octreotide 
to octreotate analogs increased not only the bind-
ing affinity, internalization rate and selectivity of 
hSSTR2 but clinical studies with Tyr3-octreotate 
derivatives have shown considerable improvement 
of SSTR scintigraphy (de Jong et al. 1998b). A new 
octreotate derived with the tetramine chelator has 
been introduced for clinical studies (Maina et al. 
2002). In the same way, the 18F-labeled carbohy-
drated analog of octreotide, i.e., 18F-fluoropropio-
nyl-Lys0-Tyr3-octreotate (18F-FP-Gluc-octreotate), 
which shows very high binding affinity to hSSTR2, 
moderate affinity to hSSTR4 and 5, and no affin-
ity to hSSTR1 and 2 is under clinical evaluation for 
PET applications (Wester et al. 2003).

In general, it has to be mentioned that the dif-
ferent chemical structures, different charges and 
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hydrophilicity of the SST analogs showed marked 
changes in the subtype receptor affinity profiles 
(Reubi et al. 2000a).

10.2.2 
111In-DOTA-Lanreotide 

111In-DOTA-lanreotide or MAURITIUS (multicenter 
analysis of a universal receptor imaging and treat-
ment initiative: a European study) is an SST analog 
which is a conjugate of DOTA coupled directly to 
the N-terminus of lanreotide (Smith-Jones et al. 
1998a,b). The substance can be stably labeled with 
a variety of radionuclides. 111In-/90Y-DOTA-lan-
reotide binds with high affinity (dissociation con-
stant Kd 1-12 nM) to numerous primary human 
tumors such as intestinal adenocarcinomas and 
breast cancer. 111In-/90Y-DOTA-lanreotide exhibits 
a similar high binding affinity (Kd 2-11 nM) for the 
human breast cancer cell lines T47D and ZR75-1, 
the prostate cancer cell lines PC3 and DU145, the 
colonic adenocarcinoma cell line HT29, the pancre-
atic adenocarcinoma cell line PANC1, and the mela-
noma cell line 518A2. When expressed in COS7 cells, 
111In-/90Y-DOTA-lanreotide binds with high affinity 
to hSSTR2 (Kd≈5 nM), hSSTR3 (Kd 5 nM), hSSTR4 
(Kd 3.8 nM), and hSSTR5 (Kd 10 nM), and with lower 
affinity to hSSTR1 (Kd≈200 nM). 

111In-/90Y-DOTA-lanreotide has been applied 
at several centers in Europe to prove the concept 
of receptor-mediated radiotherapy controlled by 
dosimetry using the same ligand showing stable 
disease in 41% of 154 patients and regressive tumor 
disease in 14% of patients with different tumor enti-
ties expressing hSSTR. A direct comparison of 111In-
DOTA-lanreotide with 111In-DTPA-D-Phe1-octreo-
tide and 111In-DOTA-Tyr3-octreotide has resulted 
in discrepancies in the scintigraphic imaging pat-
tern in one third of tumor patients concerning both 
the tumor uptake as well as the detection of tumor 
lesions (Virgolini et al. 2002).

10.2.3 
99mTc-Depreotide (P829)

Although clinical results with 111In- and 123I-labeled 
peptides have been excellent, extensive efforts have 
been made in preparing and evaluating peptides 
labeled with 99mTc. The SST/VIP peptide analogs are 
small molecules that target their receptor and clear 
rapidly from the circulation. Accordingly, radionu-

clides with short half-lives are the labels of choice. 
These permit the administration of larger amounts 
of radioactivity and reduce the radiation dose to 
the patient. Provided that the energy of the gamma 
photon emitted is appropriate, this results in a high 
count rate and high image quality, which translates 
into a high diagnostic efficacy.

In contrast to 111In and 123I, 99mTc is considered 
the optimal radionuclide in nuclear medicine, freely 
available from in-house 99Mo/99mTc generators, and 
attempts have been made to label SST/VIP with 
99mTc. Several chelate systems have been used for 
labeling SST analogs with 99mTc such as N4-aromatic 
and N4 aliphatic ligands, N3S ligands, or HYNIC 
chelators (Maina et al. 1994; Mather and Ellison 
1994; Krois et al. 1996; Thakur et al. 1997). None of 
these methods have proven optimal for in vivo trials 
with the exception of the N3S system used in the 
agent P829 (Vallabhajosula et al. 1996). P829 car-
ries a sequence, which mimics the binding domain 
for SST. P829 is synthesized using solid phase pep-
tide synthesis and N-(9-fluorenyl)methoxycarbonyl 
chemistry. 99mTc-P829 has been identified as a suit-
able hSSTR ligand, which binds to hSSTR2, 3, and 
5 with high affinity (Virgolini et al. 1998a). The 
cyclic hexapeptide domain of the peptide compo-
nent of 99mTc-P829 contains the pharmacophore 
L-tyrosine-D-tryptophan-L-lysine-L-valine that 
binds to the SSTR of tumor cells. In fact, 99mTc-P829 
has indicated clinical potential for imaging lung 
tumors, melanomas, or breast cancers (Virgolini 
et al. 1998a; Blum et al. 1999; Hustinx et al. 1997; 
Lastoria et al. 1996). The product was meanwhile 
(as one of the first receptor imaging agents) regis-
tered for imaging non small cell lung cancer in com-
bination with - planar radiography or CT.

10.2.4 
99mTc-Vapreotide (RC-160)

Vapreotide (RC-160, Octastatin) is a SST analog 
being developed for gastroenterologic, neuroendo-
crine, and oncologic applications. The peptide binds 
to hSSTR2 and hSSTR5 with high affinity, and mod-
erately also to hSSTR3 and hSSTR4.

Using CTPA (1,4,8,11-tetraazacyclotetradecane) 
as a bifunctional agent, RC-160 was labeled with 
99mTc and was evaluated in mice bearing experimen-
tal human prostate cancers. In these studies, tumor 
uptake was estimated to be significantly higher com-
pared with other compounds (Thakur et al. 1997). 
Studies by Guhlke et al. (1997) and Bogatzky et al. 
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(1997) have shown that RC-160 can also be labeled 
with either 131I, 99mTc, or 188Re using other chelat-
ing systems. However, no clinical data have become 
available in humans in recent years.

10.2.5 
123I-VIP and Analogs 

Vasoactive intestinal peptide (VIP) is a 28-amino-
acid neuropeptide with a broad range of biologi-
cal activities. Vasoactive intestinal peptide receptor 
scintigraphy uses naturally occurring VIP labeled 
with 123I in positions 10 and 22 of the amino acids 
(Virgolini et al. 1994b, 1995).

Although the results obtained thus far suggest 
123I-VIP to be a promising tumor tracer with the 
potential to provide additional information to con-
ventional imaging, there are still some shortcom-
ings which hamper widespread clinical use of the 
compound. Attempts have been made to label VIP 
with 99mTc since 123I-VIP is difficult and costly to 
produce.

In developing such a radiopharmaceutical, we 
have identified P1666 among VIP peptide candi-
dates to be a promising 99mTc-labeled VIP analog 
for administration to tumor patients (Shirzad et 
al. 1998; Lister-James et al. 1998). Other VIP ana-
logs have also been implemented including an 18F-
labeled VIP analog (Jagoda et al. 1997) as well as 
several 99mTc-VIP analogs (Pallela et al. 1998a–c). 
First in vivo results for the 99mTc-labeled VIP analog 
TP3654 showed promising results for imaging VIP-
receptor positive cancer (Thakur et al. 2000). 

10.2.6 
Radiolabeled Neurotensin Analogs

Native neurotensin (NT) is a tridecapeptide localized 
both in the central nervous system and in periph-
eral tissues, mainly in the gastrointestinal tract. In 
the central nervous system, NT plays the role of 
neurotransmitter or neuromodulator of dopamine 
transmission, and of anterior pituitary hormone 
secretion. Therefore, it shows potent hypothermic 
and analgetic effects in the brain. In the periphery, 
NT acts as a local hormone exerting a paracrine 
and endocrine modulation of the digestive tract 
(Vincent et al. 1999). The pharmacological effect 
of NT results from the specific interaction of the 
peptide with the cell surface. Until now there are 
known three NT receptors (NTR). NTR1 is a well 

documented receptor, including Ca2+ release after 
inositol 1,4,5-triphosphate stimulation (Chabry et 
al. 1994), activation of MAPKs (Poinot-Chazel et 
al. 1996) via protein kinase C, leading to its role in 
cell proliferation, whereas the levocobastine sensi-
tive NTR2 is still a matter of controversy (Yamada 
et al. 1998). NTR3 is non-G protein coupled capable 
of binding the peptide with high affinity (Mazella 
et al. 1998). The prevalence of NT receptors (NTR) 
in several human tumors makes it an attractive 
target for the delivery of cytotoxic drugs and imag-
ing agents (Wang et al. 2000; Reubi et al. 1998, 
1999; Maoret et al. 1994), which binds to NTR and 
induces tumor growth (Moody et al. 2001; Seethal-
akshim et al. 1997). The short plasma half-life hin-
ders the biochemical application, and some effort 
has been undertaken to develop neurotensin deriva-
tives for possible clinical application (Achilefu et 
al. 2003; Garcia-Garayoa et al. 2001; Hillairet 
de Boisferon et al. 2002).

10.2.7 
Radiolabeled Bombesin/Gastrin Releasing 
Peptides

Bombesin and gastrin releasing peptide (GRP) are 
members of a family of brain-gut peptides (Walsh 
1994a). The 14-amino-acid peptide bombesin (BN) 
has a high affinity for gastrin-releasing peptide 
(GRP) receptors expressed in a variety of tumors. 
Stimulation of proliferation by BN was reported for 
lung, breast and pancreatic cancer (Alexander et 
al. 1988; Nelson et al. 1991; Wang et al. 1996). BN 
and GRP mediate their action through membrane-
bound, G protein-coupled receptors, which include 
at least four different subtypes, namely the neuro-
medin B receptor subtype (BB1), the GRP receptor 
subtype (BB2), the BB3 and BB4 subtypes (Spin-
del et al. 1990; Wada et al. 1991; Fathi et al. 1993; 
Nagalla et al. 1995). With the exception of the GRP 
receptor (Ferris et al. 1997; Rettenbacher and 
Reubi 2001), these subtypes have been poorly inves-
tigated with regard to their subtypes and function in 
human tissue. High density of GRP receptors were 
identified by in vitro receptor autoradiography in 
human prostate, breast and gastrointestinal cancer 
(Sun et al. 2000; Markwalder and Reubi 1999; 
Fleischmann et al. 2000; Gugger and Reubi 1999; 
Caroll et al. 1999; Saurin et al. 1999). Accordingly, 
interest in developing radiometal labeled BN deriva-
tives has been shown (Nock et al. 2003; Hoffmann 
et al. 2003; la Bella et al. 2002). First data show 
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promising results for possible tumor imaging: 99mTc-
BN (Scopinaro et al. 2002, 2003a,b), 99mTc-RP527 
(van der Wiele et al. 2000), 111In-DTPA-Pro1,Tyr4-
BN (Breeman et al. 2002), and 64Cu-DOTA-Aoc-
BN(7-14) (Rogers et al. 2003). 

10.2.8 
Radiolabeled Cholecystokinin/Gastrin Analogs

The gastrointestinal peptides cholecystokinin (CCK) 
and gastrin exist in different molecular forms. Pro-
CCK and pro-gastrin can be processed to peptides 
of variable length but, as biological active peptides 
they have the same five terminal amino acids at their 
carboxy terminus. Both act as neurotransmitter in 
the brain, as regulator of various functions of the 
gastrointestinal tract, (i.e., stomach, pancreas, and 
gallbladder; Walsh 1994). Besides their physiologi-
cal role of growth factor in the gastrointestinal tract, 
they can also act as growth factors in same tumor 
entities, such as colonic, gastric, and brain carcinoma 
(Dockray 2000; Rehfeld and van Solinge 1996; 
Camby et al. 1996). Until now, three CCK receptor 
subtypes are known. CCK1 (former CCK-A) and 
CCK2 (former CCK-B) subtypes are well described 
(Wank et al. 1992), distinguishable pharmacologi-
cally by their low CCK1- versus high CCK2-affinity 
for gastrin. CCK2 receptors were described in small 
cell lung carcinomas, medullary thyroid carcinoma, 
astrocytomas, in sex cord stromal ovarian carcino-
mas, in some neuroendocrine gastroenteropancreatic 
tumors, especially insulinomas, in breast and endo-
metrial adenocarcinomas and in soft tissue tumors, 
in particular leiomyosarcomas (Reubi et al. 1997; 
Blaker et al. 2002; Reubi and Waser 2003; Schaer 
et al. 1999). CCK1 were expressed in neuroendocrine 
lung and gastroenteropancreatic tumors, and menin-
giomas (Reubi et al. 1997; Reubi and Waser 2003; 
Mailleux and Vanderhaeghen 1990). For CCK2 
receptor imaging 111In-DTPA-D-Glu1-minigastrin 
has been developed and clinically investigated (Behr 
et al. 1999; Behr and Behe 2002).

10.2.9 
Other Radiolabeled Peptides

Substance P, a neuropeptide involved in a variety 
of functions of the central and peripheral nervous 
systems, is able to stimulate proliferation of malig-
nant tumor cells (Hökfelt et al. 2001). One of the 
substance P receptor subtypes is the NK1 receptor 

frequently expressed in glial tumors, medullary thy-
roid cancer, small cell lung cancer, pancreatic as well 
as breast cancer (Henning et al. 1995; Friess et al. 
2003). However, until now there is only one report of 
visualization of the thymus in autoimmune disease 
using an 111In-labeled DTPA derivative of substance 
P (van Hagen et al. 1996).

More than 10 years ago, linear α-melanocyte-
stimulating hormone (α-MSH) analogs were labeled 
with 111In and examined for their biodistribution 
and malignant melanoma-targeting properties in 
vivo compromising their in vivo imaging poten-
tial and preventing their therapeutic applications 
(Wraight et al. 1992). More recently, a novel class 
of cyclic α-MSH analogs that coordinate their 99mTc 
and 188Re into their three-dimensional structures 
were developed, no in vivo visualization of cancer 
expressing α-MSH receptors was performed in 
humans (Chen et al. 2000; Giblin et al. 1998).

Not only tumor receptor imaging, but also tumor 
angiogenesis imaging is a new and interesting tool for 
peptide development. Recently, RDG (Arg-Gly-Asp) 
peptides, which are described to antagonize tumor 
angiogenesis, are in the preclinical phase of in vitro 
and in vivo experiments (Haubner et al. 1999, 2000; 
Capello et al. 2003).

10.3 
Scintigraphy with Radiolabeled Peptides

10.3.1 
Scintigraphy with 111In-DTPA-D-Phe1-Octreotide

Abundant information exists on the best scan-
ning procedures for OctreoScan (Krenning et al. 
1993). In principle, early planar images should be 
acquired at approximately 4–6 h post-injection of 
10 µg peptide labeled with approximately 150 MBq 
(4 mCi) 111In chloride. Late planar images should 
be acquired at 24 h. Depending on the clinical indi-
cation for SSTR scintigraphy, whole-body imaging 
should be performed in those patients in whom the 
extent of the disease has to be evaluated. It is very 
important to use a slow scanning procedure of 6 cm, 
or less, per minute (Krenning et al. 1993). Single 
photon emission computed tomography (SPECT) 
should be performed in all patients, preferably at 
24 h. In some patients a 48-h acquisition may be 
necessary to evaluate unclear accumulation in the 
abdomen. All images should be obtained with a 
large-field-of-view gamma camera, equipped with a 
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medium-energy parallel-hole collimator. Data from 
both 111In photon peaks (172 and 245 keV; window 
width 20%) should be used. For planar imaging a 
matrix of 128×128 (500 kcounts preset), and for 
SPECT a 64×64 matrix, should be used (60 projec-
tions, 45–60 s per projection). In our institution 
tomographic reconstruction is performed with a 
Wiener and ramp filter.

Technical progress with SPECT/CT hybrid imag-
ing has affected the diagnostic interpretation of 
SSTR scintigraphy in 32% and induced changes in 
patient management in 14% of the studied 72 patients 
(Krausz et al. 2003). In 104 patients with neuroen-
docrine tumors image fusion of CT and SPECT pro-
vided additional information and changed patient 
management (Kienast et al. 2003).

10.3.2 
Scintigraphy with 99mTc-Depreotide

In analyzing early and delayed imaging with 99mTc-
depreotide, no appreciable diagnostic difference 
was reported (Lastoria et al. 1996; Virgolini et al. 
1998a; Blum et al. 1998). In general, the image qual-
ity was better for the delayed images (i.e., 90 min 
post injection). We recommend imaging at 15 and 
90 min after injection of approximately 50 µg pep-
tide labeled with 740 MBq (20 mCi) 99mTc-depreotide. 
Standard planar and SPECT acquisitions should be 
obtained with a LEAP collimator.

10.3.3 
Scintigraphy with 123I-VIP

Iodine-123 VIP scintigraphy was performed in more 
than 500 patients at the University of Vienna during 
the years 1993–1998. In general, the application of 
123I-VIP is safe; however, blood pressure may drop 
during the initial minutes after bolus injection. 
Patients may experience a feeling of ”heat” if the 
tracer is injected too quickly. We recommend early 
(15–60 min after injection) and delayed (3–6 h after 
injection) planar images of the abdomen in anterior, 
posterior, and lateral views. In all patients SPECT 
imaging should be performed at 2–4 h.

The preferred dose of 123I-VIP is 150–200 MBq 
(2–3 mCi), with 1 µg (300 pmol). The VIP standard 
planar and SPECT acquisitions should be obtained 
with a large-field-of-view gamma camera equipped 
with a low-energy, general-purpose collimator. In 
clinical routine sequential imaging is not required. 

Planar images should be acquired in a 128×128 
matrix for 500 kcounts. For SPECT imaging, a 64×64 
matrix, 60 projections, 30–60 s per projection, are 
recommended. All patients should receive sodium 
perchlorate and potassium iodide prior to injection 
of 123I-VIP for thyroid blockade. More recently, we 
have modified native VIP to produce a stable VIP 
labeled with technetium (99mTc-P1666). First imag-
ing studies in 16 patients have shown the potential 
to visualize primary/recurrent intestinal adenocar-
cinoma and/or metastatic spread. However, because 
of the clinical side effects (heat, sweating headache 
and facial flushing) observed after administration, 
99mTc-P1666 does not seem to be helpful in the clini-
cal work-up (Virgolini et al. 1999).

10.3.4 
Scintigraphy with Other Radiolabeled Peptides

The new tetramine-functionalized Tyr3-octreo-
tate derivative (Demotate 1), easily labeled with 
99mTc at high specific activities showed promis-
ing data for visualization of SSTR positive lesions 
(Decristoforo et al. 2000, 2003).

The 99mTc labeled octreotide derivate HYNIC-
TOC was described for scintigraphic evaluation 
compared to 111In-DTPA-octreotide with improved 
target-to-background ratios (Gabriel et al. 2003).

PET tracers such as 68Ga-DOTA-TOC (Hofmann 
et al. 2001, 2003; Henze et al. 2003a,b) or 64Cu-TETA-
octreotide (Aderson et al. 2001), are also under clini-
cal evaluation. The first clinical results were reported 
for 18F-FP-Gluc-TOCT by Wester et al. (2003).

Other peptides such as the 99mTc-labeled neuro-
tensin (8-13): i.e. amino acids 8-13) and the GRP 
derivate 99mTC-BN are currently under evaluation 
(Buchegger et al. 2003; Scopinaro et al. 2002, 
2003a,b).

10.4 
Oncologic Applications

10.4.1 
Colorectal Cancer

10.4.1.1 
The Clinical Problem

Colorectal cancer is among the leading causes of 
cancer death worldwide and accounts for approxi-
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mately 10% of all cancer deaths. It is second to lung 
cancer in men and to breast cancer in women, and 
it is estimated that one in 20 persons is affected in 
Western countries (de Cosse et al. 1994; Boring 
et al. 1994; Seidman et al. 1985). The only cura-
tive therapy is surgical resection, whereas oncologic 
intervention in patients with advanced, inoperable 
cancer remains palliative at best (Scheithauer et 
al. 1993). Because of the strong association between 
early detection of primary and recurrent tumors or 
metastases and prognosis, exact determination of 
the tumor burden is important for the clinical man-
agement. Imaging methods available include endos-
copy, ultrasound, barium enema, as well as CT and 
MRI. Although these methods have specific roles 
in the evaluation of patients with colorectal cancer, 
none are ”optimal,” since peritoneal metastasis or 
small extrahepatic lesions mimicking postoperative 
scars (Schlag et al. 1989) might escape detection.

Various groups have shown that gastrointesti-
nal adenocarcinomas express high-affinity binding 
sites for VIP as well as hSSTR3 and other subtypes 
(Reubi 1995; Virgolini et al. 1994a; Pangerl et al. 
1997).

10.4.1.2 
123I-VIP Receptor Scintigraphy

In an initial series with 123I-labeled VIP (Virgolini 
et al. 1994b, 1995) we demonstrated the ability of the 
tracer to localize even small-sized adenocarcinomas 
of the gastrointestinal tract along with the safety 
of the agent. In addition, a higher sensitivity for 
the peptide tracer was found when compared with 
an 111In-labeled, commercially available anti-TAG-
72.3-antibody (Raderer et al. 1996).

Based on these findings, we have followed 80 
consecutive patients in order to determine the diag-

nostic capability of 123I-VIP for visualization of ade-
nocarcinomas of the colon and rectum (Raderer 
et al. 1998c). Thirteen patients were free of tumor 
after complete resection of a Dukes’ stage C cancer, 
8 patients presented with primary and 14 with 
locally recurrent tumors, but were free of metasta-
ses. Ten patients had locally recurrent disease and 
liver, lung, or lymph node metastases, respectively. 
Organ metastases (i.e., liver, lung, or lymph nodes) 
were present in 35 patients. The size of the primary 
or recurrent tumors varied between 3 and 16 cm, 
and the size of metastases between 1 and 13 cm. 
Scan results were evaluated independently by two 
nuclear medicine physicians in a blinded way, and 
results were then compared with CT results not 
older than 4 weeks. Seven of eight primary (87%) 
and 21 of 24 (82%) locally relapsing cancers were 
imaged with 123I-VIP (Fig. 10.2). Negative VIP scans 
were obtained in all 13 patients in whom the can-
cers had been curatively resected. All patients with 
lymph node metastases showed positive VIP scans 
(4 of 4), and positive scans were obtained in 25 of 
28 (89%) patients with liver metastases and in two 
of three cases with lung metastases. In four patients 
with relapsing cancer, the VIP scan indicated the 
presence of disease before CT, and in two patients 
the diagnosis of scar tissue instead of a local recur-
rence of rectal cancer as suggested by CT could be 
established.

Furthermore, our data support in vitro results 
demonstrating a high expression of VIP receptors 
in a large percentage of colorectal adenocarcinomas 
(Reubi 1995; Virgolini et al. 1994a). However, it 
has to be emphasized that the majority of patients 
undergoing VIP receptor scanning had not received 
chemotherapy before injection of the tracer. Virtu-
ally nothing is known about the influence of chemo-
therapeutic agents on receptor expression. Despite 
the limited number of patients (four patients with 

Fig. 10.2. 123I-VIP recep-
tor scintigraphy indicates 
the primary colorec-
tal tumor (arrow) 2 h 
after injection of 1 µg 
(150 MBq) radioligand 
with single photon emis-
sion computed tomog-
raphy (SPECT); four 
images in left panel (16, 
17): transverse recon-
struction; four images in 
right panel (5): sagittal 
reconstruction
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adjuvant treatment and 12 patients with palliative, 
5-FU based therapy), a negative impact of cytotoxic 
agents on scintigraphy cannot be excluded. All 
patients undergoing adjuvant treatment had negative 
scans, but also did not develop signs of malignancy 
in a 3-month follow-up period after scintigraphy. In 
contrast, two patients with locally relapsing cancers 
and three patients with liver lesions had negative 
scans, whereas the remaining seven patients with 
palliative treatment had positive scans. Further 
investigations to evaluate the influence of treatment 
on receptor expression are necessary.

Our results add to the accumulating body of evi-
dence that 123I-VIP receptor scintigraphy is a highly 
promising method for imaging and staging of gastro-
intestinal adenocarcinomas. Apart from the clinical 
application of peptide-imaging, the over-expression 
of peptide binding sites offers the potential to apply 
radiolabeled peptides for targeted tumor therapy. 
However, despite the capabilities of VIP as an imag-
ing agent, the high lung uptake does not permit the 
use of the compound labeled with isotopes suitable 
for therapy. 

We conclude that 123I-VIP offers valuable addi-
tional information to conventional radiological 
imaging in a broad cohort of patients, including 
subjects with small cancers or suspected recurrent 
cancers in scar tissue in the pelvis resulting from 
initial surgery.

10.4.1.3 
Scintigraphy with Radiolabeled Somatostatin 
Analogs

In several studies we (Virgolini et al. 1994b) and 
others (Krenning et al. 1993) have found that 
OctreoScan (Mallinckrodt, Medical, St. Louis, Mo.) 
is not useful in imaging colorectal adenocarcino-
mas. This may be explained by the lack of sufficient 

binding to hSSTR3 or hSSTR4 which both seem to 
be the major receptors expressed in colonic cancer 
tissues (Virgolini 1997; Virgolini et al. 1997). In 
contrast, we found significant uptake of 99mTc-P829 
by primary tumors as well as lung metastases from 
intestinal adenocarcinomas (Leimer et al. 1998a), 
underlining our in vitro observations of binding of 
99mTc-P829 to hSSTR3 as well as to a variety of ade-
nocarcinoma cell lines (Virgolini et al. 1998a). In 
addition, 111In-DOTA-lanreotide, which is supposed 
to also bind to the subtype receptors hSSTR3 and 
hSSTR4, produced positive images in patients with 
colon cancer (Fig. 10.3; Virgolini et al. 1998c,d).

10.4.2 
Pancreatic Cancer

10.4.2.1 
The Clinical Problem

Adenocarcinoma of the pancreas is a common cause 
of cancer death (National Cancer Institute 
1991). To date, the only therapeutic measure with 
curative potential is surgical intervention with total 
removal of clinically apparent malignant tissue. 
Despite improvement in terms of perioperative 
morbidity and mortality, the overall prognosis for 
patients diagnosed with pancreatic cancer remains 
poor, since even those individuals undergoing 
surgical resection have a very high risk of relapse 
(Warshaw and Fernandez-del Castillo 1992; 
American Cancer Society 1991). More than 80% 
of all patients die within the first year of diagnosis, 
and only approximately 3% of patients are still alive 
after 5 years (American Cancer Society 1991). 
One of the major obstacles in the treatment of this 
disease is the fact that pancreatic adenocarcinoma 
is almost always diagnosed at an advanced stage 
(Kalser et al. 1985). This is due to the lack of spe-

Fig. 10.3. 111In-DOTA-
lanreotide scintigraphy 
in a patient with colon 
cancer and a single liver 
metastasis (arrow) at 
3 h post injection of 
150 MBq radioligand. 
SPECT: transverse recon-
struction
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cific symptoms or signs, and lesions smaller than 
2 cm may escape detection by conventional radio-
logical imaging (Kelly and Benjamin 1995).

Sonography, endosonography, and CT are the 
most widely applied methods for diagnosis and 
staging of pancreatic cancer (van Dyke et al. 1985; 
Balthazar and Chako 1990). The most reliable, 
and thus most widely applied modality for detection 
and imaging of pancreatic cancer, remains CT (van 
Dyke et al. 1985), whereas MRI still has to prove 
its advantage over conventional CT (Freeny et al. 
1988). Scintigraphic methods, for the time being, 
continue to be experimental approaches.

10.4.2.2 
123I-VIP Receptor Scintigraphy

Pancreatic adenocarcinomas of the gastrointestinal 
tract have been shown to express abundant num-
bers of VIP receptors (Virgolini et al. 1994a; Reubi 
1995; Jiang et al. 1997). The feasibility and safety of 
this peptide receptor scan has been demonstrated 
(Virgolini et al. 1994b, 1995) showing the localiza-
tion of most gastrointestinal adenocarcinomas and 
liver metastases, including patients suffering from 
pancreatic adenocarcinoma. As this tumor entity 
poses a diagnostic challenge, VIP receptor scanning 
results obtained in a total of 60 consecutive patients 
with pancreatic adenocarcinomas were evalu-
ated and compared with conventional radiological 
imaging methods and surgical exploration results 
(Fig. 10.4; Raderer et al. 1998a,b). In this series 
22 patients presented with organ-confined malig-
nancy (19 at study entry, and two developed tumor 
recurrence during follow-up after initial surgery), 
whereas 25 patients had distant metastases along 
with the local malignancy, and seven patients had 
liver metastases after resection of the primary lesion 
(six upon study entry, one case of tumor develop-
ment during follow-up). In five of these patients, 
abdominal lymph node metastases were present at 
the time of scanning. Of 10 patients who had under-

gone potentially curative surgery, seven remained 
free of disease during follow-up until death or for at 
least 6 months. All patients were administered 123I-
VIP (150–200 MBq, 4–5 mCi); ~1 µg VIP). Primary 
pancreatic tumors were visualized by 123I-VIP in 19 
of 21 patients (90%) with disease confined to the 
pancreas and in eight of 25 patients (32%) suffer-
ing both from locoregional and disease metastatic 
to the liver. The overall 123I-VIP scan sensitivity for 
primary pancreatic adenocarcinomas was 58% (27 
of 46 scans). Liver metastases were detected in 29 of 
32 patients (sensitivity 90%) and abdominal lymph 
node metastases in four of five patients. In five 
patients the VIP receptor scan indicated the malig-
nant lesion prior to CT. In vitro results confirmed 
specific binding of 123I-VIP to primary pancreatic 
tumor cells as well as to PANC1 adenocarcinoma 
cells. We conclude that 123I-VIP receptor scanning 
has additional information to standard diagnostic 
methods and could influence the decision making 
process in the treatment of pancreatic cancer. Espe-
cially noteworthy are the results obtained in five of 
60 patients (8.3%) in whom VIP receptor scanning 
indicated recurrence of disease and/or metastatic 
liver spread prior to conventional methods. Possible 
changes in the choice of treatment modalities for 
pancreatic cancer following VIP receptor scanning 
suggest a profound impact in terms of quality of life 
and cost-effectiveness. The diverging results in the 
two subgroups deserve special emphasis, because 
our data imply that 123I-VIP receptor scintigraphy 
has the highest diagnostic accuracy in a cohort of 
patients who usually present a diagnostic problem 
with conventional radiological imaging. Thus, 123I-
VIP receptor scanning may be applied as an addi-
tional and complementary method in the evaluation 
of presurgical patients with suspected cancer of the 
pancreas.

The diagnostic sensitivity for liver metastases 
achieved in our study was similar to that reported for 
conventional radiological imaging, i.e., sonography or 
CT (van Dyke et al. 1985; Freeny et al. 1988). Iodine-
123 VIP is preferentially excreted via the kidneys; 

Fig. 10.4. 123I-VIP receptor scintigra-
phy indicates the recurrent pancreatic 
tumor (arrow) 2 h after injection of 
1 µg (150 MBq) radioligand (SPECT; left 
panel: transverse reconstruction; right 
panel: coronal reconstruction)
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thus, it does not concentrate in physiologic liver and 
biliary tissues, offering the opportunity of visualizing 
hepatic metastases. The smallest liver lesions imaged 
in our patients were approximately 1.5 cm with the 
median size of liver metastases being 3 cm (range 1.5–
10 cm). Although the early detection of metastatic dis-
ease to the liver may not directly translate into a pro-
longation of survival, this information nevertheless is 
important for physicians involved in the management 
of such patients. There is international consensus that 
patients with metastatic disease are best spared an 
operation (Warshaw and Fernandez-del Castillo 
1992), since extensive surgery does not affect overall 
survival and bears the risk of increased perioperative 
mortality and morbidity. The same holds true for the 
early detection of lymph node metastases, and in this 
study VIP visualized abdominal lymph node metasta-
ses in four of five patients.

In conclusion, 123I-VIP receptor scanning has 
promising potential for the clinical use in diagnos-
ing and/or staging of pancreatic cancer. As demon-
strated in our study, 123I-VIP receptor scintigraphy 
could possibly influence the decision making pro-
cess in patients with verified or suspected cancer of 
the pancreas, due to its ability to visualize malig-
nancy even in the absence of conventional radio-
logical abnormalities. We conclude that scintigra-
phy with 123I-VIP could provide valuable additional 
information to the available conventional radiologi-
cal imaging modalities for staging and early diagno-
sis of pancreatic cancer. In fact, the high sensitivity 
especially for small lesions and metastatic deposits 
might have a profound impact on clinical manage-
ment of such patients. 

10.4.2.3 
Scintigraphy with Radiolabeled Somatostatin 
Analogs

Previously, 111In-DTPA-D-Phe1-octreotide was used 
for imaging gastrointestinal tumors (Krenning et 
al. 1993; Virgolini et al. 1994b). However, whereas 
VIP scans were positive in a small cohort of patients 
with pancreatic exocrine tumors, negative imaging 
results were obtained by labeled octreotide. The 
most likely explanation for these negative in vivo 
results is a lack of high-affinity receptors specific 
for octreotide on pancreatic adenocarcinomas. The 
VIP receptor scan was also superior to immunos-
cintigraphy in a study in which a direct comparison 
of the monoclonal antibody 111In-CYT-103 (OncoS-
cint) with 123I-VIP was performed (Raderer et al. 
1996). Promising results with the administration 
of fluorodeoxyglucose (FDG) for positron emission 
tomography (PET) have been reported (Inokuma 
et al. 1995). Forthcoming investigations will have 
to be performed in order to evaluate the diagnostic 
value of VIP SPECT and FDG PET in a direct com-
parison.

Initial imaging results with 99mTc-P829 (Fig. 10.5; 
Leimer et al. 1998a) as well as with 111In-DOTA-lan-
reotide (Virgolini et al. 1998c,d) have indicated the 
potential of these tracers to image gastrointestinal 
adenocarcinomas including pancreatic cancer. This 
is most probably based on the recognition of differ-
ent hSSTR subtypes expressed on or in pancreatic 
tumors (Raderer et al. 1998a,b). For both these 
SSTR ligands, however, only limited clinical data 
are available.

Fig. 10.5. 99mTc-Depreotide (P829) scintigraphy indicates in a patient with pancreatic adenocarcinoma and a larger liver metas-
tasis (arrow) at 90 min post injection of 150 MBq radioligand (SPECT: sagittal reconstruction)
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10.4.2.4 
Scintigraphy with Other Peptides

By autoradiography, neurotensin receptors (NTR) 
are specifically detectable in pancreatic carcinomas 
(Wang et al. 2000; Reubi et al. 1999). A first clini-
cal study of 99mTc-labeled neurotensin analog NT-XI 
in four patients with ductal pancreatic adenocar-
cinoma showed promising data (Buchegger et al. 
2003).

Bombesin and gastrin releasing peptides play a 
physiological and pathophysiological role in pancre-
atic tissue. The presence of GRP/BN receptors was 
reported in three distinct tissue compartments of 
the pancreas, namely GRP receptors in the exocrine 
parenchyma in chronic pancreatitis, in peritumoral 
vessels around ductal pancreatic carcinomas, and 
BB3 receptors in residual pancreatic islets. Imaging 
of these receptors may have implications for the dif-
ferentiation of chronic pancreatitis from ductal pan-
creas carcinoma (Fleischmann et al. 2000).

10.4.3 
Lung Cancer

10.4.3.1 
The Clinical Problem

Lung cancer was the most frequent malignancy in 
the European Union in 1990 (Black et al. 1997). 
Also in the United States, lung cancer is the lead-
ing cancer site with the highest mortality rate in 
both men and women, and had a projected mortal-
ity of >150,000 deaths in 1997 (Parker et al. 1997). 
Early detection and treatment may lead to improved 
survival for some types of lung cancer (Naruke 
et al. 1997). The best opportunity for cure of lung 
cancer is surgical excision of the primary tumor 
and of metastases to regional lymph nodes. If the 
cancer has spread, then surgery is not an option and 
other treatment regimes are applied including che-
motherapy and external beam radiation, but these 
measures are rarely curative (Ginsberg et al. 1993). 
Therefore, an accurate diagnosis with confirmatory 
cytology or histology and an estimate of the stage of 
the disease are extremely important.

The major histologic types of lung cancer are 
squamous cell carcinoma, adenocarcinoma, large 
cell lung carcinoma (referred to as NSCLC, non-
small cell lung cancer) and small cell lung carcinoma 
(SCLC). In addition, there are other, less common, 
lung tumors such as carcinoid tumors.

Diagnosis based on histopathology requires 
bronchoscopy, or open-lung biopsy in order to dif-
ferentiate benign from malignant lesions before and 
often after surgical resection or radiation therapy of 
the primary tumor lesions. Bronchoscopy, includ-
ing bronchial washings and brushing, has a sensi-
tivity of 65% for malignancy, and transbronchial 
biopsy increases the sensitivity to 79% for lesions 
that are accessible (Wang et al. 1988). These inva-
sive procedures have a relatively high incidence of 
pneumothorax. Beyond the clinical diagnosis con-
ventional imaging techniques are used including 
chest radiograph, CT, or MRI. These diagnostic 
methods provide anatomical information and can 
neither accurately stage the disease when metastases 
occur without anatomical change nor differentiate 
between malignant and non-malignant tumors.

Approximately 130,000 new solitary pulmo-
nary nodules (SPNs) are detected each year on 
chest radiographs performed as part of preopera-
tive evaluations for unrelated surgery or as part of 
annual physical examinations. In various studies 
28–39% of resected SPNs were malignant, account-
ing for approximately 20% of newly diagnosed lung 
cancer (Siegelman et al. 1986). Significant progress 
has been made by the introduction of PET showing 
overall the highest sensitivity (96%) and specificity 
(88%) in detecting lung cancer in patients with SPN 
(Kahn et al. 1991; see Chaps. 11 and 12).

10.4.3.2 
123I-VIP Receptor Scintigraphy

Due to the high physiologic uptake of VIP in the 
lungs (Virgolini et al. 1995), the visualization of 
VIPR-positive lung tumors is difficult. Therefore, 
VIPR scintigraphy does not have application for 
detecting lung tumors or lung metastases.

10.4.3.3 
Scintigraphy with Radiolabeled Somatostatin 
Analogs

In vitro studies have demonstrated that 50%–75% 
of SCLC have specific high-affinity binding sites for 
SSTR. Furthermore, SCLC sites have been localized 
through scintigraphic imaging with the radiolabeled 
SST analogs 123I-octreotide and 111In-DTPA-D-Phe1-
octreotide which bind to tissue expressing hSSTR2 
and hSSTR5 (O’Bryne et al. 1994; Kwekkeboom 
et al. 1991). Controversial reports exist concern-
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ing SSTR expression in NSCLC tumors. Whereas 
some in vitro studies have failed to demonstrate 
the presence of SSTR in NSCLC (Reubi et al. 1990), 
SST analog imaging in patients with NSCLC have 
been successful. Since a tumor may contain numer-
ous different cell types, including neoplastic cells, 
stroma, inflammatory cells and necrotic tissue, it 
has been hypothesized that there may be uptake of 
the radiolabeled SSTR ligand by other cells within 
the tumor mass, such as lymphocytes, which are 
known to express SSTR (Sreedharan et al. 1989). 
O’Bryne et al. (1994) have shown for the first time 
that NSCLC samples express a single class of spe-
cific high-affinity SSTR binding sites. Moreover, 
we (Virgolini et al. 1998a) identified two classes 
of specific high-affinity binding sites for 99mTc-
P829 in NSCLC, and the presence of hSSTR was 
confirmed by mRNA analysis using Northern blot 
analysis. Thomas et al. (1994) using limiting dilu-
tion-PCR (LiD-PCR) found high levels of transcrip-
tion of SSTR1 in lung tumors, especially in NSCLC. 
Fujita et al. (1994) showed the expression of SSTR 
subtype genes at high level in two squamous cell 
carcinoma cell lines, in which the representative 
neuroendocrine markers were low. We have shown 
high-affinity binding sites for 111In-DOTA-lanreo-
tide in NSCLC samples with predominant expres-
sion of hSSTR4. Furthermore, 111In-DOTA-lanreo-
tide scintigraphy indicated the primary tumor in all 
16 patients with NSCLC, lymph node metastases in 
6/6 patients and bone lesions in 3/3 patients (Traub 
et al. 2001).

The FDG PET technique has been shown to accu-
rately detect SPN with a sensitivity of 98% and a 
specificity of 69% in a prospective blinded study 
(Lowe et al. 1998). However, FDG PET is not rou-
tinely available and is expensive. 99mTc-P829 scin-
tigraphy was included into the diagnostic work-up 
following identification of a suspicious lesion on the 
chest radiograph or after the CT (Blum et al. 1998). 
The potential for wider availability and cost-effec-
tiveness of 99mTc-P829 scintigraphy compared with 
FDG PET is suggested by kit production and 99mTc 
compatibility with existing conventional nuclear 
medicine detector systems.

The position of 99mTc-P829 (Fig. 10.6) in the clini-
cal management of patients suspected of having 
lung cancer might not only be limited to the primary 
evaluation of the SPN but could be extended to assess 
post-treatment pulmonary changes. Post-treatment 
pulmonary changes, such as persistent tumor, scar-
ring, or necrosis, are not adequately characterized 
by CT or MRI. A tissue biopsy negative for tumor 

cannot be accepted as definitive because of limita-
tions in accurately sampling regions of viable tumor 
in the middle of a scar. Suspicious local and dis-
tant tumor recurrence can be accurately character-
ized using whole-body FDG PET (Patz et al. 1994). 
Whether 99mTc-P829 would be clinically useful in 
the secondary management of lung cancer remains 
to be established against FDG. Similar to 99mTc-P829 
111In-DOTA-lanreotide concentrates in NSCLC.

10.4.4 
Breast Cancer

10.4.4.1 
The Clinical Problem

In women the most commonly diagnosed cancer 
was breast cancer (Parker et al. 1997). The problem 
with breast cancer is to determine the characteristics 
and extent of the disease as an aid in planning and 

Fig. 10.6. 99mTc-P829 scintigraphy indicates in a patient with 
non-small-cell lung carcinoma (NSCLC) the tumor sites at 
90 min after injection of 50 µg (600 MBq) radioligand. Planar 
imaging: anterior (top panel) and posterior (bottom panel) 
views. In addition to the large tumor mass (long arrow) a 
small lymph node metastasis was identifi ed above the tumor 
lesion (short arrow) which was not identifi ed on CT but was 
verifi ed by surgery
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monitoring treatment. Which nodes are involved is 
of importance for prognosis. Several radiopharma-
ceuticals have been applied in patients with breast 
cancer, including FDG, sestamibi, tetrofosmin, and 
receptor tracers (Bombardieri et al. 1997).

The study of breast cancer is complicated by the 
heterogeneity of the disease. One way of simplifying 
is to subdivide these tumors into clinically relevant 
subgroups. There are indications that breast cancer, 
of which some express the SSTR, can be subdivided 
this way. It is well recognized that estrogen (ER) and 
progesterone receptor (PR) expression is associated 
with prolonged survival time. A retrospective study 
in 110 patients suggested that the presence of SSTR 
predict a longer disease-free survival (Foekens et 
al. 1989). In fact, human breast cancers have been 
shown to express SSTR with high incidence. During 
the past 10 years this has been demonstrated by 
several in vitro studies using autoradiography, 
radioligand binding studies, or Northern blotting. 
Furthermore, it was documented that the expres-
sion of SSTR in breast cancer tissue is significantly 
higher than in normal breast tissue (Vikic-Topic et 
al. 1995; Schaer et al. 1997; Virgolini et al. 1996c; 
Zia et al. 1996).

10.4.4.2 
123Iodine VIP Receptor Scintigraphy

Whereas 123I-VIP has poor sensitivity for localizing 
ER/PR-positive breast cancer (11%), the sensitivity 
of VIP in ER/PR-negative breast cancer is approxi-
mately 85% (Taucher et al. 1996). At several sites 
(Thakur et al. 1997; Pallela et al. 1998a-c) 123I-VIP-
agonist receptor scintigraphy was used for imaging 
breast cancer based on the very high expression of 
VIPR reported in patients with breast cancer (Reubi 
1995; Virgolini et al. 1996c; Moody et al. 1998). No 
clinical data have been published yet.

10.4.4.3 
Scintigraphy with Radiolabeled Somatostatin 
Analogs

Van Eijck et al. (1994) administered 111In-DTPA-
D-Phe1-octreotide to 52 patients with breast cancer 
and was able to demonstrate the presence of SSTR 
in 85% of ductal and in 56% of lobular carcinomas. 
When subdividing the primary tumors according to 
size, 86% of T2 tumors and 61% of T1 tumors were 
visualized. Examination of the axillary lymph node 
status revealed only four of 14 histopathologically 
confirmed metastatic localizations. Higher den-
sity in vivo correlated mostly with homogeneous 
and dense distribution of SSTR at autoradiography, 
whereas lower dense distribution corresponded 
with a non-homogeneous and sparse distribution 
of these receptors in vitro. Moreover, the low den-
sity of these receptors seemed to be due to a non-
invasive component (mainly ductal carcinoma in 
situ). Furthermore, a higher sensitivity of SSTR was 
observed compared with tumor markers such as CA 
15-3 and CEA in detecting recurrence in patients 
with SSTR-positive primary tumors., Vural et al. 
(1997) have shown that 111In-DTPA-D-Phe1-octreo-
tide was able to detect 16 of 17 histopathologically 
confirmed breast cancers (15 invasive ductal carci-
noma, one mucinous adenocarcinoma, one intra-
ductal carcinoma) compared with 13 detected by 
201Tl. In our series more than 90% of primary human 
breast tumors were detected using 111In-DTPA-D-
Phe1-octreotide (Fig. 10.7; Taucher et al. 1996). In 
a study by Schulz et al. (2002), an excellent cor-
relation between the outcome of SSTR scintigra-
phy and the expression of hSSTR 2a (p=0.025) and 
hsst 5 (p<0.001), but no expression of either hSSTR 
1(p=0.343) or hSSTR3 (p=0.400) has been found.

We (Virgolini et al. 1998a) have demonstrated 
the in vivo binding capacity of 99mTc-P829 in breast 
cancer patients (Fig. 10.8). This ligand seems to bind 

Fig. 10.7. 111In-DTPA-D-
Phe1-octreotide scintig-
raphy in a patient with 
breast cancer. The arrows 
indicate two tumor 
masses in the left breast. 
Planar images in anterior 
(left panel) and left lat-
eral view (right panel)
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with high affinity to hSSTR2 and also to hSSTR 3 
and 5. In these studies 99mTc-P829 performed better 
than MIBI

10.4.5 
Neuroendocrine Tumors

10.4.5.1 
The Clinical Problem

Neuroendocrine tumors are rare disease entities, 
often presenting as bizarre diagnostic puzzles 
(Moertel 1987). The fact that these malignancies 
arise from hormonally active cells explains the wide 
variety of symptoms encountered in patients with 
neuroendocrine cancers of various origin. The dif-
ferent manifestations are related to the release of 
hormones or other biologically active substances 
produced in excessive amounts, such as insulin, gas-
trin, VIP, glucagon, or serotonin (Kvols 1994). Such 
cancers constitute a group of relatively slow-grow-
ing malignancies, which are sometimes diagnosed 
after years of symptoms in affected patients. This 
is related to the fact that the amount of hormones 

secreted does not necessarily correlate with tumor 
size, whereas small cancers tend to escape clinical 
detection by conventional radiological imaging. 
Thus, the start of successful therapy or symptom-
atic palliation is often delayed.

10.4.5.2 
Carcinoid Tumors

Carcinoid tumors constitute the group with the 
highest incidence among all cases of neuroendocrine 
malignancies, predominantly arising in the gastro-
intestinal tract but also at various other sites (Vinik 
et al. 1989). According to epidemiological data, gas-
trointestinal tract carcinoids occur in 1.5 cases per 
100,000 people per year (Godwin 1975). The onset of 
symptoms related to excessive serotonin production 
summarized under the term ”carcinoid syndrome” 
may precede the correct diagnosis and localization 
of the tumor by years. While long-term symptomatic 
control of tumor-related symptoms can be achieved 
in some patients by non-invasive means, the treat-
ment of choice in localized disease remains surgical 
resection, since it is the only measure with potential 

Fig. 10.8. 99mTc-P829 
scintigraphy indicates 
in a patient with breast 
cancer (primary tumor 
resected) axillary lymph 
node recurrence (arrow, 
upper two rows) 1.5 h 
after injection of 50 µg 
(700 MBq) radioli-
gand (SPECT; coronal 
reconstruction). Scin-
tigraphy with Sestamibi 
(Miraluma, Dupont 
Pharma, Billerica, Mass.) 
showed only faint uptake 
(lower two rows). (Cour-
tesy of H. Handmaker)
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cure. On the other hand, the removal of the primary 
cancer in the absence of symptoms, such as bowel 
obstruction, does not significantly alter the progno-
sis in disseminated disease.

In vitro data have demonstrated a high amount 
of receptors for various hormones and peptides on 
malignant cells of neuroendocrine origin, including 
carcinoid tumors (Reubi 1995; Reubi et al. 1989). 
Among the latter, binding sites for members of the 
SST family (hSSTR1–5) are frequently found, and 
their expression has led to therapeutic and diagnos-
tic attempts to specifically target these receptors. 
The use of OctreoScan (Mallinckrodt-Medical, St. 
Louis, Mo.) for imaging purposes has been incor-
porated into the clinical work-up of patients sus-
pected of suffering from neuroendocrine tumors 
(Krenning et al. 1993). In our series, which is in 
line with results reported by Krenning et al. (1993), 
primary or recurrent carcinoid tumors could be 
visualized by means of 111In-DTPA-D-Phe1-octreo-
tide in 95 of 104 patients (91%), whereas metastatic 
sites were identified in 110 of 116 patients (95%) 
(Fig. 10.9.). In 11 of 21 patients (51%) with sugges-
tive symptoms but without identified lesions by 
conventional imaging, focal tracer uptake identified 
the location of the carcinoid tumor. In addition, the 
presence of metastatic disease was demonstrated in 
three patients after resection. In a direct comparison 
of 131 patients evaluated with both imaging modali-
ties, 111In-DTPA-D-Phe1-octreotide was found to 
be superior to 123I-VIP, with 35 of 38 (93%) vs 32 of 
38 (84%) scans being positive in primary or recur-
rent tumors, and 58 of 65 (90%) vs 53 of 92 (82%) 
being positive in patients with metastatic sites, and 
seven of 16 (44%) vs four of 16 (25%) in patients with 
symptoms but otherwise negative work-up. Overall, 
additional lesions not seen by conventional imaging 
were found in 43 of 158 (41%) vs 25 of 103 (25%) with 
111In-DTPA-D-Phe1-octreotide and 123I-VIP, respec-
tively. These results indicate a high sensitivity of 
both peptide tracers for localizing tumor sites in 
patients with known or suspected carcinoid tumors, 
with 111In-DTPA-D-Phe1-octreotide scintigraphy 
being more sensitive than 123I-VIP receptor scan-
ning. Both 123I-VIP and 111In-DTPA-D-Phe1-octreo-
tide had a higher diagnostic yield than conventional 
imaging, as verified by surgical intervention or long 
term follow-up. As expected from pharmacokinetic 
data (Battari et al. 1988; Gespach et al. 1988), one 
of the shortcomings of 123I-VIP is its inability to 
visualize small pulmonary lesions. In fact, approxi-
mately 40% of the tracer is trapped in the lungs a 
few minutes after administration, supplying a high 

rate of physiologic background. Thus, small lesions 
with a low receptor density cannot be distinguished 
from normal lung uptake. 111In-DTPA-D-Phe1-octreo-
tide, which is not trapped in the lungs, demonstrated 
a striking superiority for imaging of lung lesions, 
whereas less than 50% of pulmonary deposits could 
be seen on VIP receptor scintigraphy. We conclude 
that 111In-DTPA-D-Phe1-octreotide represents the 
more sensitive method for diagnosis and staging of 
patients suffering from carcinoid tumors, whereas the 
combination of both peptide receptor scans does not 
appear to further enhance diagnostic information.

In asymptomatic patients for hormone overex-
pression of gastroenteropancreatic (non-functioning 
GEP) tumors, SSTR scintigraphy, particularly SPECT, 
seems to be a useful tool in the detection of lesions 
contributing to correct patient classification and 
appropriate selection of therapeutic strategy. Liver 
SPECT showed higher sensitivity than conventional 
imaging techniques (CIT; sensitivity of SSTR scintig-
raphy: 92%, sensitivity of CIT: 80%; Schillaci et al. 
2003a,b).

Our data also indicate that 111In-DOTA-lanreo-
tide, similarly to 111In-DTPA-D-Phe1-octreotide, 
accumulates in neuroendocrine tumors including 
carcinoid tumors (Virgolini et al. 1998c,d). Com-
parison with conventional imaging techniques, 
SSTR scintigraphy and PET with the PET tracer 18F-
DOPA supplemented diagnostic information of the 
primary as well as in the metastatic location of gas-

Fig. 10.9. 111In-DTPA-D-Phe1-octreotide scintigraphy in a 
patient with recurrent carcinoid tumor. Planar anterior view: 
the arrow indicates a single metastatic tumor site in the right 
ovary at 6 h post injection
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trointestinal carcinoid tumors with an overall sensi-
tivity of 65% for 18F-DOPA PET, 57% for SSTR scin-
tigraphy, 29% for 18F-PET and 73% for conventional 
imaging techniques (Hoegerle et al. 2001a).

10.4.5.3 
Insulinomas

In reviewing 28 patients with histologically veri-
fied insulinomas undergoing 123I-VIP as well as 
111In-DTPA-D-Phe1-octreotide scintigraphy, 123I-
VIP visualized tumor lesions in 15 of 21 patients, 
whereas 111In-DTPA-D-Phe1-octreotide visualized 
tumor lesions in 12 of 28 patients. In 15 patients the 
two tracers were compared directly: 123I-VIP scin-
tigraphy was positive in 12 of 15 patients (80%), 
whereas 111In-DTPA-D-Phe1-octreotide scintigraphy 
was positive in 8 of 15 (60%). In these patients radio-
logical imaging disclosed primary tumor lesions in 
55% only. Bertherat et al. (2003) reported that 
insulinomas displaying hSSTR2 binding, were also 
hSSTR5 sensitive. But one third of insulinomas did 
not express hSSTR2/hSSTR5 subtypes, which may 
be involved in a beta-cell dysfunction. Therefore, in 
vitro experiments at our institution indicated pre-
dominant expression of hSSTR3 in all insulinoma 
specimens investigated (Hejna et al. 1998). These 
results indicate a superior imaging capability for 
123I-VIP acting as a ligand for hSSTR3, which is prob-
ably not sufficiently targeted by 111In-DTPA-D-Phe1-
octreotide (Lamberts et al. 1996).

10.4.5.4 
Other Neuroendocrine Tumors

The SSTR scintigraphy using 111In-DTPA-D-Phe1-
octreotide has a high positive predictive value for the 
vast majority of neuroendocrine tumors (Krenning 
et al. 1993). 111Indium-DTPA-D-Phe1-octreotide has 
earned its place in the diagnostic work-up as well as 
follow-up of patients with neuroendocrine tumors. 
These tumors seem to express the hSSTR2 pre-
dominantly (Reubi et al. 1994). First clinical use of 
99mTc-P829 scintigraphy in neuroendocrine tumors 
compared to 111In-DTPA-D-Phe1-octreotide scintig-
raphy showed poorer results for 99mTc-P829 imag-
ing (Lebtahi et al. 2002). 68Ga-DOTA-TOC has been 
described as a PET tracer for neuroendocrine tumors 
with a higher receptor affinity, a higher spatial resolu-
tion and the ability of quantification (Hoffmann et 
al. 2001). First clinical data have shown a superiority 

of this tracer for detecting small tumor lesions or 
tumors bearing a low density of hSSTR (Kowalski et 
al. 2003; Hoffmann et al. 2003). 64Cu-TETA-octreo-
tide has been described as suitable for scintigraphic 
imaging of SSTR positive tumors (Aderson et al. 
2001). In an intra-patient comparison of a cohort of 
41 patients with endocrine tumors 99mTc-HYNIC-
octreotide exhibited a higher sensitivity than 111In-
DTPA-D-Phe1-octreotide, especially for the tumor-
to-normal tissue ratio (Gabriel et al. 2003). 

In paragangliomas, which express quite inten-
sively SST receptors, imaging is useful for the 
diagnosis and management of the disease (Duet 
et al. 2003) and has a sensitivity of more than 90% 
(Kwekkeboom et al. 1993). Despite positive results 
in patients with VIPomas (Virgolini et al. 1998b), 
123I-VIP receptor scintigraphy has no further place 
in the work-up of most other neuroendocrine 
tumors (Virgolini et al. 1996c). The majority of 
these tumors have been shown to express hSSTR2 
which is not targeted by 123I-VIP.

10.4.6 
Thyroid Cancer

A relatively large number of patients with differenti-
ated metastatic thyroid cancer may present with an 
131I-negative whole-body scan. The discovery of neo-
plastic foci in these patients, even if no 131I-uptake 
is present, may lead to further treatment, such as 
surgery or external radiotherapy.

It has been shown that SST and its analogs affect 
the cell growth of neoplastic thyroid cancer cells 
through cell surface binding (Ain and Taylor 
1994). The profile of hSSTR subtype receptor 
expression has already been identified for thyroid 
cancer cells indicating the existence of SSTR2, 3 and 
5 (Ain et al. 1997). Initial results have indicated the 
ability of 111In-DTPA-D-Phe1-octreotide to localize 
non-medullary thyroid cancer (Tenenbaum et al. 
1995; Postema et al. 1996). These results provided 
the basis for using 111In-DTPA-D-Phe1-octreotide 
in thyroid cancer patients with a negative 131I-scan: 
111In-DTPA-D-Phe1-octreotide scintigraphy was 
positive in 12 of 16 131I-scan-negative patients and 
was positive in eight of nine patients with a positive 
131I scan (Baudin et al. 1996). A high rate of ”false 
positive” 111In-DTPA-D-Phe1-octreotide imaging 
was reported for recurrent thyroid carcinoma with 
negative 131I scans (Garin et al. 1998). Nevertheless, 
in metastatic thyroid cancer patients SSTR scin-
tigraphy may be helpful in the detection of lesions, 
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and may expand the therapeutic options in these 
patients. In particular, initial dosimetry with the 
SST analog 111In-DOTA-lanreotide has indicated a 
very high tumor dose (up to 50 mGy/MBq) for this 
type of cancer (Fig. 10.10; Virgolini et al. 1998d). 
Preliminary results of comparison of 111In-DOTA-
lanreotide scintigraphy with 111In-DOTA-TOCT 
have shown a higher sensitivity for the lanreotide 
compound (Virgolini et al. 2002). Furthermore, 
binding studies with various cancer cells have dem-
onstrated high SSTR binding for both ligands, but 
a higher maximal binding capacity for 111In-DOTA-
lanreotide (Leimer et al. 2000). 

10.4.6.1 
Medullary Thyroid Cancer

This cancer type originates from parafollicular C-
cells in the thyroid gland secrets calcitonin, which 
produces rarely clinical symptoms by its hormonal 
activity. It can occur due to genetic aberrations 
(MEN-syndrome) associated to other endocrine 
lesions including tumors of the adrenal medulla, of 
the islet cells and the parathyroid glands (Donovan 

and Gagal 1997). The staging of metastatic medul-
lary thyroid cancer (MTC) with the conventional 
imaging procedures is sometimes difficult. Scintig-
raphy can be performed with 99mTc-DMSA, with 123I-
MIBG and with labeled SST analogs (Clark 1998). 
Preliminary data of 99mTc-HYNIC-EDDA-TOC 
shows a possible scintigraphic imaging possibility. 
But further results are needed (Muehllechner et 
al. 2003).

A new and possible promising tracer in the diag-
nostic management of MTC is 18F-DOPA (fluo-
rine-18-dihydroxyphenylalanine). Hoegerle et al. 
(2001) described in 11 MTC patients with 27 tumor 
lesions of primary and metastatic disease an overall 
sensitivity of 81% for morphological imaging tech-
niques, 63% for 18F-DOPA, 52% for SSTR scintigra-
phy, and 44% for 18F-PET. However, with respect to 
lymph node staging the best results were obtained 
with 18F-DOPA PET.

The high sensitivity of the pentagastrin stimula-
tion test in detecting primary or metastatic MTC 
indicates the presence of tumor (Pacini et al. 1994). 
This tumor cell reaction to the pentagastrin stimu-
lation test suggests a widespread expression of the 
corresponding receptor type on the human MTC. 

Fig. 10.10. 111In-DOTA-lanreotide scintigraphy in a patient with Hürthle cell carcinoma and an 131I-negative whole-body scan 
visualizes several tumor sites (arrows). Transverse images indicate major tumor lesions in the left neck, mediastinum, and right 
basal lungs
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Autoradiographic studies showed cholecystokinin 
(CCK)-B/gastrin receptors in 90% of MTCs. 111In-
DTPA-D-Glu1-minigastrin scintigraphy was success-
fully introduced in the clinical management of MTC 
for the diagnosis and the follow-up with a sensitivity 
of more than 90% (Behe and Behr 2003). Scintig-
raphy can also be performed with 99mTc(V)DMSA 
(diagnostic sensitivity: 60%–90%, with 123I-MIBG 
(diagnostic sensitivity: 50%–70%) and with radiola-
beled SST analogs (diagnostic sensitivity: 60%–85%, 
Clarke 1998). Therefore, comparison with 18F-PET 
and CT showed a higher sensitivity for the combi-
nation of 111In-DTPA-D-Glu1-minigastrin and CT of 
approximately 93% compared to 18F-PET (sensitiv-
ity: 61%; Gotthart et al. 2003).

10.4.7 
Merkel Cell Carcinoma

This rare, highly malignant and aggressive cutane-
ous tumor shows characteristics of neuroendocrine 
tumors by electron microscopy and immunohisto-
chemistry. The SSTR scintigraphy may be of interest 
for staging as reported by Kwekkeboom et al. (1992) 
and by Guitera-Rovel et al. (2001).

10.4.8 
Melanoma

The sensitivity of the 123I-VIP scintigraphy for the 
detection of melanomas is 70% and is comparable 
with the sensitivity of 111In-DTPA-D-Phe1-octreo-
tide scintigraphy (Krenning et al. 1993; Virgolini 
et al. 1996c). 99mTc-P829 was proposed to be a suit-
able tracer for imaging melanoma sites; however, the 
results of larger clinical studies remain to be seen 
(Lastoria et al. 1996).

10.4.9 
Lymphoma

The overall sensitivity of the 123I-VIP scintigraphy 
for imaging of lymphomas (Hodgkin’s and non-
Hodgkin’s lymphomas) is reported to be approxi-
mately 75% (Virgolini et al. 1996c), whereas the 
111In-DTPA-D-Phe1-octreotide scan sensitivity is 
somewhat higher (Lugtenburg et al. 1998). The 
latter authors concluded that in patients with stage 
I and stage IIa supra-diaphragmatic Hodgkin’s dis-
ease SSTR scintigraphy is clearly indicated. A pro-

spective study of 126 patients with HD showed that 
in 15 out of 83 patients (18%) with HD stage I and 
II SSTR scintigraphy effected an upstaging to stage 
III and IV (Lugtenburg et al. 2001). We have found 
that tumors in patients with intestinal MALTomas 
lack the hSSTR3 subtype receptor which may explain 
why intestinal MALTomas are usually detected with 
111In-DOTA-lanreotide but not with 111In-DTPA-D-
Phe1-octreotide (Raderer et al. 1999).

The majority of lymphomas of the mucosa-asso-
ciated lymphoid tissue (MALT)-type arise in the 
stomach, but extragastric locations are also fre-
quently encountered. Based on previous results, 
indicating that SSTR expression distinguishes 
between gastric and extragastric MALT-type lym-
phoma, we have reported excellent 111In-octreotide 
scintigraphic results in the initial staging as well as 
in non-invasive monitoring  of extragastric MALT-
type lymphomas irrespective of the site of presenta-
tion (Raderer et al. 2001).

We have used 111In-DOTA-lanreotide in some 
patients with Hodgkin’s lymphomas showing a high 
sensitivity (Virgolini et al. 1998c, 2001). Further-
more, we also found a high sensitivity of 99mTc-P829 
in patients with Hodgkin’s and non-Hodgkin’s lym-
phomas.

10.4.10 
Prostate Cancer

GRP receptors were identified by in vitro studies in 
primary tumor as well as in bone metastases with a 
higher receptor density in well-differentiated than in 
poorly differentiated prostate carcinomas (Mark-
walder and Reubi 1999). First clinical results 
of 99mTc-BN showed that true positive scans were 
obtained in eight of ten patients with subsequently 
histologically proven prostate carcinoma. Addition-
ally, hot spots were observed in the prostatic fossa 
in two carcinoma patients with prostate specific-
antigen level higher than 20 ng/ml as early as 1 min 
post injection. Invasion of the obturator nodes was 
detected by SPECT in three patients, and this was 
confirmed by surgery (Scopinaro et al. 2003).

10.5 
Other Tumors

A variety of other human tumors may express 
hSSTR or hVIPR, and several peptide tracers have 
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been used to demonstrate these tumors. In over 100 
primary human tumors samples as well as over 20 
tumor cell lines investigated for hSSTR and hVIPR 
subtype expression, one of the hSSTR or hVIPR sub-
types was found to be expressed (Pangerl et al. 
1997). These observations support the notion that 
the neuroendocrine peptide hormones VIP and 
SST are important growth regulators. Ideally, the 
in vivo study should be compared directly with in 
vitro receptor expression (Fig. 10.11) in order to gain 
further insights into the complex peptide hormone-
receptor interactions.

10.6 
Future Prospects

Some peptide tracers have been shown to be effec-
tive in both diagnosis and staging of tumors and 
their metastases. Initial efforts have implemented 
these peptides to prove the concept of receptor-
mediated radiotherapy by using large amounts 
of the diagnostic compound. Such a therapy has 
been performed in patients with SSTR2-expressing 
tumors (Krenning et al. 1994) using large amounts 
of 111In-DTPA-D-Phe1-octreotide. However, 111In is 
not an optimal radionuclide for therapy. We have 
developed a novel radioligand, termed MAURI-
TIUS (i.e., 111In-/90Y-DOTA-lanreotide). In contrast 
to 111In-DTPA-D-Phe1-octreotide, which binds only 
to hSSTR2 and 5 with high affinity, MAURITIUS is 

capable of binding to hSSTR2–5 with high affinity 
and to hSSTR1 with low affinity, both on primary 
tumor cells as well as a variety of immortalized 
tumor cells (Smith-Jones et al. 1998a,b; Virgolini 
et al. 1998a; Leimer et al. 1998b). This makes the 
peptide a ”universal” SSTR subtype recognizing 
ligand. Especially the high-affinity binding to the 
SSTR3 is very important since this hSSTR sub-
type is expressed most often in human tumors. 
Also, hSSTR3 acts as an acceptor for VIP (Peck-
Radosavljevic et al. 1998). With this concept MAU-
RITIUS is labeled with 111In for diagnostic dosim-
etry (Virgolini et al. 1998d) and is then used in the 
90Y-MAURITIUS version for therapy (Leimer et al. 
1998b). Treatment options for patients refractory 
to standard-dose cytotoxic treatment are limited, 
and the mostly poor performance status of patients 
with advanced disease precludes the application of 
aggressive treatment modalities (e.g., high-dose 
chemotherapy), which would further impair the 
quality of life in these patients.

Treatment with ”90Y-MAURITIUS” could lead 
to a significant reduction in analgetic medication, 
probably sparing patients side effects of higher 
doses of opiates (constipation, nausea) or non-ste-
roidal anti-inflammatory drugs (gastrointestinal 
complications). This new therapy could offer pallia-
tion and disease control at a reduced cost due to the 
limited number of administrations. The final pep-
tide therapy strategy in a variety of cancers is most 
probably cheaper than conventional radiotherapy or 
prolonged chemotherapy. Overall, receptor-medi-

Fig. 10.11. Work-up 
example. We propose the 
optimal work-up to gain 
further insights into the 
biology and pathophysi-
ology of receptor-ligand 
interactions on the basis 
of excellent interactions 
between a variety of 
different medical fi elds, 
ranging from molecular 
biology to nuclear medi-
cine and surgery
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ated radiotherapy with ”90Y-MAURITIUS” might 
be effective in patients refractory to conventional 
strategies.

Over the years, other peptides have followed our 
concept of receptor-mediated therapy based on 
dosimetry. Analogs of DOTA-octreotide or -octreo-
tate labeled with yttrium-90 or lutitium-77 have 
entered a clinical phase 3 status with very promising 
results in a variety of tumor entities.

In the past years, fundamental and clinical 
research on 123I-VIP receptor scintigraphy has been 
extensively pursued. This peptide represents an effi-
cient imaging agent for receptor-positive tumors. 

Since 123I is not the ideal radionuclide for diagnostic 
applications, attempts have been made to label VIP 
and its analogs with 99mTc, which is available and 
more cost-effective. 99mTc-VIP may be superior due 
to the better imaging quality. Therefore, the labeling 
of more stable VIP analogs with ß-emitting nuclides 
may open new therapeutic opportunities to treat 
receptor-positive tumors. To answer these ques-
tions, additional work needs to be done. The labeling 
of peptides with technetium-99m has also brought 
very promising results in the somatostatin receptor 
area as shown in Figs. 10.12 and 10.13. Other recep-
tor and subtype receptor areas are under preclinical 
and first clinical investigations with similar promis-
ing results, such as those obtained recently with the 
neurotensin analog 99mTc-Demotensin (Fig. 10.14.)

PET tracers, such as 68Ga-DOTA-octreotide 
(Fig. 10.15), 64Cu-TETA-octreotide, and 18F-FP-
Gluc-octreotide with higher affinity to SSTR posi-
tive lesions and with better spatial resolution will 
show in the near future their clinical potential.

Finally, the technical progress with the devel-
opment of SPECT/CT hybrid, PET/CT or PET/MRI 
cameras, or fusion techniques, will enhance the 
field of peptide receptor scintigraphy.
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imaging such as radiography, computed tomogra-
phy (CT), magnetic resonance (MR) imaging, ultra-
sonography (US), and molecular imaging such as 
positron emission tomography (PET), single photon 
imaging (planar and SPECT), and MR spectroscopy.

PET is based on the imaging of biochemical pro-
cesses in vivo, and creates images similar to other 
tomographic imaging modalities such as CT and 
MR. PET is unique because it generates tomographic 
images reflecting the biochemical or metabolic activ-
ity of the underlying tissue processes. Although PET 
imaging has been in existence since the 1960s, it did 
not gain clinical acceptance until the 1990s.

The basics of positron emission are beyond the 
scope of this book. Phelps et al. (1986) is a standard 
text for the interested reader. Radiopharmaceuti-
cals, instrumentation and image formation will be 
dealt with in the basic science section of this book 
(Chaps. 15–17). Here we will focus on the clinical 
applications of PET and the comparison with con-
ventional radiological techniques, i.e., CT, MR and 
US. The advancements of dual modality imaging 
(PET/CT) will be discussed in Chaps. 12 and 13. The 
place of PET in stratifying patients and in the work-
up of clinical problems is the topic of this chapter. 
PET as a complementary imaging modality rather 
than a single competitive modality is an impor-
tant concept in building the synergistic diagnostic 
strengths of various imaging modalities in the clini-
cal management of patients.

A few published reports have addressed the issue 
of the cost of PET imaging in patient care. Generally, 
algorithms that include a whole body PET appear 
cost effective when compared to a more conventional 
approach with multiple CT or MR scans of specific 
body areas. The main advantage of PET in oncology is 
that with one injection the whole body can be imaged 
in a tomographic mode. Multiple CT scans covering 
the head, chest, abdomen, and pelvis are usually more 
expensive than a single whole body PET scan. For the 
interested reader we refer to articles of Valk et al. 
(1996), and Gambhir et al. (1996) for the USA and the 
PLUS study for the EU (Verboom et al. 2003).
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11.1 
Introduction

The advances in medical imaging technology pose 
a challenge to both the imaging specialist and the 
clinician. In the field of oncology, the goals of diag-
nostic imaging are to: (i) help establish the patient’s 
diagnosis, (ii) streamline patient management, and 
(iii) monitor patients on established and experimen-
tal treatment protocols. Improved patient outcome 
may be expected, if these goals are achieved. Various 
modalities are available for this purpose, anatomical 
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11.2 
Methods

In order to perform PET imaging there are three 
essential technological components:
• Administration of a tracer with a positron emit-

ting nuclide (see Chap. 15)
• Dedicated camera for detection of the tracer dis-

tribution (see Chap. 16)
• Computers and displays with all the necessary 

hardware and software (see Chap. 17)

11.2.1 
Tracers and Uptake Mechanism

A wide variety of positron emitting tracers is avail-
able, permitting imaging and quantification of 
physiologic parameters such as perfusion, metabo-
lism or receptor density of normal and abnormal 
tissues. The potential variety of radiopharmaceu-
ticals, which may be developed for PET imaging, 
is unlimited. New tracers will evolve and empower 
nuclear medicine with a unique adaptive feature in 
the future of molecular imaging. 

The most commonly used PET radiopharmaceu-
tical in oncological applications is the glucose ana-
logue 2-18F-fluoro-2-deoxy-D-glucose (FDG). The 
ability to non-invasively image glucose utilization is 
important, since high rates of glycolysis are found in 
many malignant tumor cells (Warburg 1931, 1956). 
Malignant cells have increased membrane glucose 
transporters and upregulated hexokinase enzymes 
(Wahl 1997a). This chapter concentrates on the 
role of FDG as PET radiopharmaceutical in oncol-
ogy (Conti et al. 1996; Rigo et al. 1996; Brock et al. 
1997). The uptake of FDG varies greatly for different 
tumor types; however, high uptake is usually asso-
ciated with a high number of viable tumor cells and 
high expression of GLUT-1 (glucose transporter 1). 
Lung cancer has among the highest expressions of 
GLUT-1, and therefore is readily detectable, whereas 
renal cell cancers show the opposite trend (Wahl 
1997ab; Brown and Wahl 1993; Miyauchi et al. 
1996).

Increased FDG uptake is by no means specific 
for neoplasms. Inflammatory processes also have 
increased uptake, and false positive results in the 
diagnostic setting have been reported for: tuber-
culosis, fungal infections, sarcoidosis, non-specific 
granulomas, suture granulomas, benign fibrous 
mesotheliomas, acute post-operative and radia-
tion changes, abscesses, pancreatitis and fractures. 

Kubota et al. (1991, 1992) have studied the uptake 
of FDG in macrophages and granulation tissues and 
have discussed the accumulation of FDG in tumors 
(Kubota et al. 1993). Higashi et al. (1993a,b) have 
studied the relation of FDG uptake to proliferation 
rate and viable cell number after radiation treat-
ment. 

11.2.2 
Acquisition

Dedicated PET scanners are true volumetric imag-
ing devices with detectors surrounding the full 360º 
around a patient (see Chap. 16). Multiple image 
planes are acquired simultaneously in a 10- to 25-
cm axial span. PET image acquisitions can be per-
formed in three modes: (i) dynamic, (ii) static, and 
(iii) whole body. In the dynamic mode, the image 
acquisition is initiated at the same time the dose 
is injected into the patient. The blood pool and 
tissue accumulation of the radiopharmaceutical are 
recorded in a rapid sequence of image frames. The 
dynamic image can also be processed on a voxel 
basis over time to generate parametric images of 
the net FDG uptake rate. In the static acquisition 
mode, images are typically acquired after an uptake 
period (60–90 min after injection), to allow tracer 
clearance from the blood pool and sufficient tracer 
uptake in the target tissues. The final volumetric 
images are first reconstructed into multiple axial 
image planes, which can then be resliced and refor-
matted in coronal and sagittal planes for display on 
the monitor.

The whole body imaging mode was introduced in 
the late 1980s by UCLA, and subsequently became the 
standard for PET imaging in oncology (Dahlbom et 
al. 1992; Hoh et al. 1993, 1997a). In this mode of scan-
ning, acquisitions are performed sequentially along 
the length of the patient’s body, thereby extending 
the axial field of view to that of the entire body. The 
intuitive advantage of the whole body technique 
is that many cancers are systemic diseases requir-
ing imaging of the entire body. In addition to axial, 
coronal and sagittal planes, planar projections are 
created, in which the total activity distribution is 
viewed from different angles around the patient. To 
generate the rotating whole body cine, either raw 
sinogram data or maximum intensity projections 
(MIP) from the reconstructed axial images can be 
used. Although these non-tomographic images have 
a lower lesion to background contrast, there is no 
image reconstruction artifact when using the raw 
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sinogram data, which may obscure tumor foci near 
bright objects such as the bladder. 

Varying amounts of tissue attenuation in the 
body will determine the final number of photons 
that reach the PET detectors during emission scan 
with FDG. This tissue attenuation effect can be cor-
rected for by the acquisition of a separate transmis-
sion scan. This can be done with positron emitting 
sources (Ge-68), high-energy single photon emit-
ters (Cs-137), or CT (see Chaps. 12, 13, 16). Without 
attenuation correction, only visual interpretation 
is possible and quantitative analysis cannot be per-
formed. Correction for attenuation is not necessary 
for image interpretation. No difference in lesion 
detection was found between corrected and non-
attenuation corrected images for a variety of tumors 
(Bengel et al. 1997). However, attenuation and scat-
ter corrected images are a more realistic representa-
tion of the concentration of radiopharmaceutical in 
the tissues, and are preferred for image interpreta-
tion.

The spatial resolution of a PET system is not the 
only factor for detecting abnormalities. The dif-
ference in metabolic activity of the lesion and its 
surroundings (target-to-background ratio) or the 
“contrast resolution” is also important. Metaboli-
cally active lesions of 5 mm have been detected with 
FDG-PET. 

11.2.3 
Quantification

Dynamic imaging with PET provides the ability to 
measure the concentration of a radiotracer as a func-
tion of time. When the pathway of the tracer mol-
ecule is known, mathematical models can be used 
to describe the in-vivo processes and absolute quan-
titative values such as blood flow (in ml/min) and 
glucose utilization (in mg/min/g) can be calculated 
from the acquired data. For a discussion of dynamic 
imaging and kinetic modeling, the reader is referred 
to the literature (Phelps et al. 1986, 2004).

Many clinical studies are analyzed semi-quan-
titatively by using the standardized uptake value 
(SUV) (Zasadny and Wahl 1993; Hamberg et al. 
1994; Kim et al. 1994; Keys 1995), also known as 
the differential uptake ratio (DUR) or differential 
absorption ratio (DAR). The SUV is the ratio of the 
measured radioactivity concentration in a lesion to 
the calculated radioactivity concentration distrib-
uted in the entire body. The concentration of radio-
activity is assumed to be a uniform distribution 

throughout the body. Another assumption is that 
tumors achieve their peak concentration around 
1–2 h after FDG administration. In addition to 
proper calibration of the PET scanner, accurate pre- 
and post-injection FDG syringe activity and accu-
rate FDG uptake periods need to be followed before 
SUV data between institutions can be compared. 
The SUV offers a more objective index in report-
ing the magnitude of metabolic activity than visual 
interpretation alone. The SUV technique appears 
satisfactory for clinical purposes such as staging 
and therapy monitoring. For other applications, the 
distinction between benign and malignant lesions is 
less clear and absolute quantification or a different 
radiotracer may be required (Wahl 1997a; Hoh et 
al. 1997a; Brock et al. 1997). 

11.2.4 
Patient Preparation and Diagnostic Protocol

The ideal metabolic state in a patient undergoing an 
FDG-PET scan is low insulin level and therefore low 
glucose utilization in the normal tissues. Malignant 
tissues are less dependent on insulin regulation, and 
thus will have higher uptake when compared to the 
surrounding normal tissues. This dietary state can 
be induced by prolonged fasting.

The scanning duration of a PET oncology proto-
col is dependent on the type of equipment and may 
vary from 15–75 min. About 7.7 MBq/kg (0.21 mCi/
kg) FDG is the dose administered intravenously. 
After an uptake period of 45–75 min, the patient is 
asked to void and positioned in the scanner. Scan-
ning from feet to head has the advantage of lower 
initial bladder activity after voiding.

Since FDG is filtered but not reabsorbed by the 
glomerulus, high FDG activity may be present in the 
urinary tract. Bowel uptake is variable, as is bone 
marrow metabolism in patients after chemotherapy. 
No consensus currently exists regarding possible 
interventions in oncological PET imaging proto-
cols. 

11.3 
Objective

In a review of Brock et al. (1997), PET applications 
were discussed from the oncologist perspective, 
which focused on grading and staging of tumors 
and determining extent of disease involvement. It 
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appears that magnitude of FDG uptake in a tumor 
does not correlate very well with tumor grade. How-
ever, FDG in PET imaging appears very effective 
in staging newly diagnosed disease or detecting 
relapse or recurrence of disease. If PET finds unex-
pected lesions, anatomical imaging is indicated to 
delineate the structural involvement. 

Husband (1995, 1996) has argued that imaging of 
treated tumors is becoming more important because 
of the increasing incidence of cancer and scientific 
progress in imaging and therapy. He distinguished 
two strategies, imaging for: (1) clinical service, and 
(2) research. He observed two referral patterns: (i) for 
patients with curable disease and treated according 
to an established protocol and (ii) imaging employed 
for individual patient management. The number of 
patients studied in protocols in which PET has a key 
function in triage or monitoring is increasing. In our 
opinion, PET has matured and reached the level of 
an essential imaging modality in clinical diagnos-
tic algorithms. Input from the surgical, medical and 
radiation oncologist, as well as the imaging specialist 
in a multi-disciplinary setting, will provide the great-
est benefit in the management of cancer patients. 

As has been pointed out by Valk (1996), the ref-
erence standard in comparing modalities is imper-
fect, because full validation of findings with biopsy 
and histology is not feasible. Thus, there are no truly 
double blinded studies available comparing the per-
formance of whole-body PET to conventional imag-
ing in the majority of cancers. In the typical clinical 
context, on the other hand, it is not meaningful to 
evaluate the assumed ‘separate’ contribution of each 
imaging modality. The development of dual modal-
ity imaging (PET/CT, see Chap. 12 and 13) under-
scores the synergy attained by combining anatomic 
and functional imaging. 

The purpose of imaging is to help establish the 
diagnosis, which will prompt the oncologist to wait 
and watch, or to start treatment. In this chapter, 
we will present an overview for three diagnostic 
imaging criteria: (i) diagnosis or detection of neo-
plasms, (ii) staging and re-staging of disease, and 
(iii) therapy monitoring. This diagnostic imaging 
scheme implicitly assumes a normal patient work-
up with history, physical exam, routine labs and 
serum tumor markers, supplemented with standard 
radiographic imaging, mammography, CT, MR, US, 
or NM. A selection of oncological applications fol-
lows hereafter, in which FDG-PET has been shown 
to have merit. We have chosen the topographical 
presentation, common in radiology. In addition, 
we have pooled data for the four most common 
cancers, i.e., lung, colorectal, breast, and prostate 
(Tables 11.1–11.5). 

11.4 
Topographical Overview

11.4.1 
Brain

FDG-PET has been most extensively studied for 
primary brain neoplasms. This is mainly due to 
pioneering work of Di Chiro and collaborators 
(1982, 1987a,b, 1988). The main applications are in: 
(i) grading of cerebral neoplasms, (ii) distinguish-
ing tumor recurrence from radiation necrosis, (iii) 
assessing extent of disease for therapy management, 
and (iv) selecting the optimum site for biopsy. Other 
investigators have corroborated their results (Doyle 
et al. 1987; Alavi et al. 1988). 

Table 11.1. Characterization of solitary pulmonary nodules

Author (year) Country
Patient 
number

PET sensi-
tivity (%)

PET speci-
ficity (%)

PET PPV
(%)

PET NPV
(%)

Scott et al. (1994) USA   62   94   80   94   80

Dewan et al. (1995) USA   76 100   78   93 100

Gupta et al. (1996) USA   61   93   88   95   82

ICPa (1993) USA 237   96   90

Lowe et al. (1997) USA 197   96   77   86   92

Lowe et al. (1998) USA   89   92   90

Gould et al. (2001) Meta-analysis 403   94   86

aThe ICP data are a multi-center trial in the USA (unpublished data); most of the other data are incorporated in this series.
PPV, positive predictive value; NPV, negative predictive value.
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Table 11.3. Breast cancer (all studies used biopsy or surgery to obtain the 
final diagnosis)

Author (year) Country Patients PET sensi-
tivity (%)

PET speci-
ficity (%)

Primary cancer detection
Avril et al. (1996)a Germany 51 92 97

Scheidhauer et al. (1996) Germany 30 90

Palmedo et al. (1997) Germany 20 92 86
Axillary staging
Utech et al. (1996) USA 124 100 75

Adler et al. (1997) USA 52 95 66

Crippa et al. (1998) Italy 68 85 91

Smith et al. (1998) USA 50 90 97

Greco Italy 167 94 86

Schirrmeister Germany 117 79 92

Multi-center trial
Wahl et al. (2004) USA 308 61 80

Table 11.2. Staging of non-small cell lung cancer

Author (year) Country Patients CT sensi-
tivity (%)

CT speci-
ficity (%)

PET sensi-
tivity (%)

PET speci-
ficity (%)

Chin et al. (1995) USA 30 56 86 78 81

Valk et al. (1995) USA 76 63 73 83 94

Sasaki et al. (1996) Japan 29 65 87 76 98

Bury et al. (1996) Belgium 50 72 81 90 86

Guhlmann et al. (1997) Germany 46 50 75 80 100

Steinert et al. (1997) Switzerland 47 57 94 89 99

Vansteenkiste et al. (1998) Belgium 105 79 54 89 86

Pieterman et al. (2000) Netherlands 102 75 66 88 91

Dwamena et al. (1999) Meta-analysis 514 60a 77a 79 91

an=2226, 29 CT studies.

Table 11.4. Colorectal cancer 

Author (year) Country Patients CI sensi-
tivity (%)

CI speci-
ficity (%)

PET sensi-
tivity (%)

PET speci-
ficity (%)

Primary cancer
Abdel-Nabi et al. (1998) USA   48 37 83 100 43

Recurrent tumor
Schiepers et al. (1995) Belgium   74 71 88 94 97

Delbeke et al. (1997) USA   52 81 91

Ruhlmann et al. (1997) Germany   59 100 67

Ogunbiyi et al. (1997) USA   58 68 95

Valk et al. (1999) USA 115 71 85 68 90

Whiteford 2000) USA   70 71 85 90 90

Huebner (2000) Meta-analysis 281 97 76

CI, conventional imaging: CT/US/MR.
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In contrast to many other tumors, high-grade 
gliomas have high FDG uptake. Similarly, a high 
FDG uptake is associated with a poorer prognosis, 
although there is considerable overlap. An inherent 
difficulty concerns the high uptake of normal gray 
matter. PET is not sensitive in detecting low-grade 
gliomas because their uptake can be low relative 
to the normally high metabolism of the cortex. For 
this reason low grade tumors as well as metastatic 
tumors in the brain are frequently missed by PET. 
Use of a different tracer, e.g., methionine, tyrosine, 
dopamine or thallium, usually shows higher tumor 
to background uptake. F-DOPA appears useful even 
in low-grade gliomas (Chen et al., in press). 

Because of tumor heterogeneity, PET may reveal 
areas with higher metabolic activity, which can be 
used to guide the optimum site for biopsy (Pirotte 
et al. 1995). The same principle can be applied in 
sequential studies, by detecting abnormal foci in a 
lesion that heralds the transformation of a low grade 
to high-grade glioma (Delbeke et al. 1995). 

Edema is easily diagnosed on CT and MR, but the 
diagnostic challenge in distinguishing early recur-
rence of tumor is well known (Di Chiro 1988; Doyle 
et al. 1987). Even a metabolic imaging modality as 
MR spectroscopy may miss the diagnosis. Metabolic 
imaging with FDG can be helpful in differentiating 
recurrent tumor from radiation necrosis in lesions 
demonstrating contrast enhancement on MR. This 
is only applicable if the tumor was visible on FDG-
PET prior to treatment.

PET with FDG may be useful in primary brain 
tumors, but the data on metastases is limited. A 
London group claimed in a study of 273 patients 
that routine screening for cerebral metastasis has 
a low yield (1.5%) and may not be clinically useful 
(Larcos et al. 1996). For the reasons mentioned 
above, lesions close to the cortex may be difficult to 
detect. MR imaging with contrast remains the imag-
ing modality of choice for detecting brain metasta-
ses.

11.4.2 
Head and Neck

The neck is notoriously difficult for imaging, due to 
the small size of anatomic structures and proximity of 
vessels, nodes and nerves. Various groups have shown 
a correlation between high metabolic activity and 
poor prognosis. The correlation between tumor grade 
and FDG uptake was not high (Lindholm et al. 1993). 
Haberkorn and coworkers (1991a,b) have shown that 
tumor perfusion did not correlate with proliferation 
rate. It should be stressed that the number of patients 
studied was small (Reisser et al. 1993). 

FDG-PET has utility for accurate staging of head 
and neck cancers. Diagnostic accuracy was higher 
than anatomical methods for recurrent head and 
neck cancer (Rege et al. 1993a,b; Jabour et al. 1993; 
Laubenbacher et al. 1995a; Anzai et al. 1996; 
Benchao et al. 1996). Other reports show similar 
numbers for the sensitivity of primaries (>85%) 
and affected nodes (>80%) (Bailet et al. 1992; 
Wong et al. 1997). Although the accuracy of PET 
is higher than MR and/or CT, correct anatomical 
localization of the abnormal PET foci is necessary 
for treatment. The optimal diagnostic modality may 
be a fusion image showing the abnormal metabolic 
lesions superimposed on the anatomical locations 
(see Chap. 12). PET is able to stratify patients into 
those who will benefit from surgery and others who 
will not by accurate staging (Kau 1999; Stuckensen 
et al. 2000; Kresnik 2001). A large series on recur-
rent head and neck cancer was reported by Wong et 
al. (2002). They studied 143 patients with an over-
all sensitivity of 96% and specificity of 72%. The 
lower specificity was related to false positives at the 
site of the primary. Excluding these, the specificity 
elsewhere in the neck increased to 96% (Wong et al. 
2002). This confirmed earlier reports that the speci-
ficity for nodal disease is over 90% (Bailet et al. 
1992; Wong et al. 1997).

It is well known that well-differentiated thyroid 
tumors take up iodide, which is the foundation of 
radioactive iodine treatment. The more dedifferen-
tiated tumors lose their ability to trap iodide and 
show increasing avidity for FDG. Thyroid tumors, 
which are iodine negative but FDG positive, tended 
to be more aggressive. Subsequent work has shown 
that well-differentiated, low-grade, thyroid can-
cers are iodide avid and not FDG avid (Adler and 
Bloom 1993; Bloom et al. 1993; Sisson et al. 1993; 
Feine et al. 1996; Grunwald et al. 1997). Both trac-
ers have their place in the work-up and assessment 
of recurrence. 

Table 11.5. Prostate cancer

Author (year) Country Patients PET sensi-
tivity (%)

Primary tumor
Yeh et al. (1996) USA 11 20

Effert et al. (1996) Germany 48 19

Metastasis
Shreve et al. (1996) USA 34 65
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Neck metastases from an unknown primary (also 
called carcinoma of unknown primary), is another 
useful application of FDG-PET. This was reviewed by 
Schoder and Yeung (2004). Of the 11 studies with 
253 patients reviewed, PET detected the primary in 
30%. The typical scenario for PET is a neck mass 
and a non-diagnostic FNA (Braams et al. 1997). 

11.4.3 
Lung

The first well-established application of PET in lung 
cancer was the characterization of solitary pulmonary 
nodules and/or chest masses. CT cannot reliably distin-
guish benign from malignant nodules (Kunstaetter 
et al. 1985; Cummings et al. 1986; Keogan et al. 1993). 
The utility of FDG-PET in indeterminate lung nodules 
has been extensively evaluated (Table 11.1) and yields 
sensitivities over 90% as reported by various institu-
tions (Knight et al. 1996). In general, false positive 
lesions can be easily identified through conventional 
radiography, therefore FDG-PET is best performed 
after conventional imaging for further lesion charac-
terization. The reproducibility of quantitative mea-
surements is high (Minn et al. 1995). 

A report on 197 patients from Duke University 
[Lowe et al. (1997); see Table 11.1) revealed a some-
what lower specificity, which the authors contributed 
to a “verification bias”, i.e., the referring physicians 
no longer chose biopsy to verify ‘negative’ PET stud-
ies. A proposed cost effective diagnostic algorithm 
for solitary pulmonary nodules consists of chest 
radiography, followed by an FDG-PET scan, which 

if positive, then proceeds to a CT guided biopsy. A 
meta-analysis on SPN was published in 2001 (Gould 
et al. 2001), which revealed a sensitivity of 94% and 
specificity of 86% for FDG-PET (Table 11.1). A clini-
cal example is illustrated in Fig. 11.1.

The staging of nodes in the mediastinum is very 
important in stratifying patients for surgery, its rel-
evance being related to the close correspondence 
between disease involvement and prediction of 
prognosis. In a meta-analysis (Dales et al. 1990) 
it was argued that non-invasive detection of lymph 
node metastasis must await an approach fundamen-
tally different from the node size determination. In 
the prospective NIH sponsored trial of the RDOC 
(Webb et al. 1991), both CT and MR imaging had a 
sensitivity around 50% and a somewhat higher spec-
ificity around 65%. These results are expected since 
anatomical size of a node may not be directly related 
to the presence or absence of tumor. For example in 
about one third of resected nodes between 2–4 cm, 
no tumor cells were detected by histopathology. Sim-
ilar reports on the relative insensitivity of CT have 
been reported (McLoud et al. 1992; Dillemans et 
al. 1994). 

It is well established that metabolic imaging with 
FDG-PET is considerably more accurate than CT in 
staging mediastinal involvement with non-small 
cell lung cancer (NSCLC; Table 11.2). The available 
literature reveals that PET has a sensitivity of about 
85% and specificity of 90%, which compares favor-
ably to CT with 60% and 80%, respectively, in the 
same groups of patients.

The meta-analysis reported by Dwamena et al. 
(1999) pooled the data of 14 studies with 514 patients. 

Fig. 11.1a,b. Solitary pulmonary nodule. a Transverse CT image shows a nodule in the right lung base (arrow). b Transverse, coro-
nal, and sagittal PET images do not reveal increased metabolic activity in this area. This 63-year-old white male had a positive 
skin test, and the lesion was thought to be a tuberculoma. No biopsy was performed and conservative treatment selected with 
repeat CT. Note the physiologic uptake in the right renal pelvis (arrow on coronal image), and myocardium (arrow on transaxial 
image). Cross sectional CT slice of 8 mm obtained with a PQ 5000 system (Picker, Cleveland, OH). PET slices of 10 mm from 
ECAT ART system (CTI, Knoxville, TN) reconstructed without attenuation correction

a

b
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They found a mean sensitivity of 79% and mean speci-
ficity of 91% for PET. The numbers for CT (Table 11.2) 
are from pooled CT data, comprising 29 studies with 
2226 patients. Direct comparison of PET to CT for each 
patient was not performed in this meta-analysis. 

A study from the Netherlands with meticulous 
sampling of mediastinal nodes corroborated these 
findings. For mediastinal staging of NSCLC, this 
group found an accuracy of 87%, sensitivity of 91%, 
and specificity of 86% for FDG-PET (Pieterman et 
al. 2000). The newer generation multi-slice CT scan-
ners will perform with higher accuracy than the 
studies in Table 11.2, but the size criteria for calling 
a lymph node abnormal remain, with its inherent 
problems. The WBPET technique is not only able to 
evaluate the primary lesion and mediastinum, but is 
especially suited for detection of occult metastases 
and/or distant lesions (Schiepers 1997). The vari-
ous series report an incidence of 10%–15% for occult 
metastases. Figure 11.2 shows an example of initial 
staging of lung cancer.

Gambhir et al. (1996) have performed a study 
on cost-effectiveness of FDG-PET in NSCLC staging 
and management. By using rigorous decision tree 
analysis, they were able to show that CT plus PET 
was theoretically the most economical way to work 
up primary lung cancer, with a marginal increase 
in patient life expectancy when compared to stag-
ing by CT alone. Frank et al. (1995) have also pro-
posed a decision logic for treatment. Based on the 
evidence above, it is warranted to conclude that 
PET has a place in pre-operative staging of NSCLC. 
These results were corroborated in a large multi-
center trial in the Netherlands, the PLUS study (Van 
Tinteren 2002; Verboom 2003). 

11.4.4 
Breast

A group from Milano reviewed imaging in breast 
cancer (Bombardieri et al. 1997), and summarized 

Fig. 11.2. Coronal PET images of a 70-year-old man with newly diagnosed non-small cell lung cancer of the right lung. The CT 
showed the primary tumor in the right upper lobe, near the superior aspect of the hilum, with borderline mediastinal lymph-
adenopathy, and negative adrenal glands. PET images are corrected for attenuation, and show intense hypermetabolism in the 
primary tumor (P32–P36), with a lesion medially of this tumor (P34), consistent with a malignant lymph node. An additional soft 
tissue lesion is seen in the right adrenal gland (P33–P44) and right lower neck (P28). Foci are seen in the right scapula (P33–P34), 
L2 (P34–P37) and L3 vertebral bodies (P37–P38), and in the left sacrum (P38–P39) consistent with bone metastasis. Imaging was 
performed 1 h after 15.2 mCi FDG, on an ECAT EXACT system (CTI, Knoxville, TN). Coronal slice thickness was 10 mm
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the developments in mammography (MX). Although 
it is not a three-dimensional volumetric technique, it 
is the screening modality of choice for breast cancer. 
In women with dense breasts MX may be non-diag-
nostic and it may be difficult to detect tumors in 
fibrocystic disease. Nuclear medicine techniques may 
be helpful in providing parameters on vascularity, 
metabolic activity and receptor status. In general, a 
good sensitivity of PET with FDG has been reported 
for primary lesions (Wahl et al. 1991; Adler et al. 
1993; Nieweg et al. 1993). A weakness of the FDG 
method concerns the false positives, since both neo-
plastic and inflammatory lesions have increased 
uptake (Hoh and Schiepers 1999).

Axillary staging is feasible with PET and vari-
ous studies have shown high specificity (Table 11.3). 
Bombardieri et al. (1997) have argued that it could 

replace staging by axillary lymph node dissection. 
Since the dissection is currently done for prognosis 
only, the associated morbidity may be avoided in 
these patients. More studies are needed to confirm 
the high sensitivity and specificity of axillary stag-
ing with FDG-PET in stage I–II breast cancer.

In a WBPET study from our institution, 57 
patients were imaged with a history of breast cancer 
and referred for suspicion of recurrence (Moon et al. 
1998). Patients were followed for at least 6 months, 
so that positive or negative diagnoses could be con-
firmed by biopsy, or follow-up procedures. On a 
patient based analysis, the sensitivity and specificity 
were 93% and 79%, respectively. On a lesion based 
analysis, the sensitivity and specificity of WBPET 
for detecting breast cancer foci was 85% and 79%, 
respectively. There were six false negative lesions 

Fig. 11.3. Re-staging of breast cancer. 
Extensive liver metastasis was found 
in this 49-year-old white female. CT 
revealed two metastases in the left liver 
lobe. Six consecutive slices of 10 mm, 
P1–P6 (ECAT ART PET system)

Fig. 11.4a,b. Whole body FDG-PET pro-
jection images of a patient with breast 
cancer prior to therapy (baseline) (a) 
and 2 months after therapy (b) with 
Navelbine and Xeloda. The standardized 
uptake values of the metastatic bone 
lesions show no signifi cant decrease in 
FDG uptake consistent with no response 
to therapya b
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and 18 false positive lesions. More extensive metas-
tasis on PET than CT was disclosed in Fig 11.3. The 
application of FDG-PET in monitoring of breast 
cancer is shown in Fig 11.4.

Table 11.3 represents the literature of adequately 
sized studies. In short, for screening purposes there 
is no indication for PET. In primary breast cancer, 
PET may be helpful to characterize indeterminate 
findings on MX. For axillary staging, the results of 
the prospective multicenter study were disappoint-
ing (Wahl et al. 2004). For newly diagnosed breast 
cancer, staging of the axilla had a sensitivity of 61%, 
specificity of 80%, PPV of 62%, and NPV of 79%. The 
authors concluded that FDG-PET cannot be recom-
mended for routine staging of the axilla in patients 
with newly diagnosed breast cancer. 

11.4.5 
Colorectal

FDG-PET has no established role in the diagnosis 
of primary colon cancer (Table 11.4). The surgical 
treatment of recurrent colorectal cancer remains 
problematic, despite the advancement of MR, heli-
cal CT, intra-operative US, serum tumor markers, 
or radiolabeled probes (radio-immuno guided sur-
gery, RIGS). Proper selection of patients for second-
ary surgery with curative intent involves identifying 
all regional, abdominal and distant tumor foci. This 
objective is not easily achieved with non-invasive 
imaging because of lesion size and characterization, 
and occult disease. Tumor markers such as CEA have 
a low sensitivity to detect recurrence (around 60%). 
The aim of the pre-surgical work-up is to distinguish 
isolated resectable disease, i.e., local recurrence or 
liver metastasis, from advanced disease. By correct 
staging, patients with widespread metastasis may be 
identified in whom surgery is not an option. This will 
not only improve the cost–benefit ratio, but also spare 
the patient extensive surgery with its associated mor-
bidity. The actual selection of patients with recurrent 
cancer results in 5-year survival rates of only 20%–
30% after secondary ‘curative’ surgery (Strauss et al. 
1989; Haberkorn et al. 1991a,b; Keogan et al. 1997). 
In Fig. 11.5 a scan with nodal involvement is shown. 

Table 11.3 supplies the data on colorectal cancer 
recurrence. An early series with 76 patients com-
paring PET to conventional imaging was reported 
by Schiepers et al. (1995). The study was prospec-
tive, had surgical confirmation in 63% of patients 
and evaluated disease in three ‘surgical’ zones: local 
pelvic recurrence, hepatic involvement and distant 

metastasis. A high accuracy was obtained for PET, 
95% for local disease, and 98% for hepatic metastasis. 
Unexpected advanced disease was diagnosed in 15% 
of patients. The study of Valk et al. (1996) provided 
similar results. Delbeke et al. (1997) reported on liver 
metastasis from colorectal origin. Since all 52 had sus-
pected recurrence on CT, they utilized a lesion-based 
analysis, which furnished an accuracy of 92% for PET 
compared to 80% for conventional imaging. The main 

Fig. 11.5a,b. A 70-year-old white male with rectal cancer. 
cT3N1M0 disease on CT. Sagittal slices before (a) and after 
(b) radiation therapy. This whole body PET detected two 
affected lymph nodes superior of the tumor, which were out-
side the fi eld of view of 101 mm on the dynamic scan. Note the 
decrease in metabolic activity of both the tumor (arrow) and 
lymph nodes. Average tumor glucose utilization was 178 ng/
min/ml before (a) and 72 ng/min/ml after radiation therapy 
(ECAT 931 PET system)

b

a
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difference in their protocol with the other two series 
was the longer image duration of 10 min per bed posi-
tion and correction for attenuation effects.

Several reports were published about the impact of 
PET on patient management, which varied from 28% 
in the series of Delbeke et al. (1997), 29% in Lai et al. 
(1996), to 40% in Beets et al. (1994). Presently acknowl-
edged PET indications for colorectal cancer are:

1. Differentiation of a pelvic mass as tumor 
recurrence vs. post-operative fi brosis

2. Assessment of hepatic metastasis
3. Establishment of disease in case of ele-

vated tumor markers and negative con-
ventional imaging

4. Disclosure of occult metastases and 
(re)staging of disease

11.4.6 
Other Gastrointestinal Tumors

Several papers have been published on the use of 
FDG-PET for the characterization of pancreatic 
masses with indeterminate CT findings (Inokuma 
et al. 1995; Ho et al. 1996; Reske et al. 1997). In a 
study with 73 patients by Stollfuss et al. (1995) the 
SUV threshold for malignancy was set at 1.5 result-
ing in both sensitivity and specificity of 93% for 
lesion detection. Visual interpretation gave a slightly 
higher sensitivity of 95% but lowered specificity to 
90%. With either method for FDG-PET interpreta-
tion, the results were better than abdominal CT, 
which had a sensitivity and specificity of 80% and 
74%, respectively. Similar results were obtained in 
an earlier study by Bares et al. (1994), where PET 
was compared with abdominal CT, abdominal US, 
and endoscopic US in 46 patients. Less encouraging 
results were found when FDG-PET was used to dif-
ferentiate pancreatic carcinoma from mass-forming 
pancreatitis. The problem of increased FDG uptake 
in intense inflammatory lesions (e.g., retroperito-
neal fibrosis and chronic pancreatitis) will require 
further studies. False positive results due to inflam-
mation have occurred in other types of lesions eval-
uated by PET, emphasizing the non-specific nature 
of FDG. PET may obviate further invasive diagnostic 
procedures in many patients with benign disease 
and only patients with abnormal FDG activity will 
need CT guided biopsies. There is no consensus on 
the indications for pancreas cancer. 

In esophageal cancer, FDG PET imaging has been 
found to be very sensitive in detecting the primary 
tumor (100%) (Ogunbiyi 1997). In detecting nodal 

metastatic disease in esophageal cancer, PET had 
a sensitivity of 72% and specificity of 82% as com-
pared to CT’s sensitivity of 28% and 73%, respec-
tively. In another study (Kole 1998), both PET and 
CT had high sensitivity in detecting the primary 
lesion, 96% and 81%, respectively; however, both 
imaging techniques failed to accurately assess the 
depth of esophageal wall invasion. A prospective 
study showed that PET was useful in detecting dis-
tant metastatic disease; however, it did not signifi-
cantly change the clinical decision of resectability in 
these patients compared to using other conventional 
diagnostic procedures (Kneist 2004). PET may have 
clinical utility in esophageal cancer when used for 
distinguishing a responder to preoperative chemo-
radiation therapy SUV<4.0, versus a non-responder 
SUV>4.0 (Swisher 2004). 

11.4.7 
Prostate

The results of FDG-PET imaging with prostate 
cancer are mixed (Table 11.5). FDG-PET helped 
identify osseous and soft-tissue metastases of pros-
tate cancer with a high positive predictive value but 
had a limited sensitivity (65%) compared to that of 
routine bone scintigraphy (Shreve et al. 1996). Yeh 
et al. (1996) also found a low sensitivity (20%) for 
osseous metastases. Laubenbacher et al. (1995b) 
and Effert et al. (1996) found that the SUV is rela-
tively low in prostate carcinoma. One observation 
of Effert et al. (1996) was that in a subgroup of 
patients with metastases having SUVs in excess of 
5, all had rapid progression of disease and did not 
respond well to subsequent hormone deprivation or 
radiation therapy. The relatively low FDG uptake by 
prostate carcinoma may reflect a characteristic of 
a slow growing or indolent neoplasm; however, an 
abnormal FDG-PET scan has a high positive predic-
tive value (98%) for the presence of tumor (Shreve 
et al. 1996). The ability to determine the presence, 
extent, and metabolic activity of metastatic disease 
may be important in clinical management decisions 
concerning hormonal therapy or the institution of 
experimental therapies. In patients with advanced 
disease, an abnormal FDG PET has a high positive 
predictive value for presence of tumor. 

Imaging of the primary tumor in the prostate will 
be technically challenging due to the relatively low 
FDG uptake in the tumor in the early stages of dis-
ease and due to the intense bladder activity, which 
may obscure the detection of a small tumor focus. 
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Lesions with low FDG uptake will be a diagnos-
tic challenge for differentiation of an indolent but 
malignant tumor from an active but benign tumor 
or inflammatory lesion. Due to the proximity of the 
bladder and frequent problems with micturition 
and retention, significant artifacts may result. Not 
all of these can be overcome easily. Currently, there 
is no established utility of FDG-PET in this common 
cancer, both for primary and recurrent disease. 

11.4.8 
Other Genitourinary Tumors

Several studies have applied FDG-PET to renal 
cell carcinoma (RCC). In the study by Bachor et 
al. (1996) 29 patients with solid renal masses were 
scanned prior to surgery. In 20 of 26 patients, FDG-
PET scans detected the histologically confirmed RCC 
and failed in six patients to detect the tumor focus. 
In three patients with benign lesions, falsely posi-
tive results were obtained. In another three patients, 
FDG-PET was able to detect regional lymph node 
metastases suggesting a role for staging of RCC. 
Bender et al. (1997) had similar results. 

Goldberg et al. (1997) performed 26 FDG-PET 
studies in 21 patients. They evaluated the ability of 
FDG-PET to characterize solid renal masses (ten 
patients), indeterminate renal cysts (11 patients) as 
malignant or benign. PET correctly classified solid 
lesions as malignant in nine of ten histologically 
confirmed tumors (six RCC, three lymphomas). 
One patient with bilateral RCC was false negative. 
PET correctly classified indeterminate renal cysts 
as benign in seven of eight patients confirmed by 
surgery or needle aspiration. PET was false nega-
tive in one patient with a 4-mm papillary neoplasm. 
The authors suggested that a positive FDG-PET scan 
in the appropriate clinical setting might obviate 
the need for cyst aspiration in indeterminate renal 
masses. These early studies with a limited number of 
patients revealed that FDG-PET had a high positive 
predictive value, suggesting its utility for non-inva-
sive characterization of indeterminate renal masses 
in patients in whom surgical resection or biopsy is 
not feasible.

Kang et al. (2004) reported a large retrospective 
study with 99 scans in 66 patients. The sensitivity 
for primary RCC was 60%, and the specificity 100%. 
The authors concluded that PET with FDG is limited 
due to the low sensitivity.

To investigate the reason why some patients with 
RCC had negative FDG PET scans, Wahl (1997a) 

compared several biological characteristics. They 
demonstrated that patients with positive PET scans 
at the primary tumor site had higher tumor grades 
and higher GLUT-1 expression than patients with 
negative PET scans. Since GLUT-1 is the key trans-
porter for FDG, with low expression in RCC, most 
renal cancers are less well seen. The significance of 
FDG uptake relative to the prognostic outcomes is 
unknown.

In an Australian study, the effect of staging on 
patient management was investigated (Ramdave 
et al. 2001). The authors concluded that PET had a 
similar accuracy as CT (94%) and changed patient 
management in 40%.

Safaei et al. (2002) of our institution, assessed 
the utility of FDG-PET for restaging 36 patients 
with advanced RCC. In this retrospective study, the 
additional value of whole body PET to conventional 
imaging was demonstrated. The patient-based 
analysis revealed that FDG-PET correctly classified 
the clinical stage in 32 of 36 patients (89%) and was 
incorrect in four patients (11%). The lesion-based 
analysis showed that metabolic imaging correctly 
classified 21 of 25 lesions (81%), subsequently veri-
fied by surgical biopsy. This resulted in a sensitivity 
of 82%, specificity of 88%, and accuracy of 81% for 
lesion detection.

Majhail et al. (2003) reported on the evaluation 
of distant metastases in 24 patients with RCC. The 
sensitivity was 64%, the specificity 100%, and the 
positive predictive value 100%. They found that the 
false negative results were all related to lesions less 
than 1 cm in size. Similar results were published 
by Jadvar et al. (2003), demonstrating a modest 
accuracy for restaging of RCC. In 25 patients, they 
found a sensitivity of 71%, specificity of 75%, and 
accuracy of 72%. With a negative predictive value 
of 33% and a positive predictive value of 94%, these 
authors concluded that a negative study does not 
exclude disease, whereas a positive study is suspi-
cious for malignancy. Kang et al. (2004) arrived at 
the same conclusion by finding a sensitivity of 75% 
and specificity of 100% for lymph node metastasis 
from RCC. In general, FDG-PET suffers from limited 
sensitivity in RCC. This is partially related to the 
low glucose utilization of renal tumors (low GLUT-1 
expression). The fact that small lesions (< 1 cm) are 
missed is in part related to the spatial resolution of 
the PET systems used and, therefore, not specific for 
RCC.

In the few studies reported on patients evaluated 
for recurrent ovarian carcinoma and confirmed by 
second look laparotomy, PET had a sensitivity over 
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90%, whereas CT and US had sensitivities ranging 
from 33% to 85% (Hubner et al. 1993; Casey et al 
1994). The specificity of PET was 80% and CT 50%. 
There was a good correlation between PET and his-
tological findings so that patient management will 
benefit from PET by identifying occult foci that are 
not apparent on morphological imaging studies 
(Karlan et al. 1993). More studies are needed to 
define the clinical role of PET in the management of 
ovarian cancer. 

The value of PET imaging for testicular cancers 
is still under investigation (Stephens et al. 1996; 
Nuutinen et al. 1997; Reinhardt et al. 1997). For 
initial staging after orchiectomy, PET may have a 
role in detecting metastases not seen by conven-
tional imaging although this has not been proven 
in the studies completed to date. Following chemo-
therapy, PET may be able to differentiate viable car-
cinoma from scar tissue but preliminary findings 
indicate that it cannot differentiate scar tissue from 
mature teratoma. PET and for that matter any imag-
ing technology will miss micro-foci of viable germ 
cell tumor. Focal areas of abnormal FDG uptake that 
are detected within extensive residual radiographic 
abnormalities may allow a more directed and pos-
sibly more limited surgical resection, especially in 
high risk patients who have had recurrence following 
previous medical and surgical treatment. Another 
application of PET is the patient with a rising tumor 
marker following chemotherapy and/or retroperito-
neal lymph node dissection, but without evidence of 
residual mass on conventional imaging. The loca-
tion of abnormal FDG uptake may be helpful in 
guiding anatomical imaging, surgical exploration, 
and tumor resection. 

In general, both primary seminomas and malig-
nant teratomas have avid FDG uptake, whereas dif-
ferentiated teratomas and necrotic or fibrotic tissue 
have normal uptake. Except for Germany, where it 
has been incorporated in monitoring therapy, there 
is no consensus on the role of PET in testicular 
cancer. 

11.4.9 
Lymphoma

The same diagnostic questions as in lung cancer or 
colorectal cancer pertain to lymphoma: (i) deter-
mine the tumor stage at initial presentation, (ii) 
characterize a residual mass post treatment as scar 
or tumor, and (iii) assess response after therapy. 
These questions cannot be appropriately addressed 

with current anatomical imaging methods (Okada 
et al. 1991, 1992; Leskinen-Kallio et al. 1991). 
Moreover, gallium scintigraphy is not sensitive 
enough in low-grade lymphomas, whereas FDG is 
(Paul 1987). The accuracy of FDG-PET imaging in 
thoracic-abdominal lymphoma compared to that 
of CT was studied in 11 patients (Newman et al. 
1994). All lesions were detected by PET, and five 
were missed by CT. No difference was found between 
low- and intermediate-grade lymphomas. In a study 
from our institution in 18 patients, both CT and 
PET detected 33 out of 37 lesions, although not all 
lesions were the same (Hoh et al. 1997a). Staging 
using WBPET was concordant with conventional 
staging in 14/17 patients, better than conventional 
staging in three and worse in one patient. For an 
analysis of cost effectiveness, the reader is referred 
to the original article (Hoh et al. 1997a). In a study 
of 24 patients by De Wit et al. (1997), PET correctly 
predicted all patients in complete remission after 
therapy, there were no false negatives. These investi-
gators concluded that PET performed for evaluation 
of residual mass after treatment of lymphoma has a 
high predictive value.

A limited number of studies address primary 
staging of lymphoma, whereas the majority evalu-
ates the ability of FDG-PET to accurately monitor 
therapy. In primary staging, most of the publica-
tions compare PET to anatomic imaging with CT. 
Moog et al. (1997) concluded from their study of 60 
consecutive patients with HD and NHL that FDG-
PET was more accurate for detecting lymph node 
involvement than CT. In these 60 untreated patients 
staged for nodal involvement, PET found 25 addi-
tional lesions, of which 16 remained unresolved. CT 
showed an additional six lesions, of which three were 
false positive and three were unresolved Moog et al. 
(1997). Stumpe et al. (1998) arrived at a similar con-
clusion when they compared the accuracy of FDG-
PET to that of CT. The diagnostic sensitivity did not 
differ between PET and CT. However, the specificity 
of PET was 96% for Hodgkin’s disease and 100% for 
non-Hodgkin’s lymphoma while the corresponding 
values were only 41% and 67% for CT. This low spec-
ificity for CT is quite in contrast to other studies, 
which report high specificities for both CT and PET 
in lymphoma. The study of Stumpe et al. (1998) had 
a preponderance of patients referred for re-staging 
and had a retrospective design, which helps explain 
these unusual findings. An example of a responder 
to chemotherapy is provided in Fig 11.6.

Jerusalem et al. (2001) evaluated PET perfor-
mance in different anatomical regions, and found 
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Fig. 11.6. Coronal slices of PET studies in a 73-year-old male with non-Hodgkin lymphoma; baseline study (a) and after four 
courses of chemotherapy (b). The baseline images show the primary neck mass on the right (P34–P36), involvement of contra-
lateral nodes (P35–P36), an epigastrial node left of the midline (P31–P32), and a right inguinal node (P29–30). The high uptake 
in the spleen suggests splenic involvement. The scan after therapy shows resolution of the right neck mass and other nodal 
involvement. The spleen now has normal FDG uptake. Prominent uptake is seen in the parotid gland bilaterally and stomach

a

b
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the highest PET sensitivity in the thorax (91%), and 
the lowest in the abdomen/pelvis (75%). Peripheral 
disease involvement was diagnosed with a sensitiv-
ity of 83%. The variations are larger for PET between 
the different body regions than CT, which has a sen-
sitivity of 80%–85% across the various body regions. 
The somewhat lower sensitivity of PET for infra-dia-
phragmatic lesions was also reported by Buchmann 
et al. (2001), who showed that PET is only superior to 
CT for supra-diaphragmatic lesions and not differ-
ent from CT for infra-diaphragmatic sites.

A major problem concerns the systemic nature of 
lymphoma and its treatment, which is usually not 
surgery. Thus, individual lesions observed on PET 
or CT cannot be compared to the reference standard. 
WBPET has a significant impact on staging of lym-
phoma, since biopsy of all lesions is impossible and 
characterization of abnormalities has been shown to 
be cost effective. 

11.4.10 
Melanoma

In two small studies for staging of metastatic mela-
noma, PET imaging had an overall accuracy of 100%, 
detecting all metastatic lesions (intra-abdominal, 
visceral, and lymph nodes) and correctly predict-
ing all negative lymph node regions (Gritters et al 
1993; Wagner et al 1997). In a study of 33 patients, 
Steinert et al. (1995) found a sensitivity of 92%. 
With blinded reading the specificity was 77%, which 
could be increased to 100% when clinical informa-
tion was provided. In a large Australian study of 
100 patients, the sensitivity was 93% for detection of 
metastatic lesions (Damian et al. 1996). Small meta-
static foci were seen only on follow-up CT several 
months later. The sensitivity of the PET technique 
for detecting small pulmonary lesions was lower 
than CT, attributed to respiratory motion or prior 
cancer therapy.

From the studies available, it appears that PET 
is a sensitive and highly specific test for detecting 
lymph node metastasis in melanoma; however, the 
detection of microscopic disease in a lymph node 
draining the primary site will still be performed by 
the sentinel node technique. For very small tumor 
lesions (<5 mm), PET is not as sensitive as CT. 
Therefore an algorithm can be proposed for mela-
noma similar to that of lung and colorectal cancer, 
in which PET is performed to detect distant meta-
static disease and to categorize the patient as poten-
tially unresectable.

11.5 
Conclusions

The unique imaging capabilities of PET enable phy-
sicians to detect disease in vivo, and to monitor 
treatment from a metabolic perspective. FDG-PET 
in oncologic imaging has been applied for character-
izing lesions, differentiating recurrent disease from 
treatment effects, and staging. Future developments 
may utilize PET in basic drug development, and in 
monitoring or evaluating the eligibility of patients 
for new therapy protocols. 

The goal in any staging method is to detect small 
tumor foci with the highest sensitivity and specific-
ity. Excellent results are obtained for instance with 
MR of the brain, CT of the neck or liver, and mam-
mography, but the anatomical modalities generally 
lack specificity. The limiting factor for PET sensitiv-
ity will be its resolution, whereas PET’s strength will 
be in the development of even more specific radio-
pharmaceuticals for tumor imaging. An inherent dif-
ficulty in analyzing and comparing various imaging 
modalities is that, for ethical reasons, the identified 
lesions cannot always be confirmed histologically. 
Clinically oriented “reference standards” will have 
to be developed to assess the utility of PET. These 
include rigorous follow-up of patients to measure 
progression of disease, disease free survival, and 
prognosis. Improved categorization of patients into 
their correct stages, will result in improved patient 
outcome. In the future, the role of clinical imaging 
may be quite different due to the rapid developments 
in molecular biology and genetics. The management 
of cancer patient in the future may require very spe-
cific in-vivo tumor characteristic, which may be only 
measurable with molecular imaging techniques. 
Even if no effective therapy exists for a particular 
malignancy, PET and other quantitative imaging 
techniques may play an important role in the under-
standing of the underlying etiology, pathogenesis 
and in-vivo biology of that disease. In addition, PET 
may assist in the development of new therapies. In 
the end, the proper combination of imaging tech-
nologies in well-defined algorithms will provide the 
most accurate diagnostic information for optimal 
clinical management and patient outcome. 
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scanner is a state of the art four-slice CT (GE Medical 
Systems, Milwaukee, Wisconsin) with a gantry rota-
tion of 0.5” minimum. Extensive evaluation of the 
CT breath hold breathing pattern best matching the 
free breathing pattern of PET data acquisition, has 
led us to conclude that an unforced end-expiratory 
state is best during the period where the CT images 
the regions adjacent to the diaphragm (Goerres et 
al. 2002a). Thus patients are instructed to expire and 
hold their breath when the CT scanner scans this 
body region. CT scanning is accomplished in less 
than 30 s. Subsequently, PET scanning is started from 
the pelvis up. PET scanning is performed using six 
to seven table positions. As the PET scanner covers 
an axial field of view of around 15 cm with 32 slices 
per table position, roughly 90–105 cm of the patient 
is covered, which includes the anatomic regions from 
the brain to the upper thighs in almost all patients. 
With table position imaging times of 3–4 min, typical 
scan length of a PET/CT partial body scan covering 
the patient from the head to the mid upper thighs is 
20–30 min.

After this “baseline” PET/CT data acquisi-
tion, additional standard CT protocols can be run 
depending upon the clinical requirements. It is 
desirable in some settings to also perform a CT scan 
enhanced with intravenous contrast, which can 
better delineate the lesions in relation to vascular 
structures. The overall protocol design for such all-
encompassing PET/CT examinations is not defined 
and the next years will have to tell where and when 
additional contrast enhanced CT scanning is useful. 
Other groups have advocated the use of i.v. contrast 
enhanced CT scans from the beginning and as only 
CT scan. It is our opinion, that this is less than opti-
mal for two reasons. First, in many settings, CT con-
trast is not needed, as FDG is mostly a much better 
“contrast agent” than the contrast agents used in CT. 
Second, vascular contrast, which for vessel delinea-
tion is dense and transient, causes the CT data not 
to be ideal attenuation maps for the subsequent PET 
scan. It has to be emphasized that iodinated contrast 
behaves in such a way that it can be difficult to use 
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12.1 
General Aspects of PET/CT

12.1.1 
Clinical Protocols of PET/CT

As PET/CT is a novel technology, the clinical protocols 
in PET/CT are subject to fast evolution. At our institu-
tion we routinely give diluted bowel contrast agent 1 h 
prior to scanning (Dizendorf et al. 2002) followed 
by supine FDG injection and patient rest of at least 
45 min. After bladder voiding just prior to scanning, 
we first perform a low-dose CT scan at 40 mAs (Hany 
et al. 2002a). This covers 100 cm of axial field of view 
in less than 30 s with a slice thickness of 4.5 mm, 
which is matched to the PET slice thickness. The CT 
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a scan enhanced with intravenous contrast agent 
for attenuation correction (Dizendorf et al. 2003). 
Iodine looks like bone at 80–140 keV, but like soft 
tissue at 511 keV. Thus, the Hounsfield Unit trans-
formation used for attenuation correction of the PET 
scan may not work consistently without segmenting 
the vessels out of the CT and replacing the vessels 
with soft tissue density on the CT data.

12.1.2 
Critical Appraisal of Clinical PET/CT

Clinical experience with PET/CT is currently lim-
ited. However, after performing approximately 5000 
clinical scans, we can confidently appraise at least 
some aspects of clinical PET/CT.

PET/CT is easy to use and in the overwhelming 
number of patients, image co-registration is excel-
lent. This is probably due to the fact that oncology 
patients, who represent the major patient group 
imaged, are generally cooperative. To our surprise, 
routine availability of an anatomic reference frame 
has led to the identification of various pitfalls not 
fully appreciated in PET prior to the introduction 
of PET/CT. The superimposition of an FDG avid 
focus onto an anatomically identifiable structure 
makes the image interpreter more confident of what 
he sees and reduces interobserver variability. This 
also applies to the use of PET/CT data in radiation 
planning. The software infrastructure has now been 
developed which permits transfer of PET and CT 
data into the planning environment of radiation 
oncologists by DICOM standard formats. 

Viewing PET and CT images next to each other is 
not adequate for lesion localization once lesions are 
below 1.5 cm, and it is particularly in such lesions, 
where PET excels and where standard morphologi-
cal criteria of malignancy in CT no longer are very 
useful. Thus co-registration and fusion or linked 
cursor viewing are mandatory. All currently avail-
able data suggest that the software approach is at 
least logistically difficult and obviously does not 
provide easily accessible data for attenuation cor-
rection.

Any new modality has also new artifacts and pit-
falls. The most relevant artifact identified so far is 
misregistration around the diaphragm (Goerres 
et al. 2002a). This can lead to abdominal lesions 
apparently located in the supradiaphragmatic lung 
zones and a photon deficit of variable importance 
overlying the diaphragmatic domes and looking 
like “bananas” on the coronal CT attenuation cor-

rected PET scans. A second artifact, which may be 
more prominent in CT corrected PET scans than 
PET scans corrected with the standard transmis-
sion scan methods, is that arising around metallic 
implants (Goerres et al. 2002b; Kamel et al. 2003a). 
Slight misregistrations can lead to overcorrections, 
which then result in focal or linear regions of appar-
ently increased FDG uptake. The last artifact comes 
from major misregistration due to patient motion 
between the acquisition of the two scans.

12.2 
PET/CT in Lung Cancer

The majority of PET imaging work has been done 
in non-small cell lung cancer. It has been shown 
that FDG PET is highly accurate in classifying lung 
nodules as benign or malignant. Whole-body PET 
improves the rate of detection of mediastinal lymph 
node metastases as well as extrathoracic metastases 
when compared to conventional imaging methods, 
such as CT, MR, ultrasound or bone scan. Since com-
mercial PET scanners provide nominal spatial reso-
lution of 4.5–6 mm in the center of the axial field of 
view, even lesions less than 1 cm with an increased 
FDG uptake can be detected. This represents a criti-
cal advantage of PET over CT and MR. Integrated 
PET/CT enables the exact matching of focal abnor-
malities on PET to anatomic structures on CT. First 
clinical results show, that integrated PET/CT enables 
the exact matching of focal abnormalities on PET to 
anatomic structures on CT resulting in an increased 
diagnostic accuracy (Lardinois et al. 2003; Bar-
Shalom et al. 2003; Antoch et al. 2003a).

12.2.1 
Solitary Lung Nodule

The ability of PET to separate between benign and 
malignant lesions is high, but not perfect. For benign 
lesions, a high specificity for FDG PET has been dem-
onstrated. It has been shown that FDG PET is highly 
accurate in differentiating malignant from benign 
solitary pulmonary nodules (0.6–3 cm) when radio-
graphic findings were indeterminate (Gupta et al. 
1996). In a series of 61 patients, PET had a sensitivity 
of 93% and a specificity of 88% for detecting malig-
nancy. However, FDG PET may show negative results 
for pulmonary carcinoid tumors and bronchiolo-
alveolar lung carcinoma. Lesions with increased FDG 
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uptake should be considered malignant, although 
false-positive results have been reported in cases 
of inflammatory and infectious processes, such as 
histoplasmosis, aspergillosis, or active tuberculosis. 
PET is clinically useful in patients with a solitary 
pulmonary nodule less than 3 cm in diameter, espe-
cially where biopsy may be risky or where the nodule 
carries a low risk for malignancy based on patients’ 
history or radiographic findings. With integrated 
PET/CT an additional certainty to the presence or 
absence of FDG uptake in the pulmonary nodule 
can be achieved.

12.2.2  
T Staging

Without image fusion, the use of PET in T staging 
lung cancer is limited. Recently, it has been shown 
that integrated PET/CT is superior to CT alone, PET 
alone, and visual correlation of PET and CT in T 
staging of patients with non-small cell lung cancer 
(Lardinois et al. 2003). Due to the exact anatomic 
correlation of the extent of FDG uptake, the delinea-
tion of the primary tumor can be defined precisely. 
Therefore the diagnosis of chest wall infiltration and 
the mediastinal invasion by the tumor is improved. 
Lesions with chest wall infiltration are classified as 
stage T3 and are potentially resectable. Integrated 
PET/CT provides important information on medi-
astinal infiltration too. However, PET/CT imaging is 
unable to distinguish contiguity of tumor with the 
mediastinum from the direct invasion of the walls of 
mediastinal structures. It has been shown that FDG 
PET is a useful tool for the differentiation between 
tumor and peritumoral atelectasis. This is particu-
larly important for the planning of radiotherapy in 
patients with lung cancer associated with an atelec-
tasis. The information provided by FDG PET results 
in a change in the radiation field in approximately 
30%–40% of patients (Nestle et al. 1999).

12.2.3 
N Staging

PET has proven to be a very effective staging modal-
ity for mediastinal nodal staging (Steinert et al. 
1997; Vansteenkiste et al. 1998; Dwamena et al. 
1999; Pieterman et al. 2000; Hellwig et al. 2001). 
CT and MR imaging are limited in depicting small 
mediastinal lymph node metastases. Several studies 
have demonstrated that FDG PET is significantly 

more accurate than CT in determination of nodal 
status. In our own study, PET assigned the correct 
N stage in 96% of cases, CT was correct in 79% 
of cases (Lardinois et al. 2003). A meta-analytic 
comparison of PET and CT in mediastinal staging 
of NSCLC was performed (Dwamena et al. 1999). 
The mean sensitivity and specificity (±95% CI) were 
0.79±0.03 and 0.91±0.02, respectively, for PET and 
0.60±0.02 and 0.77±0.02, respectively, for CT. These 
results were confirmed in another meta-analysis 
with a total of more than 1000 patients (Hellwig 
et al. 2001).

Even if mediastinoscopy remains the gold stan-
dard for mediastinal staging, not all mediastinal 
lymph nodes can be routinely accessed by medi-
astinoscopy, particularly in the para-aortic region 
and in aorto-pulmonary window. The limited view 
through the scope and the single direction in which 
biopsies can be carried out prevents 100% accuracy. 
The accuracy of mediastinoscopy is approximately 
90% and is surgeon dependent (Patterson et al. 
1987). It has been demonstrated that PET is useful to 
assist mediastinoscopy (Fig. 12.1). Due to the knowl-
edge from the PET scan, mediastinoscopy revealed 
additional mediastinal disease in 6% of patients 
(Kerstine et al. 2002).

Exact allocation of focal abnormalities on PET 
to specific lymph nodes is difficult or even impos-
sible due to the poor anatomic information pro-
vided by PET alone. The presence and site of lymph 
node metastases should be recorded according to 
the revised American Thoracic Society lymph node 
station-mapping system (Mountain and Dresler 
1997). In patients with bulky mediastinal disease 
or multilevel nodal involvement the assessment of 
N stage is easy. However, the exact localization of 
lymph node metastases in the hilum is difficult. 
Lymph nodes distal to the mediastinal pleural 
reflection and within the visceral pleura are clas-
sified as N1 nodes. Lymph nodes within the medi-
astinal pleural envelope are classified as N2 nodes. 
Because the pleura is visible neither in CT nor in PET 
the exact classification of a hilar lesion as a N1 node 
or N2 node remains difficult. The difficulty of PET 
is the localization of small single nodes, particularly 
in patients with a mediastinal shift due to atelecta-
sis or anatomical variants. In our experience, inte-
grated PET/CT imaging will become the new stan-
dard of mediastinal staging. The high reliability of 
integrated PET/CT in the exact localization of extra-
thoracic vs. intrathoracic and mediastinal vs. hilar 
lymph nodes might have very important therapeutic 
implications.
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Fig. 12.1a–c. Whole-body PET/CT examination of a 50-year-old male patient who had been suffering hoarseness and a swal-
lowing disorder for 6 weeks. Full screen with maximum intensity projection, CT, PET, and PET/CT scans (a). PET/CT reveals 
a supraglottic laryngeal cancer with ipsilateral lymph node metastases. There is central necrosis in an enlarged lymph node 
(b; white and black arrows). This was a G1 cT2 N2b squamous cell carcinoma. The patient underwent supraglottic partial lar-
yngectomy with radical neck dissection. In the same PET/CT examination a bronchogenic cancer was found with ipsilateral 
lymph node metastasis in the aortic-pulmonary window (c; white and black arrowheads). This was a pT2 pN2 squamous cell 
carcinoma of the left upper lung lobe. The patient underwent resection of the upper lung lobe and mediastinal lymph nodes 
3 weeks later. After surgery the patient was scheduled for subsequent combined radiation and chemotherapy

a

b c
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Until now, our group used non-enhanced CT scans 
for integrated PET/CT imaging. We could not ethically 
justify the use of vascular contrast material because 
all patients had a conventional contrast enhanced CT 
for staging before the PET/CT. In non-enhanced CT 
scans delineation of vessels was considerably poorer 
than with contrast enhancement or impossible. How-
ever, in our patient series non-enhanced PET/CT scans 
are sufficient for planning surgery in approximately 
80% of patients. Further evaluation is necessary to 
define conditions in which the application of intra-
vascular contrast material might have an additional 
diagnostic impact in integrated PET/CT imaging. 
However, regarding infiltration of hilar and medias-
tinal vessels, a relatively low sensitivity, specificity, 
and accuracy (68%, 72%, and 70%, respectively) of 
conventional CT scan with contrast enhancement has 
been observed (Rendina et al. 1987).

Microscopic foci of metastases within very small 
lymph nodes cannot be detected with any imag-
ing modality. If there is no increased FDG uptake 
in PET, integrated PET/CT will not provide further 
information based on FDG accumulation. It has 
been reported that FDG PET after induction therapy 
is less accurate in mediastinal staging than in stag-
ing of untreated NSCLC (Akhurst et al. 2002). PET 
over-staged nodal status in 33% of patients, under-
staged nodal status in 15%, and was correct in 52%. 
Future studies are required to correlate FDG PET 
before and after treatment.

12.2.4 
M Staging

Whole-body FDG PET is an excellent method to 
screen for extrathoracic metastases (Weder et al. 
1998). In a meta-analysis of 581 patients, sensitivity, 
specificity, and accuracy of FDG PET were 94%, 97% 
and 96%, respectively (Hellwig et al. 2001). Current 
imaging methods are inadequate for accurate M stag-
ing of patients. PET detects unexpected extrathoracic 
metastases in 10%–20% of patients and changes ther-
apeutic management in about 20% of patients. FDG 
PET is more accurate than CT in the evaluation of 
adrenal metastases (Erasmus et al. 1997). Marom et 
al. (1999) compared the accuracy of FDG PET to con-
ventional imaging in 100 patients with newly diag-
nosed NSCLC. Comparing bone scintigraphy and 
FDG PET in detecting bone metastases, the accuracy 
was 87% and 98%, respectively. All hepatic metasta-
ses were correctly identified with PET and CT. With 
CT, however, benign liver lesions were over-staged as 

metastases, thus accuracy of PET was superior to CT 
in the diagnosis of liver metastases.

The clinical significance of a single focal abnor-
mality on PET remains unclear, especially when no 
morphological alterations occur on CT images. The 
advantage of integrated PET/CT imaging is the exact 
localization of a focal abnormality on PET. This was 
the case in 20% of all patients with extrathoracic 
metastases in our study on the value of integrated 
PET/CT (Lardinois et al. 2003).

12.2.5 
Recurrent Lung Cancer

A very high accuracy of FDG PET in distinguishing 
recurrent disease from benign treatment effects has 
been shown. If PET images demonstrate areas of 
tumor viability, they can direct biopsy for pathologic 
confirmation. Patients should be evaluated a mini-
mum of 2 months after completion of therapy. Oth-
erwise post-therapeutic healing processes or radia-
tion pneumonitis may result in false positive PET 
findings. These abnormal findings return to normal 
at variable times without further intervention. In 
the experience of Inoue et al. (1995) a curvilinear 
contour of increased FDG accumulation was seen 
mostly in inflammatory lesions, while focal nodular 
uptake was seen mostly in recurrent tumors. Their 
data suggest that FDG PET can be clinically used for 
selecting biopsy sites because of its high sensitivity 
in detecting recurrent lung cancer.

12.2.6 
Pitfalls

False negative FDG PET results have been reported in 
pulmonary carcinoid tumors and in bronchiolo-alve-
olar carcinomas. Some active infectious or inflam-
matory lesions may have an increased FDG uptake. 
Tuberculosis, eosinophilic lung disease, histoplasmo-
sis, aspergillosis and other infections may have a sig-
nificant uptake of FDG (Strauss 1996). Furthermore, 
sarcoid shows a typical bilateral relatively symmet-
ric hilar uptake pattern. Therefore, lesions with an 
increased FDG accumulation should be histologically 
confirmed. However, most chronic inflammatory 
processes do not significantly take up FDG.

It is well known that active muscles accumulate 
FDG. In some patients with lung cancer an intense 
focal FDG accumulation is seen in the lower anterior 
neck just lateral to the midline. Co-registered PET/
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CT images revealed that the focal FDG uptake was 
localized in the internal laryngeal muscles (Kamel 
et al. 2002). This finding is a result of compensatory 
laryngeal muscle activation caused by contralateral 
recurrent laryngeal nerve palsy due to direct nerve 
invasion by lung cancer of the left mediastinum or 
lung apices (Hany et al. 2002). 

FDG accumulation in brown adipose tissue can 
easily be identified and discriminated from muscle 
uptake or a soft tissue mass using co-registered PET-
CT. 

12.2.7 
Small Cell Lung Cancer

The staging procedures for SCLC do not differ from 
those for NSCLC. The primary role of imaging is 
to separate accurately limited disease (LD) from 
extended disease (ED). Based upon the widespread 
dissemination of SCLC, a battery of imaging tests 
is performed such as CT of the chest and abdomen, 
CT or MRI of the brain and a bone scan. Recently, 
it has been shown that whole-body FDG PET is a 
useful tool for staging SCLC (Kamel et al. 2003b). 
FDG PET is superior to conventional staging in the 
detection of all involved sites, and particularly in the 
assessment of mediastinal lymph node metastases. 
Our first experience demonstrated that integrated 
PET/CT imaging in SCLC is a highly valuable tool for 
planning radiation treatment. It is useful for accu-
rate target definition by reducing the probability of 
overlooking involved areas.

12.2.8 
Malignant Pleural Mesothelioma

Similarly to lung cancer, excellent FDG uptake in 
malignant pleural mesothelioma (MPM) has been pre-
viously described (Marom et al. 2002). Schneider et 
al. (2000) demonstrated that PET is particularly valu-
able for distinguishing between benign and malignant 
pleural processes. FDG is not taken up in pleural fibro-
sis, thus differential diagnosis of the pleural lesions is 
possible. PET imaging is useful in localizing the areas 
involved with MPM. However, PET and CT are unable 
to differentiate MPM from pleural adenocarcinoma, 
so that histology is needed for confirmation. 

The role of PET is to document the extent of pleural 
disease, to establish mediastinal lymph node involve-
ment, to evaluate tumor invasion, and to diagnose 
recurrence. Our experience demonstrates that inte-

grated PET/CT imaging is an excellent method for 
staging patients with MPM. With the co-registration 
of anatomic and metabolic information, the extent of 
the tumor can be precisely defined. Small mediasti-
nal lymph node metastases can be detected and pre-
cisely localized. Integrated PET/CT imaging is helpful 
to identify the optimal biopsy site thereby increasing 
diagnostic accuracy of the histological examination.

12.3 
PET/CT in Head and Neck Cancer

In head and neck oncology, precise identification 
and localization of a lesion is frequently decisive, as 
many patients undergo surgical treatment after the 
PET and CT examinations. Therefore, availability of 
co-registered images is useful and sometimes criti-
cal. The combination of PET and CT is helpful for 
staging and treatment planning as shown in recent 
reports (Giraud et al. 2001; Kluetz et al. 2000).

12.3.1 
Staging

In most patients with squamous cell carcinoma of the 
head and neck (HNSCC) a staging PET examination 
will be done after having obtained cytological/ his-
tological proof of the cancer. In many patients the 
extent of a lesion can be reliably assessed with clinical 
evaluation. In most regions of the head and neck the 
T stages T1, T2, and T3 describe lesions with increas-
ing size. In all regions a T4 stage describes a carcinoma 
invading into adjacent structures such as bone, carti-
lage, deep muscles, or vessels and nerve sheaths. 

It has been questioned whether PET alone is suit-
able for routine evaluation of head and neck cancer 
patients, because of the lack of anatomic informa-
tion (Keyes et al. 1997). T staging needs anatomic 
information and the possibility to exactly measure 
tumor size. Furthermore, the precise identification, 
localization, and delineation of size and anatomic 
extent of a primary lesion is very important to cor-
rectly plan surgical interventions and radiation treat-
ment. Based on our experience in many patients the 
information obtained by a PET scan read side-by-side 
together with a separate spiral contrast-enhanced CT 
scan is equivalent to the information obtained from a 
co-registered PET/CT scan without intravenous con-
trast. Some primaries or lymph node metastases will 
be missed on PET images due to the low resolution of 
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PET cameras and partial volume effects. Therefore, 
small lesions and lesions with a superficial growth 
pattern may be missed (Goerres et al. 2002c, 2004a). 
Some of these lesions will be identified with structural 
imaging methods. On the other hand, a primary can 
be missed with CT or MRI when located in an area 
with metal induced artifacts. Furthermore, it might 
be overlooked due to a small size and location in an 
anatomical area difficult to assess. However, early 
publications have shown that with image co-registra-
tion of PET with CT or MRI, one can better evaluate 
HNSCC (Chisin et al. 1993; Wong et al. 1996). 

Because HNSCC mainly spreads regionally, the 
correct lymph node staging is the key to an optimal 
treatment strategy. In patients treated for oral cavity 
cancer and an N0 neck the 5-year survival will be 
73%, in patients with pathologically positive lymph 
nodes 50%, and in patients with extracapsular 
spread of lymph node involvement 30% (Myers et 
al. 2001). For the assessment of loco-regional lymph 
node status, numerous publications have shown that 
PET has a higher sensitivity and specificity than 
contrast enhanced CT or MRI. However, contrast-
enhanced CT, sonography, or MRI are routinely 
used for lymph node assessment, because precise 
anatomical localization of lesions is important for 
the planning of surgical treatment and radiation 
therapy. Therefore, the CT information facilitates 
the identification and correct localization of lymph 
nodes with an increased FDG uptake.

Patients with HNSCC have a high risk of devel-
oping secondary cancers in the head and neck, 
esophagus or lung. Léon et al. (1999) reported an 
incidence to develop a second neoplasm of 4% per 
year. The incidence of distant metastases depends 
on the primary site of the lesion and the stage of 
disease at the time of first diagnosis. An advan-
tage of the PET/CT technique is the ability to pro-
vide whole-body scanning in one imaging session. 
Several studies have suggested that imaging of the 
whole-body can have an impact on further treat-
ment decisions by detecting distant metastases or 
secondary cancers (Goerres et al. 2003; Kitagawa 
et al. 2002; Schwartz et al. 2003; Stokkel et al. 
1999; de Bree et al. 2000). Most secondary cancers 
observed in HNSCC patients, such as bronchogenic 
cancer and carcinomas of the esophagus, show a 
high FDG uptake (Fig. 12.1). Therefore, whole-body 
PET is a good imaging tool to also identify these 
secondary malignancies. Whole-body PET or PET/
CT for screening of distant metastases seems to be 
most useful in patients with advanced stage HNSCC. 
Because secondary carcinomas are not only a prob-

lem at initial staging but may arise during the later 
disease course, whole-body imaging can be recom-
mended for follow-up examinations.

12.3.2 
Treatment Planning

PET/CT data have been shown to improve staging 
and treatment planning (Hany et al. 2002a; Kluetz 
et al. 2000). The co-registration of PET and CT data 
sets as acquired with routine clinical PET/CT stud-
ies is precise enough for the pre-surgical and pre-
radiotherapeutic evaluation of patients. Intrave-
nous contrast is important to assess the extension 
of a tumor and invasion into adjacent structures 
such as vessels. CT and MRI are currently acquired 
with intravenous contrast enhancement. However, 
small tumors and superficial mucosal lesions can 
be overlooked with morphological and functional 
imaging and some lesions may remain undetected 
on CT without intravenous contrast enhancement. 
Therefore, it is prudent to perform PET/CT with 
intravenous contrast enhancement if no additional 
CT scan is available. However, if the PET/CT data 
shall be used for radiation treatment planning, the 
CT scan has to be acquired without intravenous con-
trast enhancement and with a high enough mAs to 
reliably define attenuation values of the different 
tissues for dose calculations. The patient has to be 
positioned in exactly the same way during PET/CT 
as for the radiation treatment. With the co-regis-
tration PET information the  radiation oncologist 
can better define the metabolically active tissue 
and adapt the target volume of the radiation field. 
It seems that this PET information influences the 
accuracy of target volume definition. However, to 
date no studies are available showing that adapta-
tions of radiation therapy planning based on the 
area of increased FDG uptake improves local cancer 
control and outcome of the patient. 

12.3.3 
Follow-Up

At re-staging the most important question is to find 
out whether a patient can still be treated for example 
with salvage surgery for a locoregional problem or 
if the disease has spread systemically. Early after 
radiation treatment, edema and other post-thera-
peutic changes of the soft tissues can render the 
clinical evaluation of a patient difficult. Therefore, 
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structural imaging is most important in the follow-
up of patients with HNSCC. Post-therapeutic soft 
tissue alterations may influence FDG uptake in the 
neck muscles and uptake in brown adipose tissue 
generating an asymmetric appearance. A common 
finding in patients undergoing follow-up PET/CT for 
HNSCC is the tracheotomy. It is important to insert a 
plastic tube before scanning to avoid metal induced 
artifacts in such patients. An increased FDG uptake 
at the borders of the tracheotomy due to inflam-
matory (post surgical) reaction is not uncommon 
and therefore additional clinical and other imag-
ing information is needed for image interpretation 
in patients with suspected malignancy at this site 
(Goerres et al. 2002d). Common post-radiother-
apy changes include inflammatory reactions of the 
mucosal membrane in the upper aerodigestive tract 
leading to increased FDG uptake. Such a reaction 
has usually normalized within a few weeks after the 
end of treatment. However, esophagitis and phar-
yngitis can be caused by fungal infection leading 
to increased FDG uptake (Goerres et al. 2002d). 
Some authors recommend waiting 4 months after 
completion of radiation treatment before scanning 
patients to identify residual cancer/early recurrence 
(Greven et al. 1994). However, it has been shown 
that already 6–8 weeks after the end of a combined 
chemotherapy and radiation treatment a reliable 
assessment of residual viable cancer tissue is possi-
ble with >90% sensitivity and specificity (Goerres 
et al. 2004b).

In difficult areas such as the base of the skull and 
in the paranasal sinuses with a wide range of mor-
phological variants it is necessary to reliably co-reg-
ister functional findings onto the structural findings 
in an individual patient. For imaging evaluation of 
the base of the skull MRI is often the first choice. 
However, future studies should clarify whether PET/
CT has superior accuracy compared to MRI for the 
assessment of patients with carcinomas at the base 
of the skull and in the paranasal sinuses.

12.3.4 
The Pros and Cons of PET/CT in Head and 
Neck Oncology

The ability to co-register PET data onto structural 
information facilitates the reading of images and 
speeds up image interpretation, because a lesion is 
reliably allocated to the correct anatomic region. 
For example, in a patient with muscle uptake, it is 

still possible to reliably identify FDG uptake in adja-
cent lymph nodes, because the lymph node is also 
anatomically delineated. FDG uptake facilitates the 
detection of cancer in non-enlarged lymph nodes or 
in lymph nodes which would have been missed on 
the CT image. Additionally, enlarged lymph nodes 
are often found on the CT but show no increased 
FDG uptake. Therefore, the correct localization of a 
lesion is easier with co-registered PET/CT than with 
PET read together with a separate CT. Physiological 
FDG accumulations such as in brown adipose tissue 
can easily be identified and discriminated from 
muscle uptake or a soft tissue mass, because on the 
co-registered CT image, this uptake will be local-
ized within normal appearing fatty tissue (Hany 
et al. 2002b). Additionally, physiologic FDG uptake 
in normal lymphatic tissue of Waldeyer’s ring and 
in the salivary glands may render interpretation of 
PET images difficult (Goerres et al. 2002d). PET/
CT allows for the exact delineation of viable cancer 
tissue even in large lesions with necrotic areas. PET 
information may be used to guide interventions and 
improve planning of further treatment. The prob-
lems generated with the co-registration of data sets 
obtained by different devices at different time points 
such as patient repositioning can be overcome by 
using an integrated PET/CT scanner (Beyer et al. 
2000). This is especially important when for exam-
ple a lesion adjacent to the midline has to be assessed 
and it is not clear if this lesion crosses the midline 
or not. In this situation a reader may feel more con-
fident with PET/CT images than with PET and con-
trast enhanced CT images read together side by side, 
because the area of edema around a lesion or con-
trast medium enhancement, respectively, may not 
correspond to the area of increased FDG uptake.

It has been shown that co-registered PET/CT 
improves whole-body staging of oncologic patients 
(Antoch et al. 2003b). Furthermore, a readers’ con-
fidence in image interpretation is improved and 
the number of equivocal findings decreases with 
PET/CT. More lesions will be judged either as posi-
tive or negative and the discrimination of benign 
from malignant lesions and thus the specificity is 
improved. However, based on our experience PET/
CT and PET read together with (contrast enhanced) 
CT will identify an equal number of malignant 
lesions as long as FDG avid regions are examined.

Another important issue is the work-up time and 
patient scheduling. Because HNSCC are cancers that 
may grow very fast, it is very important to perform 
the different diagnostic steps efficiently. In busy 
centers patients often have to wait between the CT- 
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or MRI-scan and the PET examination. This sup-
ports the use of PET/CT for shortening the work-up 
of HNSCC patients.

The use of CT data for attenuation correction of 
PET emission scans has been established (Kinahan 
et al. 1998; Burger et al. 2002). CT based attenua-
tion corrected PET scans can show some PET/CT 
specific artifacts in the head and neck area. Move-
ment of the head between the PET and CT acquisition 
will lead to erroneous measurement of attenuation 
data with mistaken correction of PET emission data. 
Additionally, such movement will lead to misreg-
istration ranging from slight to very severe image 
deterioration (Goerres et al. 2002d). However, the 
“intrinsic hardware” co-registration of both image 
data sets and the relatively fast acquisition provide 
high fusion accuracy. Co-registration of PET and CT 
data sets in the head and neck is possible to within 
only a few millimeters even in patients undergo-
ing scanning without a face mask (Goerres et al. 
2004c). However, in routine head and neck PET/CT 
imaging the major image quality degradation is due 
to metallic dental implants (Goerres et al. 2002b; 
Kamel et al. 2003a). Therefore, all artificial dentures 
and metal parts should be removed before scanning 
if possible. 

12.4 
Conclusion

In patients with HNSCC the combination of PET 
and anatomic information is indispensable. PET/
CT offers many advantages in this patient group: it 
facilitates the interpretation of PET information and 
can offer adequate anatomic information to plan 
surgical interventions and radiation treatment. At 
staging and restaging, PET/CT improves identifica-
tion of a lesion, allocation to the correct anatomic 
site and definition of the extension of a primary 
lesion. This is crucial in the complex anatomical 
situation of HNSCC patients especially in suspected 
recurrence. 

The confidence of image interpretation is increased 
and images are read faster. Whole-body imaging can 
detect distant metastases and secondary tumors 
and, thus, influence patient management. However, 
future studies have to elucidate: (a) whether the CT 
portion of the PET/CT examination should always be 
done with a contrast agent, (b) the role of PET/CT for 
radiation treatment planning, and (c) if PET/CT can 
be cost-effective in defined patient groups.
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brown adipose tissue can be avoided (Goerres et al. 
2003a; Cohade et al. 2003a). Because PET/CT pro-
vides the anatomical localization of mild or asym-
metric hypermetabolic foci, images can be inter-
preted with a higher level of confidence, resulting 
in a reduced rate of false positive and false negative 
findings (Lardinois et al. 2003). 

Since PET/CT only emerged as a clinical tool at 
the beginning of this millennium, studies evaluat-
ing the added value of PET/CT over PET are still 
limited. However, initial studies suggest that PET/
CT improves the accuracy of staging in lung cancer, 
colorectal cancer, head/neck cancer and lymphoma 
(Lardinois et al. 2003; Cohade et al. 2003b; 
Schoder et al. 2004; Freudenberg et al. 2003). 

This chapter reviews currently implemented PET/
CT imaging protocols and the current state and spe-
cific impact of PET/CT on the most common onco-
logical indications other than head/neck and lung 
cancer (discussed in Chap. 12).

13.2 
Imaging Protocols

13.2.1 
PET/CT

No firm consensus regarding the optimal PET/CT 
acquisition and processing protocols has been estab-
lished. Specific protocols depend upon several fac-
tors. Firstly, differences in PET detector technology 
determine the duration of PET emission scanning. 
For instance, because of its high sensitivity and light 
output (see Chap. 15) the LSO detector technology 
allows for very short imaging sequences (Halpern 
et al. 2004a). Similarly, the CT component deter-
mines whether high quality, diagnostic CT studies 
can be performed. Multi-detector CT scanners are 
now standard in the radiology community. PET is a 
whole body imaging technique while CT tradition-
ally provides limited views of head/neck, chest, and 
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13.1 
Introduction

The advantages of PET/CT over PET are discussed in 
Chaps. 6, 12, and 15. In brief, PET/CT Imaging com-
bines simultaneous high quality molecular (PET) 
with anatomical information (CT) (Townsend et al. 
2004). Because the CT data are used for attenuation 
correction, imaging time is reduced by at least 50% 
(Halpern et al. 2004a). Thus, almost all patients 
can be imaged in arms-up position, which reduces 
motion artifacts. 

The information provided by CT is important for 
several reasons. Hypermetabolic foci can be local-
ized to specific anatomical structures. In addition, 
primary or metastatic lesions with low or no glu-
cose metabolic activity might only be detectable 
by anatomic imaging. Areas of mildly and focally 
increased FDG uptake can result in ambiguous PET 
interpretations. Finally, misinterpretation of asym-
metrical benign physiological activity in muscle or 
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abdomen/pelvis. Since CT is used for attenuation 
correction a whole body CT needs to be acquired 
in each patient. Whereas a low dose CT is sufficient 
for attenuation correction, its diagnostic quality 
is limited. Therefore, most institutions acquire a 
higher dose CT, i.e. 130 kVp and 120 mAs, resulting 
in diagnostic quality images.

Based on studies in more than 4000 patients we 
believe that PET/CT imaging should not only include 
diagnostic PET but also diagnostic CT images for 
several reasons. Whereas FDG-PET is highly sensi-
tive and quite specific for malignancy (Antoch et al. 
2004) the anatomic information undoubtedly adds 
to the diagnostic accuracy, probably most impor-
tantly by improving the specificity of PET imaging. 
In a group of 169 patients referred for staging of a 
mixture of neoplasms, we found a 12% improvement 
by PET/CT imaging over PET alone (Schiepers et 
al. 2003). Maximizing the information obtained by 
a single PET/CT scan will eventually lead to accep-
tance of PET/CT as the comprehensive cancer-imag-
ing tool of choice. 

13.2.2 
CT with Contrast Enhancement

Diagnostic CT studies frequently include intrave-
nous and oral contrast, which significantly enhance 
the quality of the CT images. Intravenous contrast 
results in improved definition of anatomical struc-
tures, increased sensitivity for pathological lesion 
detection and better lesion characterization. The 
PET/CT community is divided as to whether and how 
much contrast is necessary for optimizing PET/CT 
imaging. Intravenous contrast certainly increases 
the complexity of patient scheduling, preparation 
and throughput. Furthermore, considerable skills 
are required from technologists to simultaneously 
perform high quality PET and contrast CT scans. 
Frequently cited problems with attenuation correc-
tion secondary to the high density of the contrast 
material can lead to attenuation artifacts (Antoch 
et al. 2002; Halpern et al. 2004b). Thus, intravenous 
contrast studies require that interpreting physicians 
recognize these artifacts (Fig. 13.1).

Fig. 13.1. a Axial images of a 67-year-old female referred for re-staging of colon cancer, 2 years after curative resection. Left 
panel, CT image in the soft tissue window, with intra-venous contrast in the left subclavian region (white arrow). Second panel 
left, PET image with mildly increased uptake in the left subclavian area, related to over-estimation of the attenuation coeffi cients 
due to the contrast. Second panel from right, fused axial images, CT in gray scale and PET in color. Right panel, PET image not 
corrected for attenuation shows normal uptake in the left subclavian region. b Coronal PET image shows the mildly increased 
uptake (pseudo FDG uptake) in the left subclavian region (black arrow). c In the uncorrected image this is not present, indicat-
ing that the “uptake” is an attenuation correction artifact

a

b c
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At our institution, a joint read out of PET/CT 
images by radiologists and nuclear medicine physi-
cians has been established. Most academic institu-
tions have sub-specialties in radiology, and several 
radiologists are needed to report a whole body CT 
scan. Because of the requests of referring oncolo-
gists and interpreting radiologists, we are adminis-
tering contrast to all patients in whom there is no 
contraindication. 

Our intravenous contrast protocol consists of 
120 ml of Omnipaque 350 administered at a rate 
of 1.5–2 ml/s with a 45-s delay. For oral contrast, 
we use 900 ml of READY-CAT® with 2.1% barium 
sulfate, administered in three portions PO during 
the hour prior to imaging. This protocol results 
in satisfactory contrast enhancement and good 
image quality for the different body regions. Spe-
cialized protocols (e.g. arterial and venous phase 
of the liver) cannot be obtained given the time 
constraints of scheduling and throughput. The 
advantage of having IV contrast enhancement 
is most apparent in patients with head and neck 

cancer, where the differentiation between normal 
and abnormal glucose metabolic activity as well as 
the delineation of abnormal from normal anatom-
ical structures can be very difficult. In the thorax 
the addition of IV contrast significantly enhances 
the evaluation of mediastinal structures, allowing 
for precise localization of increased FDG activity 
into specific lymph nodes and nodal stations. The 
enhancement of gastrointestinal tract with oral 
contrast allows the separation of soft tissue from 
bowel thus greatly facilitating the differentiation 
of physiological bowel activity from potentially 
abnormal activity within lymph nodes or other 
abdominal and pelvic structures. In our experi-
ence the attenuation artifacts caused by contrast 
are few, in most cases easily recognizable and 
usually caused by a bolus of IV contrast within 
the large thoracic veins (Antoch et al. 2002). The 
availability of non-attenuation corrected images 
further diminishes the problems caused by attenu-
ation artifacts (Fig. 13.2).

Fig. 13.2. a Same patient as in Fig. 13.1 with similar layout. Axial images at the level of the superior vena cava. Note the hot 
spot on PET (black arrow on second panel from left), corresponding to contrast on CT (white arrow, left panel). The uncor-
rected PET image is normal in this region (right panel). b Coronal PET images show that the hot focus in the superior vena 
cava region (black arrow) is induced by attenuation correction. c The uncorrected coronal image shows normal FDG uptake 
in this region of the thorax

a

b c
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13.2.3 
Breathing Effects

Conventional CT imaging of the chest and abdo-
men is performed during breath hold at maximal 
inspiration to achieve optimal visualization of the 
lung parenchyma and to avoid artifacts of struc-
tures affected by diaphragmatic motion. The short 
scan times achieved with modern CT scanners allow 
for such breath hold studies in most patients. PET 
imaging requires much longer acquisition times. We 
have established a weight-based protocol with PET 
image acquisition times usually ranging from 1 to 4 
min per bed position (Halpern et al. 2004a). This 
results in an average PET/CT acquisition time of 
about 15 min. 

The chest usually encompasses two bed positions, 
and would require a breath hold of at least 2 min for 
PET. Since a breath hold over such an extended period 
of time is impossible, patients are imaged during 
shallow breathing. To achieve optimal fusion, the 
CT images are also acquired during shallow breath-
ing. The image artifacts resulting from respiratory 
motion have been described (Beyer et al. 2003; 
Goerres et al. 2002, 2003b), are easily recognized 
and rarely cause significant problems for the inter-
pretation of the studies. From a radiological point 
of view, the interpretation of the lung parenchyma 
and of structures adjacent to the diaphragm is sig-
nificantly hampered by respiratory motion. Small 
sub-centimeter lung nodules are easily missed. 
Since sub centimeter lesions frequently are below 
the resolution of PET imaging (Crippa et al. 2000), 
significant findings can be missed. Several studies 
have addressed the quest for an ideal breathing pro-
tocol. Although some of the proposed protocols can 
reduce the artifacts produced by respiratory motion, 
none of the protocols allows for optimal imaging of 
the lung parenchyma. A promising approach for the 
future appears to be the implementation of respi-
ratory gating which in theory could provide opti-
mal fusion together with high quality CT images 
not compromised by respiratory motion artifacts 
(Boucher et al. 2004). 

It is to date unknown whether all patients need 
a whole body diagnostic CT study with intrave-
nous contrast. For instance, the accuracy of PET 
for staging and restaging of lymphoma is very high. 
The addition of non-contrast CT studies further 
enhances the diagnostic accuracy (Allen-Auer-
bach et al. 2004). Contrast CT might provide no or 
very limited additional diagnostic value (Schaefer 
et al. 2003).

13.3 
Clinical Applications 

13.3.1 
Breast Cancer

Mammography is the screening modality of choice 
for the detection of breast cancer. However, in women 
with dense or scarred breasts, mammographic assess-
ment is severely limited and its sensitivity has been 
reported to be as low as 30% (Mandelson et al. 2000). 
In addition, the specificity of mammography is low 
with more than 50% of biopsies performed for benign 
lesions (Orel et al. 1999). Given the fact that the over-
all sensitivity of PET and mammography are compa-
rable (Noh et al. 1998; Scheidhauer et al. 1996) and 
that glucose metabolic activity of breast tissue is inde-
pendent of breast density (Vranjesevic et al. 2003) 
PET can play an important role for screening women 
with dense or very dense, and scarred breasts. 

The advent of PET/CT could provide additional 
information, by allowing precise anatomical localiza-
tion of metabolic abnormalities and providing guid-
ance for possible biopsy. FDG-PET is also helpful for 
detecting internal mammary node involvement and 
distant sites throughout the body (Schirrmeister 
et al. 2001). Nevertheless, certain problems remain. 
The sensitivity for staging of axillary lymph nodes 
with PET is unsatisfactory as was demonstrated in 
a multicenter trial by Wahl et al. (2004) and a pro-
spective study by Fehr et al. (2004). PET/CT might 
be helpful in determining the precise number of 
axillary lymph nodes involved, an important prog-
nostic marker, which cannot be accomplished by 
PET alone. Tatsumi et al. (2003) reported additional 
information with PET/CT compared to PET in 17 of 
48 patients with breast cancer and abnormal PET 
findings. Additional information was however pro-
vided for only a single axillary lesion. At this point 
it seems unlikely that PET/CT will be able to replace 
sentinel lymph node biopsy and axillary lymph node 
dissection for axillary lymph node staging. In the 
same study (Tatsumi et al. 2003) PET/CT provided 
additional information for characterizing correctly 
four internal mammary, three mediastinal and 
seven bone lesions. Detection and differentiation of 
internal mammary nodes from mediastinal or lung 
metastases is important for staging of disease as well 
as guidance for possible biopsy procedures. 

In the evaluation of bone metastasis, osteolytic 
and bone lesions of a mixed type are readily detected 
by FDG-PET. However, sclerotic bone lesions are fre-
quently negative (Cook et al. 1998; Gallowitsch et 
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al. 2003). Fig. 13.3 illustrates the PET/CT images of 
such a patient. The identification of sclerotic bone 
lesions on the CT portion of the PET/CT might aid 
in directing further diagnostic imaging (bone scan, 
MRI) and treatment. 

The overall effect of PET/CT on patient manage-
ment was prospectively evaluated in a study by Buck 
et al. (2003) in 78 patients with suspected disease 
recurrence. As a result of improved detection and 
localization of lesions, PET/CT had a major impact on 
patient management in 36% of patients studied. The 
low sensitivity of PET for detection of breast cancer of 
the lobular and ductal in-situ type (Avril et al. 2001) 
is unlikely to be improved with the addition of CT 
since CT findings for these disease entities are non-
specific and unlikely to improve overall sensitivity.

Data from our own institution by Fueger et al. 
(2004) in a group of 60 patients referred for stag-
ing and restaging of breast cancer demonstrated a 

considerable advantage of PET/CT over PET by cor-
rectly changing stage in 10% of patients (downstag-
ing three patients and upstaging three). False nega-
tive PET studies were mostly due to sclerotic bone 
lesions. Whereas false positive PET studies in most 
cases were the result of non-specific muscle uptake 
as identified by PET/CT. 

The role of PET/CT imaging in breast cancer is 
evolving. Clear advantages of PET/CT over PET alone 
have been demonstrated for restaging and for initial 
staging of axillary and internal mammary lymph 
node involvement, but not for primary diagnosis.

13.3.2 
Gastrointestinal Cancer

The interpretation of FDG-PET images of the gastro-
intestinal tract is complicated by the frequently high 

Fig. 13.3. a Axial CT slice (bone window), of a 53-year-old 
female with a history of breast cancer. Status post surgery and 
chemotherapy. Note the density in the vertebral body (white 
arrow), suspicious for metastasis. b Sagittal images show two 
lesions on CT in bone window (left, white arrow indicates 
T11), which have no increased uptake on PET (middle panel). 
The right panel shows the fused image, CT in gray and PET in 
color.  This fi nding suggest sclerotic bone lesions
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and sometimes focal physiological glucose meta-
bolic activity of the bowel. These areas of increased 
FDG uptake represent normal gastrointestinal activ-
ity hypothesized to be either secondary to smooth 
muscle uptake related to peristalsis (Miraldi et al. 
1998) or activity related to mucosal uptake (Jadvar 
et al. 1999). Normal ureteral and bladder activity 
can further complicate the assessment of FDG-PET 
scans of patients with gastrointestinal cancer. On 
the other hand, the evaluation with CT of patients 
previously treated with surgery or radiation can be 
difficult, because CT has a limited specificity in the 
characterization of soft tissue (such as presacral 
stranding) frequently representing scar tissue or 
necrotic residual masses. 

Early PET literature suggests that the key advan-
tage of PET imaging is related to its ability to deter-
mine extra-hepatic metastases (Schiepers et al. 
1995; Rose et al. 1999). In addition, a superior per-
formance of PET over CT with regards to identifying 
liver metastases has been reported (Schiepers and 
Hoh 2000). However, these studies were conducted 
when the CT technology was less advanced than it is 

now. Initial data assessing the performance of PET/
CT over PET or CT alone are emerging. 

Cohade et al. (2003c) reported an 11% increase 
in staging accuracy by PET/CT over PET alone in 
a retrospective study of 45 patients with colorectal 
cancer. Interestingly a positron emission source 
(68Ge) instead of the available CT data was used for 
attenuation correction. Another study by Frances et 
al. (2003) comparing PET/CT to PET alone reported 
an impact on the surgical management in 24% of 21 
patients with known colorectal cancer by PET/CT. 
In a study of 45 patients with recurrent colorectal 
cancer performed at our institution (Kim et al. 2004) 
PET/CT detected more lesions than PET alone, lead-
ing to a clinically relevant change of tumor stage in 
9% of patients. A typical example of local recurrence 
is shown in Fig. 13.4.

Less information is available regarding the per-
formance of PET/CT in patients with esophageal 
cancer. A study by Bar-Shalom et al. (2003) of 18 
patients with esophageal cancer reported improved 
detection and characterization of 35% of suspicious 
sites in 89% of patients by PET/CT vs PET and CT. 

Fig. 13.4. a A 72-year-old male, 6 months after anterior resection of an adeno-carcinoma of 
the rectum. He returned with abdominal pain and constipation. Axial images of the pelvis 
for CT (left), PET (middle), and fusion (right), show two foci of increased FDG uptake. A 
recurrence was seen at the site of anastomosis (arrowhead) and an affected lymph node 
right of the midline (white arrow). b Sagittal PET image shows the large pre-sacral recur-
rence (arrowhead). An additional hyper-metabolic lymph node was found higher in the 
pelvis (black arrow). Note the hot bladder
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Image fusion altered patient management in 22% of 
the study group. 

Mucinous colorectal and pancreatic cancers fre-
quently do not exhibit increased FDG uptake. It is 
therefore likely that lesions potentially missed by 
PET alone could be detected and better classified by 
PET/CT. In a study that included 16 patients with a 
pancreatic mass who were studied prior to surgery 
(Tann et al. 2003) PET/CT correctly reclassified five 
lesions interpreted as indeterminate by PET alone. 
However, the false negative rate in this study was not 
reduced by PET/CT. 

The relatively high normal FDG activity in the 
liver frequently causes problems in the detection of 
malignant intrahepatic lesions. The availability of 
fused PET-CT images could help in the evaluation 
of patients with suspected hepatic malignancy since 
CT identifies hepatic lesions with a high sensitivity. 
However, the benefit of image fusion in patients with 
hepatocellular carcinoma is less clear, since hepato-
cellular carcinomas rarely demonstrate increased 
FDG uptake (Khan et al. 2000).

Few studies have evaluated the role and advan-
tage of PET/CT over PET in the monitoring of treat-
ment response for gastrointestinal malignancies. In 
patients with gastrointestinal stromal tumors (GIST) 
PET is superior to CT in detecting early metabolic 
changes that are indicative of tumor response (van 
den Abbeele et al. 2002). A study by Antoch et al. 
(2004) indicates that dual-modality PET/CT imaging 
compared to PET alone, or side-by-side PET and CT 
interpretation, detected more lesions on the baseline 
scans and demonstrated higher accuracy in deter-
mining tumor response after 1 month of treatment. 

The role of PET/CT imaging of gastrointestinal 
malignancies can be summarized as follows. PET/CT 
improves the staging accuracy in colorectal cancer 
when compared to PET or CT alone. Initial studies 
suggest a similar advantage of PET/CT in patients with 
esophageal cancer while no clear benefits have been 
demonstrated for pancreatic and primary hepatic 
malignancies. The key advantage of PET/CT appears to 
be related to its increased specificity over PET alone.

13.3.2 
Lymphoma

FDG-PET has proven to be a valuable tool for staging, 
restaging and prediction of response to chemother-
apy in Hodgkin’s disease (HD) and non-Hodgkin’s 
lymphoma (NHL) (Cremerius et al. 1999; Kaplan 
2002; Hoskin 2002; Bangerter et al. 1998; Jerusa-

lem et al. 1999; Filmont et al. 2003; Spaepen et al. 
2001). The limited anatomical resolution of PET can, 
however, result in difficulties in the localization of 
extranodal disease that frequently occurs in NHL.

Lymph node lesions mistakenly placed into 
bone or lung for example, would lead to significant 
upstaging of disease. Frequently encountered benign 
entities with increased uptake, such as brown fat 
or non-specific muscle activity, pose a particular 
challenge in patients with lymphoma. For instance, 
FDG uptake in brown fat occurs more frequently in 
younger patients, an age group with high incidence 
of lymphoma. Thus, benign patterns can easily be 
confused with malignant hypermetabolic foci in 
these patients. The anatomical detail provided by 
the CT portion has therefore the potential of signifi-
cantly improving the specificity and hence accuracy 
of lymphoma staging. This, in turn, would allow for 
improved treatment monitoring and appropriate 
adjustments of subsequent treatment. 

In a study of 27 patients with HD and NHL by 
Freudenberg et al. (2003) restaging was altered 
in 11 % of patients by FDG-PET/CT compared to 
FDG-PET imaging alone. The same study reported a 
change in disease stage by PET/CT in 14% of patients 
when compared to side-by-side interpretation of 
FDG-PET and CT images. 

A study at our own institution involving 73 
patients with HD and NHL demonstrated a signifi-
cant change in disease stage in 10% of patients by 
PET/CT compared to PET alone (Allen-Auerbach 
et al. 2004). Figure 13.5 shows a patient with wide-
spread disease involvement.

Several questions with regard to the role of PET/
CT for imaging lymphoma are currently addressed. 
For instance, given the high sensitivity of FDG-
PET for lymphoma assessment, how much intrave-
nous contrast is needed for the CT portion of the 
study? Initial studies suggest that PET/CT could be 
performed without intravenous contrast in these 
patients. Given the frequently low glucose metabolic 
rate in low-grade lymphoma, is PET/CT more sensi-
tive than PET alone? Is PET alone sufficient for ther-
apy monitoring or is PET/CT the modality of choice? 
More studies in larger patient populations are needed 
to define the role of PET/CT in lymphoma.

13.3.2 
Gynecological Malignancies

Some gynecological malignancies pose a consid-
erable problem for PET imaging (Williams et al. 
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2001). First, glucose metabolic activity can be low 
as is frequently the case for ovarian cancer. This is 
likely explained by the frequently cystic nature of 
these tumors in addition to special tumor features 
such as mucin production. Other tumors such as 
cervical cancer exhibit markedly increased FDG 
activity, but the close proximity to bowel, bladder 
and ureters can render the assessment of regional 
lymph node involvement difficult (Grigsby et al. 
2001). It is important to realize that normal physi-
ological activity is not only found in the urinary 
collecting system and bowel, but can also occur in 
the uterus and ovaries. As described by Lerman et 
al. (2004) premenopausal patients can demonstrate 
cycle dependent normal increase of FDG activity in 
the uterus and the ovaries. PET/CT provides a poten-
tial advantage by allowing the correct assignment 

of hypermetabolic activity to normal and abnormal 
anatomical structures. False positive lesions are 
always possible as is shown in Fig. 13.6.

The value of PET/CT for evaluating gynecologic 
malignancies was examined by Israel et al. (2003) 
in 57 patients with cervical cancer (n=38), ovarian 
cancer (n=13) and endometrial cancer (n=6). PET/
CT led to management changes in 17 patients (30%) 
and added value to PET alone in 50% of the patients. 
No diagnostic benefit of PET/CT over PET alone 
was reported by Cohade et al. (2003b) in 46 clinical 
patients with ovarian cancer. The accuracy of PET 
was 80% while that of PET/CT was 83%. However, a 
significant impact of PET/CT in patients with endo-
metrial cancer (n=15) was observed by the same 
group with 12 of 49 lesions (24.5%) misdiagnosed or 
anatomically incorrectly placed by PET alone.

Fig. 13.5. a Extensive disease involvement in a 64-year-old 
woman with non-Hodgkin’s lymphoma. Restaging exam 
after bone marrow transplant. The left panel shows a cor-
onal image of the torso in a more anterior cross-section 
than the right panel, depicting a slice through the posterior 
mediastinum. b Axial images at the level of the dome of the 
diaphragm (top row) and pelvis at the level of L4 (bottom 
row). The left column shows the CT, middle column PET, 
and right column the fused images with PET in color and 
CT in gray scale. Note the intense foci of hyper-metabo-
lism
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Larger studies remain to be conducted to deter-
mine advantages of PET/CT over PET for specific 
gynecological cancers. Initial data strongly suggest 
that PET/CT will improve the performance of PET in 
patients with gynecological malignancies.

As was outlined by Wahl (2004), imaging of 
abdominal and pelvic cancer in the future will be 
almost exclusively done by PET/CT. This was based 
on the experience of the Johns Hopkins PET Center, 
where over 2700 studies were performed in a 2-year 
period.

13.4 
Conclusion

PET/CT is rapidly evolving as the standard imaging 
procedure in oncology. PET/CT has several estab-
lished advantages over PET alone. Image duration is 
reduced by about 50% resulting in improved image 
quality due to reduced patient motion. A compre-
hensive “one stop shop” whole body survey for 
cancer is convenient for patients and interpreting 
physicians. Shortened image acquisition times also 

result in better utilization of the expensive equip-
ment. Frequently these arguments are sufficiently 
compelling for the respective nuclear medicine and 
radiology departments to acquire this technology. 

An increasing body of evidence is emerging that 
PET/CT leads to improved accuracy for detection, 
staging and restaging of cancer when compared to 
conventional PET. 

Future studies will document the improved accu-
racy in larger and better defined patient popula-
tions. 

Meanwhile the technology continues to develop 
at a rapid pace. PET/CT systems are now available 
whereby the number of CT detector slices varies 
from 1 to 64 and the PET technology ranges from 
standard to high – end systems. Improvements in 
PET detector technology will increase the sensitivity 
of PET for cancer detection. Respiratory gating will 
result in further improvements in image fusion and 
will permit exact identification of radiation targets. 
PET/CT will play an ever-increasing role in biopsy 
planning by delineating viable tumor from necrosis 
or scar.

Issues that need to be addressed are largely 
related to the PET/CT acquisition protocols. How 

Fig. 13.6. a Coronal image of a 38-year-old woman with a history of melanoma of 
the left conjunctiva. Status post resection, left neck dissection and left superfi cial 
parotidectomy. Referred for re-staging. An unsuspected focal hot spot was found 
in the left pelvis (arrow). b Axial images show the focus (PET, middle panel) to be 
related to a cystic structure (CT, left panel). The fusion image (right panel) dem-
onstrates the exact location. Pelvic ultrasound and MRI confi rmed that this lesion 
was a hemorrhagic ovarian cyst
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much CT is needed and how much intravenous con-
trast is required for diagnostic PET/CT? How can 
radiation exposure to patients be minimized? And 
finally and importantly, how should PET/CT studies 
be interpreted and reported? The need to have both 
radiologists and nuclear medicine specialists work-
ing jointly on PET/CT image protocols and interpre-
tation to provide patients and their physicians with 
the best possible service, is becoming increasingly 
evident.

By the end of 2004, 80% of all PET sales were PET/
CT with more than 350 systems installed worldwide. 
Thus, PET/CT is here to stay and training require-
ments for both nuclear medicine and radiology have 
to adapt to the new merger of molecular and ana-
tomical imaging.

References

Allen-Auerbach M, Quon A, Weber WA, Obrzut S, Crawford T, 
Silverman DH et al (2004) Comparison between 2-deoxy-
2-[18F]fluoro-D-Glucose positron emission tomography 
and positron emission tomography/computed tomography 
hardware fusion for staging of patients with lymphoma. 
Mol Imaging Biol 6:411–416

Antoch G, Freudenberg LS, Beyer T, Bockisch A, Debatin JF 
(2004) To enhance or not to enhance? 18F-FDG and CT 
contrast agents in dual-modality 18F-FDG PET/CT. J Nucl 
Med 45 [Suppl 1]:56S–65S

Antoch G, Freudenberg LS, Egelhof T, Stattaus J, Jentzen W, 
Debatin JF et al (2002) Focal tracer uptake: a potential arti-
fact in contrast-enhanced dual-modality PET/CT scans. J 
Nucl Med 43:1339–1342

Antoch G, Kanja J, Bauer S, Kuehl H, Renzing-Koehler K, 
Schuette J et al (2004) Comparison of PET, CT, and dual-
modality PET/CT imaging for monitoring of imatinib 
(STI571) therapy in patients with gastrointestinal stromal 
tumors. J Nucl Med 45:357–365

Avril N, Menzel M, Dose J, Schelling M, Weber W, Janicke F et 
al (2001) Glucose metabolism of breast cancer assessed by 
18F-FDG PET: histologic and immunohistochemical tissue 
analysis. J Nucl Med 42:9–16

Bangerter M, Moog F, Buchman I, Kotzerke J, Griesshammer 
M, Hafner M et al (1998) Whole-body 2-[18F]-fluoro-2-
deoxy-D-glucose positron emission tomography 9FDG-
PET) for accurate staging of Hodgkin’s disease. Ann Oncol 
9:1117–1122

Bar-Shalom R, Leiderman M, Gaitini D (2003) The value of 
PET/CT using FDG in patients with esophageal cancer. J 
Nucl Med 44:21

Beyer T, Antoch G, Blodgett T, Freudenberg LF, Akhurst T, Muel-
ler S (2003) Dual-modality PET/CT imaging: the effect of 
respiratory motion on combined image quality in clinical 
oncology. Eur J Nucl Med Mol Imaging 30:588–596

Boucher L, Rodrigue S, Lecomte R, Benard F (2004) Respira-
tory gating for 3-dimensional PET of the thorax: feasibility 
and initial results. J Nucl Med 45:214–219

Buck A, Wahl A, Eicher U, Blumstein N, Schirrmeister H, Helms 
G et al (2003) Combined morphological and functional 
imaging with FDG-PET/CT for restaging breast cancer-
impact on patient management. J Nucl Med 44 [Suppl 5]

Cohade C, Mourtzikos K, Wahl R (2003a) “USA-Fat”: preva-
lence is related to ambient outdoor temperature-evaluation 
with 18F-FDG PET/CT. J Nucl Med 44:1267–1270

Cohade C, Mourtzikos K, Pannu H, Leal J, Bristow R, Wahl 
R (2003b) Direct comparison of PET and PET/CT in the 
detection of recurrent ovarian cancer. J Nucl Med 44 [Suppl 
5]:129P

Cohade C, Osman M, Leal J, Wahl R (2003c) Direct comparison 
of (18)F-FDG PET and PET/CT in patients with colorectal 
carcinoma. J Nucl Med 44:1797–1803

Cook GJ, Houston S, Rubens R, Maisey MN, Fogelman I (1998) 
Detection of bone metastases in breast cancer by 18FDG 
PET: differing metabolic activity in osteoblastic and osteo-
lytic lesions. J Clin Oncol 16:3375–3379

Cremerius U, Fabry U, Kroll U, Zimny M, Neuerburg J, Osieka 
R et al (1999) Clinical value of FDG PET for therapy moni-
toring of malignant lymphoma – results of a retrospective 
study in 72 patients. Nuklearmedizin 38:24–30

Crippa F, Leutner M, Belli F, Gallino F, Greco M, Pilotti S et al 
(2000) Which kinds of lymph node metastases can FDG 
PET detect? A clinical study in melanoma. J Nucl Med 
41:1491–1494

Fehr MK, Hornung R, Varga Z, Burger D, Hess T, Haller U et al 
(2004) Axillary staging using positron emission tomogra-
phy in breast cancer patients qualifying for sentinel lymph 
node biopsy. Breast J 10:89–93

Filmont JE, Czernin J, Yap C, Silverman DH, Quon A, Phelps 
ME et al (2003) Value of F-18 fluorodeoxyglucose positron 
emission tomography for predicting the clinical outcome 
of patients with aggressive lymphoma prior to and after 
autologous stem-cell transplantation. Chest 124:608–613

Frances D, Visvikis D, Bomanji J, Costa D, Croasdale I, Taylore 
P et al (2003) The impact of FDG PET/CT in colorectal 
cancer-an outcome study. J Nuc Med 44 [Suppl 5]:26P

Freudenberg L, Antoch G, Mueller S, Goerges R, Bockisch 
A (2003) Whole body FDG-PET/CT in restaging of lym-
phoma. J Nucl Med 44 [Suppl 5]:83P

Fueger BJ, Quon A, Allen-Auerbach M, Halpern BS, Kim JH, 
Silverman DH et al (2004) FDG-PET, PET/CT and Software 
Fusion: diagnostic performance in re-staged breast cancer 
patients. J Nuc Med 45:86–87P

Gallowitsch HJ, Kresnik E, Gasser J, Kumnig G, Igerc I, Mikosch P 
et al (2003) F-18 fluorodeoxyglucose positron-emission tomo-
graphy in the diagnosis of tumor recurrence and metastases 
in the follow-up of patients with breast carcinoma: a compari-
son to conventional imaging. Invest Radiol 38:250–256

Goerres GW, Kamel E, Heidelberg TN, Schwitter MR, Burger 
C, von Schulthess GK (2002) PET-CT image co-registration 
in the thorax: influence of respiration. Eur J Nucl Med Mol 
Imaging 29:351–360

Goerres GW, Schmid D, von Schulthess G, Hany T (2003a) FDG 
PET/CT improves the confidence of anatomic assignment 
of cancer lesions in the head and neck: a comparison with 
FDG PET and contrast enhanced CT. J Nucl Med 44 [Suppl 
5]:128P

Goerres GW, Burger C, Schwitter MR, Heidelberg TN, Seif-
ert B, von Schulthess GK (2003b) PET/CT of the abdo-
men: optimizing the patient breathing pattern. Eur Radiol 
13:734–739



PET/CT Imaging in Breast Cancer, Gastrointestinal Cancers, Gynecological Cancers and Lymphoma 225

Grigsby PW, Siegel BA, Dehdashti F (2001) Lymph node stag-
ing by positron emission tomography in patients with car-
cinoma of the cervix. J Clin Oncol 19:3745–3749

Halpern BS, Dahlbom M, Quon A, Schiepers C, Waldherr C, 
Silverman DH et al (2004a) Impact of patient weight and 
emission scan duration on PET/CT image quality and 
lesion detectability. J Nucl Med 45:797–801

Halpern BS, Dahlbom M, Waldherr C, Yap CS, Schiepers C, Sil-
verman DH et al (2004b) Cardiac pacemakers and central 
venous lines can induce focal artifacts on CT-corrected 
PET images. J Nucl Med 45:290–293

Hoskin PJ (2002) FDG PET in the management of lymphoma: 
a clinical perspective. Eur J Nucl Med Mol Imaging 29:449–
451

Israel O, Keidar Z, Bar-Shalom R, Gaitini D, Beck D, Amit A 
(2003) Hybrid PET/CT imaging with FDG in management 
of patients with gynecologic malignancies. J Nuc Med 44 
[Suppl 5]:129P

Jadvar H, Schambye RB, Segall GM (1999) Effect of atropine 
and sincalide on the intestinal uptake of F-18 fluorodeoxy-
glucose. Clin Nucl Med 24:965–967

Jerusalem G, Beguin Y, Fasotte M, Najjar F, Paulus P, Rigo P 
et al (1999) Whole body positron emission tomography 
using 18 F-fluorodeoxyglucose for post treatment evalu-
ation in Hodgkin’s disease and non-Hodgkin’s Lymphoma 
has higher diagnostic and prognostic value than classical 
computed tomography scan imaging. Blood 94:429–433

Kaplan LD (2002) Fluorine-18 fluorodeoxyglucose positron 
emission tomography for lymphoma: incorporating new 
technology into clinical care. Am J Med 112:320–321

Khan MA, Combs CS, Brunt EM, Lowe VJ, Wolverson MK, 
Solomon H et al (2000) Positron emission tomography 
scanning in the evaluation of hepatocellular carcinoma. J 
Hepatol 32:792–797

Kim JH, Czernin J, Allen-Auerbach M, Quon A, Halpern BS, 
Fueger B et al (2004) Comparison between FDG-PET, in-
line PET/CT and Software Fusion for restaging of recurrent 
colorectal cancer. J Nuc Med 45:32P

Lardinois D, Weder W, Hany T, Ehab M, Korom S, Seifert B 
et al (2003) Staging of non-small-cell lung cancer with 
integrated positron-emission tomography and computed 
tomography. N Engl J Med 348:2500–2507

Lerman H, Metser U, Grisaru D, Fishman A, Lievshitz G, Even-
Sapir E (2004) Normal and abnormal 18F-FDG endometrial 
and ovarian uptake in pre- and postmenopausal patients: 
assessment by PET/CT. J Nucl Med 45:266–271

Mandelson M, Oestreicher N, Porter P, White D, Finder C, 
Taplin S et al (2000) Breast density as a predictor of mam-
mographic detection: comparison of interval-and screen-
detected cancers. J Natl Cancer Inst 92:1081–1087

Miraldi F, Vesselle H, Faulhaber PF, Adler LP, Leisure GP (1998) 
Elimination of artifactual accumulation of FDG in PET 
imaging of colorectal cancer. Clin Nucl Med 23:3–7

Noh D, Yun I, Kim J, Kang H, Lee D, Chung J et al (1998) Diag-
nostic value of positron emission tomography for detect-
ing breast cancer. World J Surg 22:223–228

Orel S, Kay N, Reynolds C, Sullivan D (1999) BI-RADS catego-
rization as a predictor of malignancy. Radiology 211:845–
850

Rose D, Delbeke D, Beauchamp R, Chapman WC, Sandler MP, 
Sharp K et al (1999) 18Fluorodeoxyglucose-positron emis-
sion tomography in the management f patients with sus-
pected pancreatic cancer. Ann Surg 229:729–737

Schaefer N, Hany T, Taverna C, Goerres G (2003) FDG PET/CT 
versus contrast enhanced CT in aggressive non-Hodgkin 
lymphoma and Hodgkin’s disease. J Nucl Med 44 [Suppl 
5]:84P

Scheidhauer K, Scharl A, Pietrzyk U, Wagner R, Göhring U, 
Schomäker K et al (1996) Qualitative [18F] FDG positron 
emission tomography in primary breast cancer: clinical 
relevance and practicability. Eur J Nucl Med 23:618–623

Schiepers C, Hoh CK (2000) Clinical positron imaging in 
oncology, chap 10. In: Schiepers C (ed) Diagnostic nuclear 
medicine, 1st edn. Springer, Berlin Heidelberg New York, 
pp 159–176

Schiepers C, Penninckx F, de Vadder N, Merckx E, Mortelmans 
L, Bormans G et al (1995) Contribution of PET in the diag-
nosis of recurrent colorectal cancer: comparison with con-
ventional imaging. Eur J Surg Oncol 21:517–522

Schiepers C, Yap CS, Quon A, Giuliano P, Silverman DH, Dahl-
bom M et al (2003) Added value of PET-CT for cancer stag-
ing and lesion localization. EJNM & MI 30

Schirrmeister H, Kühn T, Guhlman A, Santjohanser C, Hörster 
T, Nüssle K et al (2001) Fluorine-18 2-deoxy-2-fluoro-D-
glucose PET in the preoperative staging of breast cancer: 
comparison with the standard staging procedures. Eur J 
Nucl Med 28:351–358

Schoder H, Yeung HW, Gonen M, Kraus D, Larson SM (2004) 
Head and neck cancer: clinical usefulness and accuracy of 
PET/CT image fusion. Radiology 231:65–72

Spaepen K, Stoobants S, Dupont P, van Steenweghen S, Thomas 
J, Vandenberghe P et al (2001) Prognostic value of positron 
emission tomography with fluorine-18 fluorodeoxyglucose 
([18F]FDG) after first line chemotherapy in non-Hodgkin’s 
lymphoma: is [18F]FDG-PET a valid alternative to conven-
tional diagnostic methods? J Clin Oncol 19:414–419

Tann M, Fletcher J, McHenry L, Dewitt J, LeBlanc J, Howard T et 
al (2003) FDG-PET/CT in the evaluation of cystic pancre-
atic tumors: Comparison with endoscopic ultrasound fine 
needle aspiration. J Nucl Med 44 [Suppl 5]:24P

Tatsumi M, Cohade C, Mourtzikos K, Wahl R (2003) Initial 
experience with FDG-PET-CT in the evaluation of breast 
cancer. J Nucl Med 44 [Suppl 5]:394P

Townsend D, Carney J, Yap J, Hall N (2004) PET/CT Today and 
tomorrow. J Nucl Med 45S:4S–13S

Van den Abeele A, RD B (2002) Use of positron emission tomog-
raphy in oncology and its potential role to assess response 
to imatinib mesylate therapy in gastrointestinal stromal 
tumors (GIST). Eur J Cancer 38 [Suppl 5]:S60–S65

Vranjesevic D, Schiepers C, Silverman DH, Quon A, Villalpando 
J, Dahlbom M et al (2003) Relationship between 18F-FDG 
uptake and breast density in women with normal breast 
tissue. J Nucl Med 44:1238–1242

Wahl RL (2004) Why nearly all PET of abdominal and pelvic 
cancers will be performed as PET/CT. J Nucl Med 45 [Suppl 
1]:82S–95S

Wahl RL, Siegel BA, Coleman RE, Gatsonis CG (2004) Prospec-
tive multicenter study of axillary nodal staging by posi-
tron emission tomography in breast cancer: a report of the 
staging breast cancer with PET Study Group. J Clin Oncol 
22:277–285

Williams AD, Cousins C, Soutter WP, Mubashar M, Peters AM, 
Dina R et al (2001) Detection of pelvic lymph node metas-
tases in gynecologic malignancy: a comparison of CT, MR 
imaging, and positron emission tomography. AJR Am J 
Roentgenol 177:343–348



Pediatric Nuclear Medicine: A Coming of Age 227

14 Pediatric Nuclear Medicine: A Coming of Age

 Helen R. Nadel and Moira E. Stilwell

H. R. Nadel, MD, FRCPC; 
M. E. Stilwell, MD, FRCPC
Department of Radiology, University of British Columbia, 
Children’s and Woman’s Health Center of British Columbia, 
4480 Oak Street, Vancouver, B.C. V6H 3V4, Canada

A discussion of pediatric scintigraphic techniques 
would not be complete without mention of technical 
factors required due to the unique needs of imag-
ing pediatric patients who range in age from birth 
to adulthood. Advances in radiopharmaceutical and 
instrumentation technology allow greater investiga-
tion of physiology as well as anatomy in this diverse 
group of patients.

14.1.1 
Patient Preparation

It is routine in many departments to allow parents 
and/or siblings to remain in the imaging room to 
provide a sense of security and safety for the child. 
The presence of a favorite toy or a prized possession 
brought with them for the test can also be reassur-
ing. Immobilization needs, which can be an impor-
tant factor in producing high-quality studies in 
children, can be broken down by age. For neonates 
to age 2 years, bundling in a papoose-type holder, 
sleep deprivation, and feeding the child while on 
the imaging table are effective immobilization strat-
egies. Videos, music, stories, or distraction tech-
niques, such as bubble blowing, thus ensuring their 
cooperation, entertain children aged 4–5 years. It 
is also helpful to have dedicated pediatric nuclear 
medicine technologists who are secure in their deal-
ings with the various age groups. A simple explana-
tion of the involved procedure tailored to the age of 
the child will go a long way to gain a child’s coopera-
tion; however, some children still require sedation 
or general anesthesia. In particular, those children 
who are mentally retarded or have severe attention 
deficit problems, and often children between the 
ages of 2 and 4 years, fall into this category. If seda-
tion is necessary, appropriate triage, monitoring, 
and discharge of the patient are now the standard 
of care (Weiss 1993; Pintelon et al. 1994). The use 
of a local anesthetic cream at an intravenous access 
site is also routine in many laboratories (Sherazi 
and Gordon 1996; Ljung 1997).
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14.1 
General

Nuclear medicine studies contribute an integral 
part to the investigation of many disease processes 
in children. The standard studies of bone, renal, 
and tumor imaging with scintigraphy are still the 
backbone of any pediatric nuclear medicine depart-
ment. Over the past decade we have seen the intro-
duction and increased use of newer scintigraphic 
approaches in children. This chapter focuses on the 
use of scintigraphy in children for the assessment 
of Helicobacter pylori infection and inflammatory 
bowel disease and psychosocial, developmental, and 
traumatic brain disorders in children.
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14.1.2 
Radiation Safety Considerations

The use of ionizing radiation in the pediatric popu-
lation is an ongoing issue frequently cited in the 
pediatric radiology literature and bears examination 
by all practitioners. Roebuck (1999) examines and 
re-examines a variety of related issues. He points 
out rightly that part of the job of the radiologist 
and/or nuclear medicine physician is to help ensure 
that the appropriate investigation is performed, and 
that use of radiation is justifiable. Knowledge of the 
approximate risk, and more importantly the ability 
to effectively communicate these to the referring 
physician and parent, is essential. Nuclear physi-
cians and radiologists alike should be aware of new 
applications of nuclear medicine tests but remain 
skeptical (Roebuck 1999; Berdon 1999; Hall 
1999). Discussions regarding the risks of radiation 
and what exactly they consist of are frequently mis-
understood and misquoted even by the physicians 
using them. In a letter to the Lancet, Dixon and 
Dendy (1998) posed three valuable questions to be 
considered before performing a CT scan on a child. 
These questions can be rephrased for nuclear medi-
cine tests: Can the same or better information be 
obtained by a method with a lower dose of radiation? 
Is the utilized technology functioning properly? Is 
the protocol optimized for the patient? Stabin and 
Gelfand (1998) have published tables for evaluating 
absorbed radiation doses for many pediatric nuclear 
medicine procedures. They used standard MIRD 
methodology and express absorbed dosimetry in 
mGy or rad for a body weight adjusted administered 
activity for each radiopharmaceutical.

14.2 
Helicobacter pylori Infection in Children

The battle cry of pediatric medicine is that “children 
are not just small adults who suffer from small ver-
sions of adult diseases.” Whereas this is true mainly 
in pediatric gastrointestinal disease, many entities 
that we commonly see in adults are seen in children 
and need to be considered when appropriate. One 
such entity is Helicobacter pylori (H. pylori) infec-
tion. H. pylori infection is endemic worldwide as an 
asymptomatic infection (Narla et al. 1999). The 
recent discovery and growing interest in this gram-
negative bacterium as a gut pathogen has had and 
continues to have significant impact on the man-

agement of several gastrointestinal disorders. Peptic 
ulcer disease and gastritis have been closely linked 
to H. pylori infection, and this infection is impli-
cated in a substantial percentage of cases of acute 
gastrointestinal bleeding. H. pylori has been clas-
sified as a type-I carcinogen by the World Health 
Organization (Narla et al. 1999). In addition, it 
has been impugned as a co-factor in other gastroin-
testinal diseases such as chronic diarrhea, protein-
losing enteropathy, and gastric lymphoproliferative 
disease. Corrado et al. (1998) studied 90 patients 
and found a positive association between H. pylori 
infection and food allergy.

H. pylori appears to be acquired early in life with 
cross-sectional studies suggesting that infection is 
usually acquired before the age of 5 years, although 
the time, rate, and modus of colonization are not 
definitely defined (Bujanover et al. 1996). Mater-
nal passive transfer of immunity via IgG antibod-
ies appears to protect infants until approximately 
6 months of age when infection of children with H. 
pylori is common in both developed and developing 
countries (Gold et al. 1997). There is correlation 
with socioeconomic and hygiene conditions such 
as overcrowding and lack of clean running water 
(Duggan et al. 1998; Vandenplas and Blecker 
1998). The role of parental infection is not fully 
understood but is thought to play a role in transmis-
sion particularly in infected mothers of young chil-
dren (Rothenbacher et al. 1999). H. pylori infec-
tion in children is thought to be affected by both 
the rate of acquisition and loss in different groups 
based on ethnicity. A study by Malaty et al. (1999) 
followed 212 children in a biracial community over 
12 years from childhood to young adulthood and 
showed different rates for both acquisition and loss 
of infection in groups of black children compared 
with groups of white children. To illustrate, at 7–
9 years of age, 19% of children in their population 
had H. pylori infection (40% of black children and 
11% of white children). Twelve years later, 22% of 
the children were positive with the higher preva-
lence again noted to be present in the black chil-
dren. Granström et al. (1997) studied a cohort of 
Swedish children from ages 6 months to 11 years 
of age measuring both IgG and IgA antibodies to 
H. pylori. They identified that 13.6% (40 of 294) of 
their children were infected at some time during the 
study. They noted that at 11 years of age only 3% 
of the children were seropositive suggesting that 
spontaneous resolution is common. In a study done 
in Germany, Hornemann et al. (1997) could not 
find evidence of H. pylori infection in infants less 
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than 4 years of age. After age 4 years, the seroposi-
tivity increased linearly with age.

H. pylori infection is a well-recognized cause of 
antral gastritis and a significant factor in peptic 
ulcer disease in the adult population. In children, 
peptic ulcer disease does occur, albeit less commonly 
(Stringer 1989; Hassall 1994; Huang et al. 1999). 
Peptic ulcer disease in children is mainly duodenal 
ulcer disease, and when H. pylori is the cause, antral 
gastritis is also present. H. pylori can cause isolated 
gastritis as well. When H. pylori induces antibod-
ies and reacts with them in the gastric mucosa, 
chronic gastritis may result and it is thought that 
these mucosal changes play a role in the progres-
sion to gastric cancer in adults. Ieradi et al. (1998) 
found that autoreaction of gastric mucosa may be 
found in H. pylori gastritis of childhood. They pos-
tulated a role in progression to atrophy and possi-
bly increased risk of late gastric cancer. Numerous 
properties of the bacteria itself are also suggested 
as being important, including the presence of the 
CagA protein and vacA alleles associated with cyto-
toxin production. H. pylori generally falls into one 
of two groups: a Cag-negative group which does not 
produce cytotoxin and a Cag-positive which does 
and is associated with peptic ulcer disease (Çelik 
et al. 1998). Çelik et al. (1998) confirmed that the 
Cag pathogenicity and toxin expression seen in 
adults is also seen in younger subjects with recur-
rent abdominal pain. Children and adolescents 
demonstrate 40% CagA positivity as compared with 
80–100% of adults with duodenal ulcer and gastri-
tis. Mitchell et al. (1999) also found that the pres-
ence of CagA is not a marker of specific disease in 
children. Furthermore, these investigators conclude 
that children do become persistently infected by H. 
pylori and few carry strains with the virulence prop-
erties seen in adults with gastrointestinal pathology. 
Whether these children should be treated to reduce 
risk of gastritis and gastric cancer is not clear at this 
time (Çelik et al. 1998). The current view holds that 
H. pylori is spread to children from close person-to-
person contact and, because there is familial clus-
tering seen with infection of children, it has been 
suggested that family treatment may decrease treat-
ment failures due to increased compliance (Fall et 
al. 1997; Oderda et al. 1997).

H. pylori is responsible for approximately 80% 
of duodenal ulcer after other etiologies including 
Crohn’s disease (CD), non-steroidal anti-inflam-
matory drug ingestion, and Zollinger-Ellison syn-
drome have been ruled out. In a retrospective review 
of pediatric gastroscopy carried out in Hong Kong, 

88% of patients complaining of dyspepsia had posi-
tive histological findings. In this group 25% were 
positive for H. pylori (Ng et al. 1997). Heaney et al. 
(1998) have suggested that H. pylori infection status 
can be used as a criterion to select patients for gas-
troscopy when determining management of young 
dyspeptic patients. In this study 160 “young” patients 
(<45 years of age) were prospectively recruited when 
presenting with the complaint of epigastric pain 
and/or discomfort. Patients who were negative for 
H. pylori using the carbon-13 (13C) urea breath test 
were reassured that they would likely have a normal 
gastroscopy. At this point they were given lifestyle 
advice and symptomatic therapy and then followed 
at intervals of 6 weeks, 3 months, and 6 months. If 
they were the same or worse at these intervals, they 
proceeded to gastroscopy. This management proto-
col resulted in a 42% reduction in the number of gas-
troscopy examinations in H. pylori patients.

Recurrent abdominal pain is a common present-
ing complaint in children. There is no substantial 
evidence to suggest that H. pylori has any role in 
recurrent abdominal pain or so-called non-ulcer 
dyspepsia in children. Wewer et al. (1998) assessed 
the IgG seroprevalence of H. pylori in children with 
recurrent abdominal pain compared with healthy 
children to investigate the presence or absence 
of related symptoms. IgG antibodies against low 
molecular weight H. pylori were assessed in a total 
of 438 children and 91 healthy controls. The sero-
prevalence in children with recurrent abdominal 
pain was 21%, against 10% in the controls with 46 
of 66 of those positive by culture and histology. The 
presence of H. pylori was associated with both par-
ents being born in a country with high prevalence 
of H. pylori, low socioeconomic class, and more 
pain related to meals but not related to low levels 
of hemoglobin, leukocytes, thrombocytes, weight, 
or height. No specific symptomatology was related 
to H. pylori positivity in children. In a case control 
study of Turkish children by Günel et al. (1998) no 
association was found between children with H. 
pylori infection, hypergastrinemia, and recurrent 
abdominal pain. H. pylori infection was as high in 
healthy children as in those with recurrent abdomi-
nal pain confirming the findings by Gottrand et 
al. (1997) that normal gastric histology can be asso-
ciated with infection in children.

The wide interest in this bacterium has spawned 
many investigations of its relationships, if any, with 
other gastrointestinal diseases, with inflammatory 
bowel disease (IBD) being a case in point. The cause 
or causes of IBD remain incompletely understood 
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with infectious agents including several bacteria and 
viruses implicated. Since H. pylori infection causes 
changes in both permeability and immunological 
arrangements in the stomach similar to those seen 
in the colon in IBD, it is natural to wonder if there is 
a causal relationship. Currently, there is no epidemi-
ological data to support that conclusion and while, 
interestingly, there is a low prevalence of H. pylori 
in inflammatory bowel disease, the clinical signifi-
cance, if any, of H. pylori infection against the back-
ground of IBD is not yet clear (Nardone et al. 1998; 
Parente et al. 1997). Permanent colonization of the 
stomach in pediatric patients with IBD is unusual 
(Kolho et al. 1998). In a cross-sectional study with 
matching of patients with IBD and upper gastroin-
testinal lesions it is noted that the reduced H. pylori 
infection prevalence is due mainly to decreased 
frequency of colonization in patients with CD. The 
prior treatment of patients with sulfasalazine but not 
5-aminosalicylic acid, steroids, or immune suppres-
sants is associated with a reduced risk of infection in 
both patients with ulcerative colitis (UC) and CD. In 
the group of patients with CD (123 of 216), 10% had 
gastroduodenal localization of their disease while 
15% had H. pylori negative gastritis on histological 
examination (Parente et al. 1997).

Celiac disease is a disorder frequently associ-
ated with gastritis. In a study performed to assess 
the prevalence and significance of H. pylori infec-
tion in children with celiac disease no increase in 
prevalence or clinical manifestations of H. pylori 
was found (Luzza et al. 1999). Recurrent abdomi-
nal pain was the only symptom that distinguished 
between H. pylori positive and negative children, 
but this symptom resolved on gluten withdrawal 
regardless of their H. pylori status.

As H. pylori is a causal agent for gastritis, the 
presence of H. pylori infection in gastric-body-
type mucosa as is seen in Meckel’s diverticulum 
may be pathogenic. Hill and Rode (1998) reported 
the case of a 25-year-old man who presented with 
rectal bleeding and a positive Meckel scan. Surgi-
cal pathology revealed a diverticulum with gastric-
body-type mucosa with active chronic gastritis and 
positive immunohistochemistry for H. pylori. They 
found only one other case in a retrospective review 
at their hospital of 21 cases of proven Meckel’s diver-
ticulum.

In another line of investigation of gastritis, Sala-
rdi et al. (1999) looked at the prevalence of H. pylori 
in children with type-I diabetes mellitus. Children 
with diabetes are more susceptible to common 
acquired bacterial infections and chronic atrophic 

gastritis if they have longstanding disease. They con-
cluded that, although children with diabetes do not 
differ from their healthy cohorts in terms of preva-
lence of H. pylori infection in the first few years of 
disease, they subsequently do have a higher H. pylori 
seroprevalence. They suggest that this could be the 
cause or one of the causes of chronic atrophic gas-
tritis in children with longstanding diabetes. When 
Barrio et al. (1997) looked at a group of children 
and adolescents with diabetes, they found that 7% 
(12 of 177) of these patients had gastric parietal cell 
autoantibodies and 6 of 8 of those who had antral 
biopsies were found to have H. pylori infection lead-
ing them to suggest that diabetic children and ado-
lescents should be screened for infection.

In a study looking at the role of H. pylori in 
diminished growth in children, three populations 
of children were studied including normal, diabetic, 
and hyposomic children (Vaira et al. 1998). They 
looked at the possible role of infection by differing 
strains of H. pylori. As infection with more cytotoxic 
strains, such as the so-called CagA or VacA strains, 
lead to more severe gastroduodenal infection, these 
authors looked for a possible role for these strains 
in children with decreased growth, but they did not 
find supportive data.

14.2.1 
Diagnostic Tests

When H. pylori infection is diagnosed in children 
and thought to be the cause of the patient’s morbid-
ity, a course of double antibiotic therapy is recom-
mended for 4–6 weeks’ duration (Hassall 1994). 
H. pylori infection diagnosis can be achieved using 
invasive methods, such as endoscopy, to provide 
tissue samples for rapid urease tests, culture, and 
histological examination. Noninvasive testing can 
be performed by blood sampling for IgG antibody 
tests and urea breath testing using radioactive 
carbon-14 (14C) or stable 13C. Clinical guidelines for 
the diagnosis and treatment of H. pylori in children 
currently suggest a fairly limited use in the young 
age group. Ongoing research into its role in gas-
trointestinal disease and expanding use of nuclear 
medicine modalities in children may spur further 
utilization of these methodologies and knowledge 
of these for use in children will be valuable.

The noninvasive breath tests are painless and 
can be performed in children who are old enough 
to follow simple instruction for ingestion and blow-
ing through a straw. Both 13C and 14C urea breath 
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tests for the diagnosis of H. pylori infection can be 
utilized (Cutler 1997). Both tests take advantage 
of the fact that H. pylori produces urease which is 
needed to break down labeled urea. Gastric urease 
activity can then be measured and used as an indica-
tor of the presence of infection. Both tests rely on the 
measurement of labeled CO2 exhaled by the patient 
after consuming a standard dose of labeled urea.

Urea breath tests have the ability to sample a larger 
area of the gastric mucosa than individual biopsies. 
In the 13C breath test the patient is fed a high-carbo-
hydrate, high-protein meal to slow gastric emptying 
and increase the residence time of 13C-urea in the 
stomach. 13C-urea is then ingested as a powder that 
is dissolved in water. Collection of breath samples 
occurs at baseline and at 30 min. Thirty minutes 
is the proposed collection time to avoid false-posi-
tive results due to urease in the mouth flora. A mass 
spectrometer is used for the measurement of 13C.

In the 14C-urea breath test the elimination of 14C 
via exhaled air is measured with a liquid scintilla-
tion counting technique. The advantage of 14C over 
13C is that smaller concentrations can be detected 
as radioactive substances are not routinely exhaled. 
Baseline breath samples are not required; and there 
is no need to slow gastric emptying. After a 4-h fast, 
the pediatric patients are given 0.055 MBq dose 

orally supplied as dissolvable capsules and samples 
of exhaled air are taken at as early as 10 min after 
oral administration with cumulative samples taken 
at 60 min. Caglar et al. (1999) have shown accurate 
results when comparing a single 10-min sample to 
60-min cumulative excretion, thus improving cost-
effectiveness and improving patient acceptance. 
The accepted upper limit of normal for excretion 
at 10 min is a specific activity of a breath sample 
corrected for body surface area of 0.3% (Henze et 
al. 1990; Debongie et al. 1991). An abnormal test 
result would be a cumulative value of greater than 
2% excretion.

In all methodologies the accuracy of the results 
can be reduced if certain drugs have been taken by 
the patient. Antimicrobials should be discontinued 
a minimum of 4 weeks prior to testing; bismuth-
containing compounds 1 month prior; proton 
pump inhibitors and sucralfate or similar com-
pounds at least 1 week prior to the test; histamine 
(H2) receptor antagonists for 2 days prior; and ant-
acids for 1 day prior. Histological method accuracy 
is reported to be reduced in the presence of an active 
or recently bleeding duodenal ulcer (Cutler 1997).

Although there is some controversy as to which of 
the available methods of diagnosis of H. pylori infec-
tion in the untreated patient is best, the urea breath 

Fig. 14.1a,b. a Normal distribution of 99mTc-HMPAO   labeled 
white blood cells in a child.  Anterior view of the abdomen 
and pelvis.  Note the prominent activity in the spleen, liver 
and bone marrow. b infl ammatory bowel disease (IBD); dif-
fuse involvement of the colon, including proximal ascending 
colon, transverse colon, splenic fl exure, and descending colon 
to sigmoid colon in a 10 year old girl with Crohn's disease.  
Note the high uptake in the spleen in all three planes. MIP  = 
maximum intensity projection image, i.e. a volume rendered 
summation of the maximal counts from the tomographic 
images, for the transverse, sagittal and coronal planes

a

b

ant post

1. Transverse MIP 2. Sagittal MIP 3. Coronal MIP
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test is recognized as the method of choice to confirm 
H. pylori cure (Cutler 1997). Confirmation of erad-
ication of H. pylori infection is most accurate when 
the breath test is performed a minimum of 4 weeks 
after the completion of therapy.

The 14C-urea breath test is simple, easily per-
formed, and inexpensive. It provides quantitative 
information regarding the total activity of the H. 
pylori bacterium in the stomach as reflected by 
urease activity and severity of gastritis and is a sen-
sitive and specific method of confirming its presence 
in peptic ulcer disease (Henze et al. 1990; Debongie 
et al. 1991). The test has shown between 95 and 98% 
reproducibility when repeated after a 1-week inter-
val in a series of children (Steen et al. 1995).

The 14C isotope is radioactive and therefore raises 
considerations relevant to the use of ionizing radia-
tion in the pediatric population . When 14C-urea is 
used it is excreted in the breath as 14CO2 or in the 
urine. Biokinetic models have been established to 
determine dosimetry in the pediatric population 
(Leide-Svegborn et al. 1999). Approximately 88% 
of the administered activity is excreted in the urine 
within 72 h of administration. Approximately 3% is 
exhaled within 20 days. The bladder wall receives 
the highest dose of radiation. In children aged 
7–14 years this effective absorbed dose measures 
approximately 0.14–0.36 mGy/MBq. The effec-
tive total body dose in children is calculated there-
fore to be 0.9–2.5 µSv for an administered dose of 
0.055 MBq. This is a minimal dose and therefore 
the use of this examination as a screening test and 
repeated examinations would be acceptable from a 
radiation burden standpoint.

14.3 
Imaging of Inflammatory Bowel Disease

The demonstration of intra-abdominal sources of 
infection remains a challenging clinical problem. 
The front line imaging techniques of ultrasound, CT, 
and MRI provide structural detail but cannot always 
differentiate adequately treated residual morpho-
logical alterations. A variety of scintigraphic studies 
can provide physiological information not available 
through other means. This provides a significant 
contribution to the clinical problems of whether 
active infection exists in the abdomen, its location, 
extent, and response to therapy over time. Whereas 
gallium has a time-honored place in the visualiza-
tion of infection, radiopharmaceutical innovations 

allow more specific and more sensitive delineation 
of infectious processes.

The use of radiolabeled autologous white blood 
cells (WBC) to assess intra-abdominal sites of infec-
tion is increasing. Labeled WBC will leave the cir-
culation at sites of infection and migrate into the 
infected tissues as part of the normal host response. 
99mTc-HMPAO as a practical label for autologous 
WBC offers high-quality images with favorable 
dosimetry. 111In-WBC scanning is not recommended 
for children because of its unfavorable dosimetry 
(Gainey et al. 1988). 99mTc-HMPAO-labeled WBC 
are proving to be particularly helpful in pediatrics 
for the assessment of inflammatory bowel disease 
(Charron 1997; Barabino et al. 1998).

Normal distribution of labeled WBC occurs in 
the spleen, liver, and red bone marrow (Fig. 14.1), 
with some faint activity in submandibular glands, 
kidneys, and bladder. Transient WBC sequestration 
in the lungs can occur in the first few hours. The 
gallbladder can be seen in up to 10% of children, 
but this does not interfere with interpretation. Some 
activity in normal ascending colon can be seen at 
4 h post injection. This activity is usually faint and 
less intense than iliac crest activity and has a dif-
fuse pattern. This is thought to represent excretion 
of non-cell bound labeled secondary hydrophilic 
complexes (Charron 1997). Since imaging for the 
assessment of bowel inflammation is not usually 
obtained beyond 4 h, this does not decrease speci-
ficity.

No bowel preparation is required for this exami-
nation, unlike with gallium imaging. The admin-
istered dose is adjusted for body weight between 
a minimum–maximum dose of 185–740 MBq 
(5–20 mCi). Imaging protocol includes 0.5- to 1-h 
and 2- to 3-h static images in anterior and poste-
rior projections and SPECT with low-energy high-
resolution collimator. Tail on detector views can be 
used to help distinguish perianal and rectal disease 
from bladder activity. Upright anterior views of the 
abdomen can be helpful in separating liver activity 
from that in transverse colon. All imaging should be 
performed after the patient has voided. In children 
suspected of having CD, a view to include anterior 
chest and mouth can be used to assess for disease 
in the esophagus (Charron 1997). Charron et al. 
(1997) visually grade the inflammatory activity in 
each segment relative to the iliac crest bone marrow 
and liver activity: grade 0=no activity; grade 1=less 
than crest; grade 2=equal to crest; grade 3=greater 
than crest; grade 4=less than liver; grade 5=equal 
to liver; grade 6=greater than liver. Abnormal activ-
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ity in keeping with inflammation appears bowel 
shaped, does not change configuration on the late 
scan, and increases in intensity temporally. The 
SPECT images reviewed in cine mode with maximal 
intensity can also increase sensitivity for detection 
of disease, although there may be some reduction in 
specificity.

Labeled WBC scintigraphy is particularly help-
ful for the assessment of small bowel disease. The 
demonstration of disease distribution influences 
the selection of therapeutic regimens and has prog-
nostic implications. Labeled-WBC scintigraphy 
also has the ability to detect extra-intestinal sites 
of inflammation, such as abscess collections and 
fistulae (Fig. 14.2). The labeled-WBC scan has also 
been able to discriminate between continuous and 
discontinuous disease thereby effectively differenti-

ating UC from CD (Charron et al. 1998). In a series 
of 106 patients with either UC or CD only 6 patients 
were classified incorrectly. Labeled-WBC scintigra-
phy allows for accurate assessment of the segmental 
distribution of disease when correlated with his-
tology and endoscopy (Charron et al. 1998). This 
technique can be particularly helpful in identifying 
sites of inflammation when technical difficulties 
preclude this assessment with colonoscopy. Labeled-
WBC scintigraphy is less invasive than barium 
follow-through examination or enteroclysis and is 
much better tolerated by children. Limitations of 
labeled-WBC scintigraphy include the inability to 
assess anatomical detail such as bowel strictures 
and prestenotic dilations. Fistulae may be difficult 
to detect. If the abnormal activity is focal, it may be 
difficult to distinguish large from small bowel due 

Fig. 14.2. 16 year old female with infl ammatory bowel dis-
ease and previous partial colectomy with stoma in right iliac 
fossa and a fi stulous skin tract in the anterior lower abdominal 
wall. CT showing extensive thick walled bowel in right lower 
quadrant (c). Surgical abdominal scar in the midline marked 
with a paper clip anteriorly, where the clinically identifi ed 
skin fi stula was noted.  The CT scan does not clearly iden-
tify communication of the tract with bowel. 99mTc -HMPAO 
labeled-WBC scan shows extensive abnormal activity in the 
right lower abdomen with visualization of the transverse 
colon. There is abnormal activity to the anterior abdominal 
wall seen on the planar views (a) and SPECT MIP images (b).
Fistulogram study showing contrast injected through a cath-
eter placed through the skin fi stula fi lling a connection to the 
colon in the right iliac fossa (d). This appearance is consistent 
with a colocutaneous fi stula. MIP = maximum intensity projec-
tion image, see Fig. 14-1b

a
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b 1. Transverse MIP 2. Sagittal MIP 3. Coronal MIP
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to insufficient anatomical landmarks. In the child 
who is actively bleeding there may be difficulty in 
scan interpretation (Charron et al. 1999). Overall 
accuracy of 93% with 90% sensitivity and 97% spec-
ificity has been reported (Charron et al. 1999; Del 
Rosario et al. 1999). Charron et al. (1999) report a 
positive predictive value for labeled-WBC scintigra-
phy of 97%. In the evaluation of 79 control subjects 
no false-positive results were obtained. Negative 
predictive value was 93%. The disease distribution 
can be underestimated in early CD and nonspecific 
colitis. When there is focal bowel involvement in the 
region of the cecum, appendicitis as well as involve-
ment of the cecum with IBD must be included in 
the differential. Although endoscopy and biopsy 
are still the gold standards, labeled-WBC scintigra-
phy is helpful in the follow-up of IBD in detecting 
recurrence, monitor treatment, or plan surgery. This 
technique can reduce the need for repeated colonos-
copies and barium examinations in these children.

14.4 
Pediatric Neuronuclear Medicine

Just as there have been advances in the area of 
brain scintigraphy in adults, so too have there 
been advances in pediatric neuro-nuclear medi-
cine. The advent of new radiopharmaceuticals for 
brain imaging has allowed scintigraphy to become 
a full-fledged member of the multidisciplinary team 
investigating neurological and psychological illness 
in the past decade. Cross-sectional imaging with CT 
and MRI revolutionized the treatment and diagno-
sis of neurological disease in adults and children; 
SPECT and PET imaging bring physiological and 
functional information to vastly improved morpho-
logical imaging modalities. This has opened new 
doors for medical care providers and scientists to 
study and learn more about neurological disease, 
neuropsychiatric disorders, brain development, and 
learning in childhood.

Advances in instrumentation and radiopharma-
ceuticals have made it easier to perform brain scin-
tigraphy and to obtain more diagnostic informa-
tion in children. The studies have focused mainly 
on regional cerebral blood flow, but new research is 
exploring metabolic and receptor imaging particu-
larly in neuropsychiatric disease. The main indica-
tions for pediatric neurological nuclear scintigra-
phy include seizure disorders, assessment of brain 
development, evaluation of tumors, and trauma. 

Knowledge is growing rapidly and expanding our 
understanding of developmental and neuro-psycho-
logical disorders.

While heredity is a large contributor to brain 
structure and function, we know that development 
and learning after birth can and will have enormous 
impact on a child’s ultimate motor sensory and intel-
lectual potential and capabilities. When birth or 
early developmental experiences have a potentially 
negative impact, parents look anxiously to physi-
cians and allied health personnel for aid. Neuroim-
aging can be performed to guide intervention, treat-
ment, assessment, or prediction of ultimate outcome 
(Denays et al. 1990; Kerrigan et al. 1991; O’Tuama 
and Treves 1993; Kao et al. 1994; Yamada et al. 
1995; Lee et al. 1998).

Radiopharmaceuticals used for PET have included 
18F-fluorodeoxyglucose (FDG), 11C-L-methionine 
for tumor imaging, oxygen-15O for cerebral blood 
flow assessment of intraventricular hemorrhage 
and infarction, and hypoxic ischemic encephalopa-
thy in infants. SPECT radiopharmaceuticals include 
99mTc-HMPAO and 99mTc-ECD or less commonly 
123I-iodoamphetamine or 133Xe for regional cerebral 
blood flow assessment. Ligands labeled with 123I or 
11C have been used in receptor imaging studies. 201Tl 
has been used to differentiate recurrent disease from 
radiation necrosis in children with brain tumors.

Neuroimaging is also used in infants and children 
to learn about the normal and abnormal development 
of the brain. Neuroimaging is used more and more in 
the research and investigations of childhood psychiat-
ric and behavioral disorders, which raises important 
questions about the value of these tests to children as 
a group and the individual and group attendant risks. 
Investigations using ionizing radiation are justified 
by using the calculation of the so-called risk/bene-
fit ratio of the test. This ratio may not be calculable 
in the short term and certainly not for a particular 
child at a particular time in development, assuring 
that this debate will continue in the future. Ernst 
(1999) points out correctly that the risk/benefit ratio 
is essential to the conduct of research and requires 
the calculation of risks according to the ambiguous 
definition of “minimal risk.” When discussing the 
risks of exposure to low-level radiation, it is helpful to 
compare the risk to everyday activities that the child 
might realistically expect to partake in, such as riding 
in a car, as well as risks which might be uppermost in 
the mind of children or their parents such as the risk 
of developing leukemia or other cancers and the risk 
of increased chromosomal abnormalities. In another 
review article assessing health hazards to children 
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of radiation exposure in the context of brain imag-
ing research, the authors conclude that health risks 
from low-level radiation obtained by radiographic 
and scintigraphic diagnostic studies are not detect-
able above random events that occur in everyday life 
(Ernst et al. 1998).

Brain imaging research has huge potential bene-
fits to society as a whole. Understanding its attendant 
risks to children is crucial to rational discussion of 
investigation of neurological and psychological dis-
orders. Members of ethics and grant review boards, 
as well as individual researchers and practitioners, 
need to understand the risk of exposure to low-level 
radiation through research and diagnostic studies. 
This research needs the participation of both chil-
dren who are abnormal and those who are normal. 
It is not unreasonable to assert that normal children 
will also benefit from further understanding of neu-
rological and psychological dysfunction. PET stud-
ies in normal child volunteers have to date recorded 
very low acceptable radiation exposures (Ernst et 
al. 1998).

14.4.1 
Scintigraphy in Brain Development

Brain development has been extensively studied 
using PET and FDG. Similarly SPECT radiophar-
maceuticals have been used to assess changes in 
regional cerebral blood flow with brain develop-
ment in the normal human infant (Chugani et al. 
1987; Chiron et al. 1992; Chugani 1998; Kinnala 
et al. 1996; Schiepers et al. 1997; Rubinstein et al. 
1989). Brain development is phylogenetic with devel-
opmentally older structures visualized before newer 
structures. At a gestational age less than 40 weeks, 
regional cerebral blood flow imaging shows promi-
nent activity seen in the thalami with no parietal 
or occipital cortical activity and poor if any frontal 
activity. At 40 weeks or term gestational age, tha-
lamic activity remains prominent. There is increase 
in activity in the parietal cortex, still low occipi-
tal activity and poor frontal activity (Fig. 14.3a). 
At 44 weeks of gestational age there is a promi-
nent parietal cortex visualized, occipital activity 
is increasing, the thalami remain prominent, and 
there is still poor frontal activity. At 2 months of 
age there is predominance of parietal and occipital 
cortical activity with still low frontal activity. By 
6 months of age there is marked cortical predomi-
nance. There is increase in frontal cortex activity 
but still considerably less than the corresponding 

parietal and occipital cortical activity (Fig. 14.3b). 
By 1 year of age all cortical areas show a significant 
increase in regional cerebral perfusion with either 
PET or SPECT.

Cerebral glucose metabolism matures through 
childhood until typical adult activity patterns are 
seen at approximately age 1 year (Chugani et al. 
1987; Chugani and Phelps 1986). Cortical glu-
cose metabolic rate measured with PET shows an 
increase until age 2–3 years which can exceed adult 
values. This remains high until 8–10 years of age 
and declines to normal adult values somewhere 
between 16–18 years of age. This period of rapidly 
increasing glucose utilization corresponds to a time 
of overproduction of nerve terminals and synapses. 
The plateau phase when glucose utilization remains 
stable but higher than that of adults represents over-
connectivity followed by elimination of the exces-
sive connectivity and corresponding reduction in 
cerebral glucose utilization to adult levels.

Takahashi et al. (1999) using PET have deter-
mined normal values for regional cerebral blood flow 
(rCBF), regional cerebral metabolic rate for oxygen 
(rCRMO2), and regional oxygen extraction fraction 

Fig. 14.3. 99mTc-HMPAO activity pattern in a normal new-
born (a) and at 6 months of age (b). Note the initial lack of 
frontal activity, prominent brain stem and temporo-parietal 
perfusion, which increases over the fi rst six months with more 
uniform cortical activity seen at 6 months

a b
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(rOEF). The children in their series ranged in age 
from 10 days to 16 years. In the neonatal period the 
rCBF and rCRMO2 were lowest and increased during 
early childhood. A temporal sequence of rCBF and 
rCRMO2 similar to that seen with glucose metabo-
lism and brain SPECT findings was noted, likely 
reflecting physiological development within ana-
tomical areas of the brain.

Chiron et al. (1992) studied 42 neurologically 
normal children of all ages (2 days to 19 years) 
with normal CT, EEG at time of study, and normal 
psychomotor development for 2 years post study 
using rCBF by SPECT with 133Xe and compared the 
results to an adult reference group consisting of 32 
subjects 19–29 years of age who were free of neuro-
pathology. The mean rCBF was calculated for three 
age groups and the measurements showed effects 
of age in all cortical regions and on global blood 
flow. Global blood flow averaged 50 ml/min per 
100 g at birth and increased in all age groups to a 
maximum at 5 years and decreased to adult levels 
after 19 years of age. Cortical regions all demon-
strated lower perfusion at birth than in adulthood, 
and all regions peaked at around 5 years of age at 
levels 70% higher than adult levels. When studied 
on a relative basis, rCBF was at a lower level at birth 
than at maturity and increased in the first 2 years of 
life to plateau during the rest of childhood with less 
than 10% variation. In addition to refining reference 
values for large functional areas of the brain, this 
work reconfirmed the importance of the early years 
of life in neurological development.

Brain function assessed by regional glucose uti-
lization and PET in the neonate is highest in the 
thalamic nuclei, brain stem, cerebellar vermis, and 
sensorimotor cortex which correlates with the domi-
nance of subcortical activity at that age. Early physi-
cal examination of an infant elicits the basic reflexes 
such as rooting and the grasp reflex. As development 
progresses, the regional utilization of glucose con-
tinues to correlate with the development of function 
in corresponding anatomical regions and these are 
observed in PET studies in the parietal, temporal, 
and primary visual cortex, basal ganglia, and cer-
ebellar hemispheres described as encephalization 
during 2–4 months of age (Chugani 1992).

While work in this area is ongoing, other efforts 
are aimed at using the neuroimaging techniques of 
SPECT and PET to attempt to study and, hopefully, 
predict outcome of neurological insult and catas-
trophe in the very young. One group of children in 
whom this would be helpful is the pre-term infant. 
These infants often have protracted courses in hospi-

tals with superimposed serious illnesses which may 
conclude in death. Those who survive have often 
been subject to long periods of artificial ventila-
tion with varying levels of low paO2 and high paCO2, 
low hematocrit, and low arterial blood pressure, all 
of which may negatively impact on development 
and growth. It has been reported that ventilation 
in neonates is associated with low CBF and spe-
cifically with hemorrhage and neurological deficit 
(Greisen 1986, 1990; Greisen and Pryds 1988; 
Allan and Volpe 1986; Altman et al. 1993). With 
respect to intracranial hemorrhage, cranial ultra-
sound is an effective investigation in the preterm 
infant for diagnosis and for predicting outcome. 
Hemorrhage tends to be less damaging to the very 
young infant than infarction into the periventricu-
lar white matter or periventricular leukomalacia. 
Infants born prior to 30–32 weeks gestational age 
are at risk due to the thin-walled vessels in those 
areas and combined factors of decreased cerebro-
vascular reserve and regulation. Baenziger et al. 
(1999) studied brain perfusion in these infants in 
an attempt to elucidate the predictive capacity of 
CBF measurements in this group. A total of 71 pre-
term infants (less than 1500 g birth weight and 
less than 34 weeks gestational age) were studied 
at three time intervals postnatally: between 2 and 
36 h; between 36 and 108 h; and between 108 and 
240 h respectively using 133Xe and extracranial 
cadmium telluride detectors. Corresponding cra-
nial ultrasound was performed. The surviving chil-
dren were assessed for development at 18 months 
of age. There was a higher mean CBF and mental or 
motor development. Other studies in children with 
cerebral palsy have a spectrum of findings on brain 
SPECT studies which include absence of cerebral 
blood flow abnormality to thalamic hypoperfusion, 
diffuse hemispheric hypoperfusion, focal hypoper-
fusion in the contralateral hemisphere to an area of 
motor deficit, and cerebellar areas of hypoperfusion 
(Denays et al. 1990; Kao et al. 1994; Lee et al. 1998). 
Pryds et al. (1990) suggest that cerebral hyperper-
fusion in term asphyxiated infants who lose their 
ability to autoregulate may be an earlier indicator 
of cerebral hypoperfusion. There is no definitive 
pattern identified in children with birth asphyxia 
which can predict long-term sequelae, but cerebral 
blood flow imaging studies are helpful in the identi-
fication of CBF disturbances.

The brain and skull can be involved in a variety of 
syndromes or isolated insults in early infancy. Cra-
niosynostosis is one such developmental anomaly. 
When there is premature fusion of multiple sutures 



Pediatric Nuclear Medicine: A Coming of Age 237

or involvement of only one suture, the result is brain 
compression which can lead to impaired cognitive 
development. Surgical correction can include cra-
nial vault remodeling in severe cases and or strip 
craniectomy. Pre- and post-operative FDG PET 
studies in a small number of affected children have 
shown varying regional increases and decreases; 
however, more consistent postoperative increase 
in activity has been demonstrated in the posterior 
occiput in the region where visual development and 
visual–spatial coordination develops (David et al. 
1999).

14.4.2 
Language and Cognition

One of the main and best established uses of func-
tional brain imaging is the localization of epilepto-
genic foci in children in whom surgical treatment 
is planned. When CT and MRI have ruled out a 
morphological abnormality, radionuclide perfu-
sion imaging inter- and postictally offers a sensitive 
method for localization of the seizure activity. The 
finding of decreased regional perfusion at a focal 
area and increased perfusion at the same site during 
a seizure offers a sensitivity of approximately 95%, 
although this number falls if temporal lobe epilepsy 
is excluded (Gordon 1996). Nuclear physicians may 
be unaware that there are substantial considerations 
for these children regarding language problems and 
behavioral abnormalities which must be understood 
to allow the best possible treatment.

There are many language and behavioral manifes-
tations associated with epilepsy and not infrequently 
these may be epileptic events which are erroneously 
ascribed to behavioral problems (Tuchman 1994). 
Although the anatomical basis linking seizure dis-
orders to disorders of behavior, such as aggression, 
depression, and even schizophrenia, have been pos-
tulated, this is not yet universally accepted. These 
areas are fertile fields for functional imaging. The 
total effects of seizures on the brain are incompletely 
understood and still debated (Devinsky and Bear 
1984; Holmes 1991; Lesser et al. 1986). In the 1950s 
Landau and Kleffner (1957) described a syndrome 
of acquired aphasia in epilepsy which has been fol-
lowed by numerous other similar reports, although 
the exact pathogenesis and neuroanatomical basis 
for this is unclear. In a study designed to demon-
strate the regional cerebral perfusion in Landau-
Kleffner syndrome and its correlates with the EEG, 
O’Tuama et al. (1992) performed brain SPECT using 

99mTc-HMPAO in five children with this syndrome 
and in three with other speech difficulties. They 
found perfusion asymmetry with decreased perfu-
sion in the temporal lobes most marked in the peri-
sylvian cortex. A PET-FDG study performed in three 
boys with this syndrome showed similar findings, 
mainly in the temporal lobe distribution. Neither 
study nor subsequent studies have yet defined the 
correspondence to EEG abnormalities (Maquet et 
al. 1990).

Congenital dysphasia has also been studied using 
SPECT. This is a clinical diagnosis of exclusion 
where deafness, mental retardation, speech pathol-
ogy, and neurological and psychiatric causes have 
been ruled out. In a study of 14 affected children, 
SPECT demonstrated decreased activity in the left 
hemisphere, best localized near Broca’s area in 2 
patients with expressive aphasia. In 9 of 12 children 
with both expressive and comprehension problems 
there were two areas of abnormality best localized to 
the left temporo-parietal area and the right frontal 
lobe (Denays et al. 1989).

Children suffering from epilepsy have a higher 
risk of learning and behavioral disorders, which is 
multi-factorial and can be very complicated to inves-
tigate. Many of the important factors are not directly 
relevant to functional brain imaging; two of interest 
to nuclear medicine specialists are seizure activity 
and the location of the epileptogenic focus both of 
which have significant negative effects on cognition. 
Specifically, temporal lobe seizures are considered 
a definite risk factor for cognitive developmental 
problems and functional brain imaging studies have 
confirmed this through a suspected negative effect 
on verbal memory (Aldenkamp et al. 1990). 

14.4.3 
Brain Trauma and Brain Death

The determination of brain death relies on unequiv-
ocal clinical data indicative of irreversible cessa-
tion of brain function, specifically both cortical and 
brain stem functions. Supportive laboratory studies, 
most importantly two silent EEG studies separated 
by various time periods depending on legal juris-
diction, are desirable and often required. In cases 
of catastrophic injury of a child, the declaration 
of death can be a highly charged situation for the 
relatives and physicians involved in the child’s care 
and for physicians involved in harvesting and trans-
planting organs into other ill children and adults. 
Not infrequently, an objective test provides comfort 
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for this task. Younger et al. (1989) claim that knowl-
edge of medical and legal criteria for diagnosing 
death among physicians is surprisingly lacking. It 
is important that the contribution of nuclear brain 
scans be available, prompt, and knowledgeable.

Cerebral perfusion studies using tracers, such as 
99mTc-HMPAO or 99mTc-ECD, are a quick and accurate 
alternative to traditional gold standard confirma-
tory four-vessel angiogram examination, to confirm 
absence of intracranial perfusion and help provide a 
timely diagnosis of brain death. These radiopharma-
ceuticals have advantages over the blood-brain bar-
rier agents formerly used in that there is less difficulty 
in differentiating intra- and extracerebral activity and 
activity in the dural sinuses is not a potentially con-
fusing picture. Technical aspects of bolus injection 
and timing of the study are less stringent and assess-
ment of the posterior fossa using the 99mTc-lipophilic 
perfusion agents is far easier (Fig. 14.4; Laurin et al. 
1989; Schiepers et al. 1997).

The absence of perfusion above the tentorium 
with preservation or persistence of blood flow in the 
cerebellum and/or brainstem contradicts the diag-
nosis of brain death, although it has a grave prog-
nosis (Valle et al. 1993). The planar scintigraphy 
should include a lateral view and SPECT should be 
performed for the best evaluation of the posterior 
fossa. A prudent recommendation is to include views 
of the thyroid bed to confirm radiopharmaceutical 
quality. Views of the liver and heart also support 

radiopharmaceutical integrity and an estimation of 
viability of those organs (Wieler et al. 1993). Imag-
ing can also be done with a portable camera in the 
ICU setting, if desirable. All patients showing absent 
brain uptake with these tracers are confirmed as 
brain dead uniformly in published series. Reported 
series include mainly adult patients (Larar and 
Nagel 1992; Wilson et al. 1993; Goodman et al. 
1985). The diagnosis of brain death in children can 
be difficult and adult criteria are not necessarily 
sufficient or easy to obtain (Holzman et al. 1983). 
There are several series of pediatric patients which 
confirm that absence of intracerebral perfusion is 
a highly reliable aid in diagnosing of brain death 
(Fig. 14.4). This is particularly useful when the clini-
cal criterion of silent EEG is complicated (Galaske 
et al. 1988).

Nonfatal head injury ranging from mild to severe 
has also been studied using lipophilic 99mTc-labeled 
brain agents and FDG. Both CT and MRI scans as the 
front line tools in the diagnosis of head injury can be 
less sensitive than nuclear medicine studies. Trau-
matic brain injury abnormalities in regional cerebral 
blood flow and glucose metabolism can be docu-
mented, more extensive, and detected earlier than 
with CT or MRI (Abu-Judeh et al. 1998). Evidence of 
ischemic injury is common and can be present in any 
region of the brain. It is attributed to diffuse or focal 
axonal shearing in the white matter in the absence 
of a structural abnormality on CT or MRI scan. 

Fig. 14.4. Brain death. Posterior (a), left lateral (b) and anterior (c) views 
obtained with planar scintigraphy.  There is absence of normal intracranial 
activity on these 99mTc-HMPAO images. d Right lateral view of a brain 
scan showing normal intracranial perfusion after administration of 99mTc-
HMPAO

b

d
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Regional hypoperfusion on SPECT can be concor-
dant or discordant with reduced glucose metabolism 
on PET (Abu-Judeh et al. 1998; Yamaki et al. 1996). 
When the findings are discordant, it indicates a good 
prognosis which may be due to vasospasm and edema 
causing decreased perfusion which is temporary. 
Most studies demonstrate abnormalities in the tem-
poral frontal or parietal lobes and correlate well with 
severity of injury generally described by duration, 
severity of coma, and length of retrograde amnesia 
(Jacobs et al. 1994; Gordon 1996). An initial negative 
SPECT examination within 4 weeks of a closed head 
injury is a robust predictor of full recovery, although 
a positive scan is of less use prognostically. The role 
of SPECT and PET brain studies in the clinical and 
medico-legal work-up and assessment of head injury 
and its sequelae has not been fully established. Efforts 
to gain a toe-hold are hampered by lack of knowledge 
and understanding of the usefulness and applicability 
by medical practitioners during the acute and chronic 
phases of head trauma evaluation (van der Kolk 
1997). Furthermore, whereas early studies focusing 
on acute head trauma included patients in the pedi-
atric age group, there are few studies exclusively of 
children. Studies focusing on the chronic sequelae of 
brain injury when relationship between the morpho-
logical findings may be difficult to confidently relate 
to the neurological, psychological, or behavioral find-
ings, are also sparse. Goshen et al. (1996) published a 
series of 28 pediatric patients with chronic sequelae of 
traumatic brain injury. These patients were referred 
to the rehabilitation unit of the medical center. They 
ranged in age from 15 months to 16 years and were 
assessed using EEG, 99mTc-HMPAO scintigraphy, 
CT, and, when available, MRI following substantial 
head injury (Glasgow coma scale ratings of 3–10). 
Retrospective analysis showed that cerebral blood 
flow studies following brain trauma were more sensi-
tive than the anatomical modalities for detection of 
abnormalities, particularly in the basal ganglia and 
cerebellum. These authors suggest that brain SPECT 
may play a role in children who have neurological 
sequelae in the follow-up of brain trauma.

14.5 
 Primary Neuro-Psychological Disorders in 
Childhood

Using the classification of O’Tuama et al. (1999) there 
are four primary categories of childhood neuro-psy-
chiatric disorders: attention-deficit hyperactivity 

disorder (ADHD); mood disorders such as depres-
sion and obsessive–compulsive disorder (OCD); 
Tourette syndrome and related disorders; and infan-
tile autism and autistic spectrum disorder. One of 
the most inspiring uses of functional brain imaging 
must be the study of neuro-psychological disorders 
in children. The definition, etiology, diagnosis, and 
treatment of many of these disorders can be difficult 
and controversial. Few would dispute the negative 
outcome on adult life nor deny the often alarming 
repercussions that many of these disorders have on 
emotional development and family relationships.

The ability to study cerebral perfusion and metab-
olism with radionuclides has inspired great hopes 
for better understanding of psychiatric and devel-
opmental disorders in children and adolescents. The 
hope has been to aid or substantiate the correlation 
of neuro-psychological deficits or behavioral abnor-
malities with specific morphological regions and 
metabolic abnormalities. However, as pointed out 
by Filipek (1999), behavioral problems in children 
provide a spectrum of disorders which encompass 
deficits or derangements in language, cognition, 
visual–spatial function, and socialization.

14.5.1 
Attention Deficit Hyperactivity Disorder

Attention deficit hyperactivity disorder continues to 
receive enormous attention in the lay media and is 
a subject of great ongoing study and research. The 
diagnosis has evolved substantially in recent years 
in tandem with advances in genetic, cognitive, and 
pharmacological research among other factors. The 
American Psychiatric Association includes the fol-
lowing criteria as assessed by reports by parents and 
teachers: poor impulse control; hyperactivity; poor 
temper control; and poor attention span. This dis-
order is relatively common, affecting up to 5–6% of 
children, and its propensity for boys is well known. 
The syndrome manifests in adulthood and leads to 
substantial social problems and alienation. Affected 
children are generally further classified as predomi-
nantly inattentive, predominantly hyperactive, and 
a combination type. Research using neuroimaging 
is confounded by frequent overlay of other behav-
ioral disorders, mood, and anxiety disorders, and 
learning disabilities. Although the exact mechanism 
for this is not certain, advances in cognitive research 
in this area consider the main impairment in ADHD 
to be the inability to inhibit a behavioral response. 
Multiple models exist in the literature pointing to an 
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arising focus of cognitive and genetic research, and 
neuroimaging (Tannock 1998).

Neuroimaging, specifically MRI, suggests that 
developmental abnormality involves the right hemi-
sphere and basal ganglia (Tannock 1998; O’Tuama 
et al. 1999). Brain SPECT imaging neither confirms 
nor refutes global changes in cerebral perfusion and 
currently most convincingly presents hypoperfu-
sion and, therefore, presumably decreased neuronal 
functioning in the striatal regions (Lou et al. 1989). 
More recent work using PET has demonstrated 
decreased glucose metabolism in the pre-frontal 
cortex (Tannock 1998). Experimental lesions in 
animals in both the striatal and prefrontal regions 
may cause hyperactivity (Lou et al. 1989). Although 
the available studies can be described as embryonic, 
at best, there is a clear indication that it is appropri-
ate for nuclear brain imaging to join the research in 
this important disorder.

14.5.2 
 Mood Disorders: Depression and 
Obsessive–Compulsive Disorder

One of the most important advances in childhood 
neuropsychiatric disorders is simply the acknowl-
edgement and understanding that mood and anxiety 
disorders do occur in young children and should be 
treated seriously when they exist. Functional brain 
imaging has shown great promise in the investiga-
tion of mood disorders. Decreased perfusion and 
metabolism has been demonstrated by SPECT and 
PET in the left prefrontal cortex and limbic areas, 
most notably in recurrent or chronic depression. In 
contrast, patients with transient or normal sadness 
demonstrate increased activity in the same areas 
when they are asked to recollect sad events (Risch 
1997). This supports the theory that this activated 
circuitry in normals persists when it becomes 
chronic and ultimately burns out. Functional imag-
ing in depression in adults most frequently demon-
strates decreased perfusion in the temporal, frontal, 
and parietal areas. There is a significant shortage of 
studies in children in whom depression is now well 
recognized. Applying adult criteria to children may 
be completely erroneous as changes in brain activ-
ity may fluctuate during the course of an affective 
illness as well as during normal brain development 
(Risch 1997; O’Tauma et al. 1999).

The same caution applies to OCD which occurs 
in adults and children but has mainly been studied 
in adults. This disorder is not uncommon in chil-

dren and teenagers and can be debilitating by virtue 
of intrusive and disturbing obsessive ideation and 
compulsive behaviors. As in other neuropsychiat-
ric illnesses, a biologic or biochemical basis is sus-
pected, although it is not known where this occurs 
or what its exact nature is. Functional brain imaging 
studies suggest involvement of the basal ganglia as 
well as the orbital–frontal cortex (Swedo et al. 1989; 
O’Tuama et al. 1999).

14.5.3 
Tourette Syndrome

Tourette syndrome is a neuropsychiatric disorder 
that presents with motor and vocal tics most promi-
nently along with frequent associations with ADHD, 
obsessive-compulsive disorder, and other disturb-
ing behavioral symptoms. Both SPECT and FDG 
PET studies have demonstrated hypoperfusion in 
frontal and temporal lobes and basal ganglia regions 
(Lampreave et al. 1998; Sieg et al. 1993). As in the 
other conditions discussed herein, the ages of the 
patients can confound results with changes due to 
maturity and/or evolution of the disease with or 
without co-morbid features. Data from older age 
groups should not be assumed to apply to children 
in general, but they certainly suggest that theory-
based studies applied to children may be helpful. 
As in other disorders the observed hypoperfusion is 
assumed to be linked to decreased neuronal activity. 
Improvement observed with neuroleptic treatment 
may be due to decreased hyperactivity in the dopa-
minergic system leading to clinical improvement 
(Lampreave et al. 1998).

14.5.4 
Autism

Autism currently referred to as autistic spectrum or 
pervasive developmental disorders is a wide-rang-
ing gamut of deficits involving verbal and non-
verbal behaviors. Pervasive developmental disor-
ders includes autistic disorder, Asperger syndrome, 
and Rett syndrome among others (O’Tuama et al. 
1999; Filipek 1999).

Rett’s syndrome is a well-known but rare neuro-
degenerative disorder which affects very young chil-
dren, and is only seen in girls. In an effort to better 
understand the biological basis for this tragic dis-
order, PET studies have been performed using FDG 
and D2 receptors agonists, although conclusions are 
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hampered by the small number of subjects. Naidu 
et al. (1992) demonstrated decreased activity in the 
occipital cortex in association with slightly increased 
activity in the frontal cortex. Yoshikawa et al. (1991) 
studied six patients and suggest that impaired oxi-
dative metabolism exists in Rett syndrome. Using 
15O2 PET they found that the cerebral metabolic rate 
of oxygen was decreased in five patients and oxygen 
extraction fraction in four when compared with 
three normal controls. Both measures declined with 
advancing age. The loss of hyperfrontality is also 
stressed in a study with 13 patients (Lappalainen 
et al. 1997). SPECT-ECD brain imaging confirms 
decreased perfusion in the frontal and fronto-pari-
etal cortical areas (Burroni et al. 1997). These per-
fusion abnormalities become more marked in the 
later stages of the disease. In general, the perfusion 
abnormalities precede abnormal findings on MRI.

Gross brain anatomy in subjects with autism is 
generally normal and neuroimaging studies are 
inconsistent or inconclusive. The relationship of cor-
tical migration abnormalities to this spectrum of dis-
orders, if any, is not yet known. MRI studies in high 
functioning adults with autism, known as Asperger 
syndrome, have demonstrated abnormalities includ-
ing polymicrogyria, macrogyria, and schizencephaly 
without a predilection for a particular region in the 
brain (Filipek 1999; Chakos et al. 1998). Findings 
from neuropathological and neuroimaging studies in 
groups of patients with autism can be generally sum-
marized as: increased brain volume with patients 
demonstrating increased head circumference when 
compared both with normals and patients with other 
developmental abnormalities; impaired function at 
the corpus callosum; and impaired frontal lobe func-
tion and abnormalities in the areas of the mind where 
socialization responses and understanding occurs 
(Filipek 1999; Deb and Thompson 1998). Data from 
activation studies would be of potential value in 
investigating social responses. Data from SPECT and 
PET studies is only available for a small number of 
patients with autism many of whom are adults and 
are further hampered by lack of technical uniformity. 
Numerous findings are generally not reproduced in 
other studies (Müller et al. 1999)

Infantile autism is currently described as a 
developmental disorder for which no specific neu-
robiological or pathological correlate is defined. 
Schifter et al. (1994) evaluated retrospectively 13 
children with the diagnosis of autism having dys-
functional social interaction skills, decreased or 
abnormal verbal abilities, and abnormally limited 
interests and abilities. Unlike other studies, they 

did not exclude those with significant other abnor-
malities such as seizure disorders and mental retar-
dation. These children ranging in age from 4.5 to 
11 years were studied using FDG PET and CT or 
MRI, and no common or uniform abnormality was 
found in the group. The most frequent abnormality 
found was decreased FDG uptake and for the most 
part this existed in patients with seizure disorders. 
The authors feel justified in excluding interictal foci 
as a cause of this finding due to the multiplicity and 
multifocal nature of the abnormalities. Further-
more, they conclude that the findings support other 
work impugning neuronal migration abnormalities, 
at least in part, as a significant feature. This study 
illustrates the myriad of technical and logistical dif-
ficulties in these and related types of disorders. The 
sensitivity and specificity of the various imaging 
studies, although interesting, are far from estab-
lished but should not discourage ongoing efforts of 
nuclear physicians to better understand this disease 
and contribute potential solutions to it.

Functional neuroimaging in childhood disorders 
continues to be challenging and is complicated by the 
fact that only pooled data are available, which provides 
valuable albeit frequently inconsistent information. It 
is important to understand the large variety of issues 
to ensure that studies are performed in a manner most 
likely to enhance and complement ongoing advances 
in cognitive research, genetics, and therapies. Defining 
subject groups is difficult and made worse by frequent 
overlay of more than one disorder. Control groups are 
often not available in children and subject groups to 
date are very small. When radionuclide studies are 
performed, there is variation in scanning techniques, 
methods of analysis, and activation protocols. None 
of these factors should discourage informed investiga-
tors from further pursuing functional brain imaging 
research in children.
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15.1 
Production of Radiopharmaceuticals, 
Quality Control and Availability

Radionuclides used in nuclear medicine are mostly 
artificial ones. They are primarily produced in a 
reactor or cyclotron and supplied by commercial 
companies to individual nuclear medicine depart-
ments and institutions. On the other hand, some 
radionuclides, in particular short-lived ones, are 
available at any time due to the availability of 
appropriate radionuclide generators. By far the 
most important generator in nuclear medicine is the 
99Mo/99mTc generator, which has led to the almost 
unlimited availability of 99mTc. Together with the 
excellent radiation characteristics of 99mTc and the 
commercial availability of efficient and licensed 
labeling kits, this generator lies at the base of con-
temporary nuclear medicine practice.

The very short-lived positron-emitting radio-
nuclides used in clinical PET [11C (t½ = 20.38 min), 
13N (t½ = 9.96 min) and 15O (t½ = 122.2 s)] are only 
available at or near institutions which have cyclo-
tron facilities and can not be supplied to remote 
institutions or hospitals due to their rapid decay. 
Since facilities with a cyclotron and radiochemistry 
laboratory are expensive, they are not evenly spread 
worldwide, although their number has increased 
significantly in recent years.

A steadily growing number of PET centers per-
forms clinical imaging but does not have a cyclotron. 
These sites are mostly limited to the use of radio-
tracers labeled with fluorine-18 (t½ = 109.8 min), 
provided by nearby facilities. Currently, mainly 18F-
fluorodeoxyglucose (18FDG) is produced in these 
facilities, increasingly under ‘good manufacturing 
practice’ (GMP) conditions, and dispensed to PET 
imaging facilities in the area. It can be foreseen that 
soon other fluorine-18 labeled PET radiopharma-
ceuticals will be distributed through the logistic 
channels that have been set up for 18FDG distribu-
tion. There is a growing interest in using PET radio-
pharmaceuticals labeled with gallium-68, a radio-
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nuclide available from a germanium-68/gallium-68 
generator (Hoffend et al. 2004; Meyer et al. 2004; 
Nakayama et al. 2003).

Incorporation of the cyclotron-produced PET 
radionuclides into radiopharmaceuticals is per-
formed using dedicated radiochemistry synthesis 
modules. These units are designed as closed sys-
tems to minimize radiation exposure, are computer 
controlled and operate fully automatically. Quality 
control of the end-products can be performed using 
radio GC or radio HPLC and should be carried out 
under the supervision of a qualified person.

15.2 
Perfusion Agents

15.2.1 
Myocardial Perfusion Imaging Agents

Mainly because of the nearly optimal physical prop-
erties of the radionuclide, 99mTc-labeled perfusion 
agents offer several advantages over 201TlCl for myo-

cardial perfusion imaging. Currently, 99mTc-labeled 
sestamibi and 99mTc-tetrofosmin are in routine clini-
cal use. Each of these agents is a lipophilic mono-
ionic cation (Fig. 15.1) and can be prepared in a 
nuclear medicine department using commercially 
available freeze-dried kits (Tables 15.1 and 15.2).

99mTc-sestamibi is a complex of Tc(I) with six 
molecules of 2-methoxy-2-isobutylisonitrile (MIBI). 
The labeling kit contains the isonitrile metal bind-
ing ligand as its Cu(I) complex to reduce toxicity, 
volatility and the foul odor of the isonitrile and allow 
lyophilization (Ramalingam 1989; Iqbal et al. 1989; 
Sachdev et al. 1990). The heating step during label-
ing is required to lower the oxidation state of Tc to +1, 
and to effect ligand exchange from [Cu(I)(MIBI)4]+ 
to [Tc(I)(MIBI)6]+. It has been shown (Crombez 
et al. 1991; Hung et al. 1991) that 99mTc-MIBI can 
also be prepared simply and efficiently by just heat-
ing the Cardiolite (DuPont Pharmaceutical, Medi-
cal Imaging Division, North Billerica, MA) vial for 
10–13 s in a microwave oven after addition of the 
99mTc generator eluate. However, extreme caution 
in applying this technique is required as incidents 
of breakage of 99mTc-MIBI vials during the micro-

Table 15.1. Properties of the commercially available labeling kits for preparation of 99mTc-labeled myocardial perfusion imaging 
agents

Brand name of labeling kit Cardiolite Myoview

Manufacturer Bristol-Myers Squibb Medical Imaging GE Healthcare (Amersham Health)
Chemical name of the ligand 2-methoxy-2-isobutyl isonitrile (MIBI) 1,2-bis [bis(2-ethoxyethyl)-phosphino]ethane or 

tetrofosmin
Other names of 99mTc-complex 99mTc-sestamibi

99mTc-hexamibi

99mTc-tetrofosmin

Composition of labeling kit Cu(MIBI)4BF4 01.0 mg
SnCl2.2H2O 00.075 mg
L-cysteine HCl H2O  01.0 mg
Sodium citrate 2H2O 02.6 mg
Mannitol 20.0 mg

Tetrofosmin 0.23 mg
SnCl2.2H2O 0.030 mg
Disodium sulfosalicylate 0.32 mg
Sodium D-gluconate 1.0 mg
Sodium hydrogen carbonate 1.8 mg
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wave heating process have been reported (Hung and 
Gibbons 1992). The function of individual compo-
nents in the Cardiolite kit formulation has not been 
described, but it can be assumed that citrate is pres-
ent as a buffer, cysteine forms a temporary chelate 
with reduced technetium, and mannitol serves as a 
filler and ‘accelerator’ (Tweedle 1983).

99mTc-tetrofosmin is a 99mTc(V)dioxo-phosphine 
cation which can be prepared by simple addition of 
99mTc generator eluate to the labeling vial. After incu-
bation at room temperature for 15 min, the radio-
chemical purity (RP) of the labeled product exceeds 
95% (Higley et al. 1993). Gluconate, present in the 
kit, is necessary to keep technetium in a +5 oxidation 
state after reduction by forming a relatively weak 
99mTc-gluconate intermediary complex. Sulfosali-
cylic acid presumably accelerates ligand exchange 
from 99mTc(V)gluconate to 99mTc(V)dioxo-tetrofos-
min. The radiopharmaceutical can be administered 
up to 8 h post-reconstitution (radiochemical purity 
>90%).

To assess the radiochemical purity of the 99mTc-
labeled agents, simple quality control procedures 
(thin layer chromatography or separation on a 
SepPak-cartridge) are proposed by the manufactur-
ers. Using the appropriate stationary and mobile 
phase (Table 15.3), the amounts of 99mTc-complex, 
99mTcO4

- and 99mTcO2 can easily and rapidly be 
determined.

Although the images obtained with these tracer 
agents are generally similar, there are differences 

in the myocardial kinetics and body distribution. 
Unlike 201TlCl, the 99mTc-labeled perfusion agents 
accumulate in the myocardium by passive diffu-
sion and are not transported by the Na+-K+-ATPase 
enzymatic pump and none of the 99mTc-labeled 
agents redistributes. Myocardial uptake for each of 
the tracer agents is proportional to blood flow and 
amounts at 60 min post injection to about 1.0 % of 
injected dose for 99mTc-MIBI (Wackers et al. 1989) 
and 1.2% for 99mTc-tetrofosmin (Higley et al. 1993) 
at rest and 1.4 % and 1.1 %, respectively, during exer-
cise. Heart to lung and heart to liver ratios of the two 
99mTc-labeled agents are presented in Table 15.4.

Whereas these 99mTc-labeled agents were origi-
nally developed as myocardial perfusion agents, 
they have been reported to be substrates for P-glyco-
protein (Pgp), the product of the human multidrug 
resistance gene (MDR1), which confers resistance to 
drugs by transporting cytotoxic agents out of cells 
(Piwnica-Worms et al. 1993; Ballinger et al. 1996, 
1997). As a consequence, they can be used for func-
tional imaging of multidrug resistance in tumors.

Both 99mTc-MIBI (for this indication marketed 
under the brand name Miraluma;  Bristol-Myers 
Squibb Medical Imaging, North Billerica, MA) and 
99mTc-tetrofosmin (Myoview; GE Healthcare) have 
been found useful as a second line diagnostic radio-
pharmaceutical after mammography to assist in the 
evaluation of breast lesions in patients with an abnor-
mal mammogram or a palpable breast mass (Cayre 
et al. 2004; Spanu et al. 2002). Uptake of these trac-

Table 15.2. Guidelines for labeling and characteristics of 99mTc-labeled myocardial 
perfusion imaging agents

99mTc-MIBI 99mTc-Tetrofosmin

Oxidation state of 99mTc +1 +5
Charge of the complex +1 +1
Incubation 10 min 100ºC 15 min room temperature
Maximum activity 5.56 GBq 8.8 GBq
Volume 1–3 ml 4–8 ml
Eluate restrictions None Generator last eluted within 72 h

Eluate not older than 6 h
pH after reconstitution 5.5 7.5–9.0
Stability after reconstitution 6 h 8 h

Table 15.3. Systems proposed by the manufacturer for rapid quality control of 
99mTc-labeled myocardial perfusion imaging agents

99mTc-MIBI 99mTc-Tetrofosmin

TLC TLC
Stationary phase Baker-Flex aluminum oxide Gelman ITLC/SG
Mobile phase Ethanol Acetone/dichloromethane (35/65)
99mTc-complex Rf = 1 Rf = 0.2–0.8
99mTcO4- Rf = 0 Rf = 1
99mTcO2 Rf = 0 Rf = 0
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ers (low versus high) discriminates breast tumors 
with different histopathological characteristics and 
prognosis. The mechanism of localization of these 
cationic compounds in various types of breast tissue 
(e.g., benign, inflammatory, malignant, fibrous) has 
not been established.

15.2.2 
Brain Perfusion Imaging Agents

Although in recent years no new radiopharmaceu-
ticals for brain perfusion imaging have emerged, 
considerable efforts have been made in this field 

to improve some technical aspects regarding their 
preparation and stability and to ascertain and com-
pare the individual value of the established radio-
pharmaceuticals, namely 99mTc-labeled d,l-HM-PAO 
and 99mTc-l,l-ECD (Fig. 15.2, Table 15.5).

99mTc-labeled d,l-HM-PAO (generic name = 99mTc-
exametazime) can be prepared by reconstitution of the 
commercially available Ceretec kit (GE Healthcare) 
with generator eluate. However, to ensure adequate 
radiochemical purity of the resulting 99mTc-prepara-
tion, severe restrictions are imposed by the manufac-
turer on the volume, radioactivity concentration and 
age of the generator eluate and the total radioactiv-
ity added to the kit. Moreover, due to the chemical 
instability of 99mTc-d,l-HM-PAO (conversion of the 
lipophilic primary complex to a more hydrophilic 
secondary complex or directly to 99mTcO4

-), the prep-
aration should be administered within 30 min after 
reconstitution. Eluate age and radioactivity concen-
tration influence the level of oxidants formed through 
radiolysis. Due to the low amount of stannous ion in 
the kit (7.6 µg SnCl2.2H2O at the time of formulation 
of the kit), only very small amounts of oxidants can 
be tolerated. In addition, the primary complex is also 
susceptible to radiolysis (Tubergen et al. 1991) which 
explains the radioactivity concentration restrictions.

Table 15.5. Properties of the commercially available labeling kits for preparation of 99mTc-labeled brain perfusion imaging 
agents

d,l-HM-PAO l,l-ECD

Brand name of kit Ceretec Neurolite
Manufacturer GE Healthcare (Amersham Health) Bristol-Myers Squibb Medical Imaging
Chemical name of ligand [RR,SS]-4,8-diaza-3,6,6,9-tetramethylundecane-

2,10-dione bisoxime
N,N’-2-ethylenediylbis-l-cysteine diethyl ester

Other names of ligand Exametazime
Hexamethyl propylene amine oxime
d,l-HM-PAO

Bicisate
l,l-ethylcysteinate dimer
l,l-ECD

Composition of labeling kit exametazime 0.5 mg
SnCl2.2H2O 7.6 µg
NaCl 4.5 mg

A: ECD.2HCl 00.9 mg
 SnCl2.2H2O 00.072 mg
 Na2EDTA.2H2O 00.36 mg
 mannitol 24 mg
B: Phosphate buffer pH 7.2–8.0

Table 15.4. Heart to lung and heart to liver activity ratios at 
rest and during exercise at different time points after injec-
tion of 99mTc-labeled myocardial perfusion imaging agents in 
humans

99mTc-Tetrofosmin 99mTc-MIBI

Rest Exercise Rest Exercise

15 min H/lung 1.9 ± 0.2 1.9 ± 0.3 - -
H/liver 0.7 ± 0.1 1.2 ± 0.3 - -

30 min H/lung 2.0 ± 0.4 2.2 ± 0.5 2.2 ± 0.1 2.3 ± 0.2
H/liver 1.0 ± 0.2 1.4 ± 0.3 0.5 ± 0.1 1.4 ± 0.2

60 min H/lung 2.1 ± 0.3 2.1 ± 0.4 2.4 ± 0.1 2.4 ± 0.2
H/liver 1.3 ± 0.4 1.6 ± 0.4 0.6 ± 0.1 1.8 ± 0.3
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To overcome these severe restrictions, several 
procedures for stabilization of the primary 99mTc-
d, l-HM-PAO complex have been reported (Hung 
et al. 1989; Ballinger and Gulenchyn 1991; Bill-
inghurst et al. 1991; Sampson and Solanki 1991; 
Anon 1989; Lang et al. 1989). Two efficient stabi-
lization methods merit special attention. Weisner 
et al. (1993) described a method for stabilizing 
1.11 GBq-99mTc-d,l-HM-PAO preparations by addi-
tion of 200 µg cobalt chloride hexahydrate in 2 ml 
water shortly (within 2 min) after reconstitution of 
the kit with pertechnetate. In this way, a prepara-
tion is satisfactory up to 5 h after reconstitution. 
Mang’era et al. (1994) studied this method in more 
detail and found that also high activity preparations 
(up to 5.55 GBq) can be stabilized using this method. 
Radiochemical purity (% of primary lipophilic com-
plex) exceeds 85% and clinical usefulness for both 
brain perfusion and white cell labeling is retained 
up to 6 h after reconstitution. As a consequence, it 
is possible to prepare a multi-dose preparation of 
99mTc-d, l-HM-PAO.

In the US, the package insert of Ceretec kits 
prescribes stabilizing the reconstituted 99mTc-d,l-
HM-PAO preparation with methylene blue and 
adjustment of the pH with phosphate buffer. For 
this purpose, a complete labeling set comprises 
the labeling vial with the exametazime ligand plus 
stannous chloride, a vial of methylene blue injection 
USP 1% and a vial of 0.003 M monobasic sodium 
phosphate USP and dibasic sodium phosphate 
USP in 0.9 % sodium chloride injection USP. Up to 
2.00 GBq (54 mCi) 99mTc-pertechnetate may be used 
for reconstitution of the kit. For brain imaging when 
using the stabilizing protocol, generator eluate less 
than 30 min old should be used; for white blood cell 
labeling, generator eluate less than 2 h old should be 
used. The final radiopharmaceutical preparation 
with methylene blue stabilizer may be used up to 4 h 
after the time of reconstitution.

Unlike 99mTc-d,l-HM-PAO, 99mTc-labeled l,l-
ethylene cysteine dimer (99mTc-l,l-bicisate) is a 
chemically stable 99mTc-complex which can be used 
up to 8 h after reconstitution of the commercially 
available Neurolite kit (Bristol-Myers Squibb). In 
the kit, ethylene cysteine dimer (ECD) is supplied 
in the form of the dihydrochloride for reasons of 
stability. Because a neutral pH is required to enable 
efficient labeling, a phosphate buffer pH 7.2–8.0 is 
supplied in a separate vial. The standard procedure 
for preparation of 99mTc-l,l-ECD, as described by 
the manufacturer, involves the following manipu-
lations:

• Add 3.7 GBq generator eluate in 2 ml NaCl 0.9% to 
vial B (phosphate buffer)

• Add 3 ml NaCl 0.9% to vial A (containing 
ECD.2HCl + SnCl2.2H2O + additives) and mix

• Within 30 s, add 1 ml of the solution in vial A to 
vial B and mix

• Incubate for 30 min

The need for a rather long incubation period 
(30 min) is apparently caused by the formation of a 
weak intermediate complex between reduced 99mTc 
and mannitol which slowly converts to 99mTc-l,l-
ECD (Mang’era et al. 1996). In order to shorten 
the preparation time, alternative procedures for 
preparation of 99mTc-l,l-ECD have been evalu-
ated. Hung et al. (1997) found that a 97.4% ± 0.5% 
radiochemical purity (RCP) could be obtained after 
an 8–s microwave heating time at 300 W (solution 
temperature at 69°C) and an average RCP value of 
96.4% was maintained throughout the 24–h evalua-
tion period. To prevent the possibility of radioactiv-
ity spillage caused by either ejection of the rubber 
stopper or shattering of the glass vial (Hung and 
Gibbons 1992), an acrylic plastic container should 
be used or, alternatively, incubation in a water bath 
at 69°C can replace the microwave heating. However, 
in the latter case, the time gain is more limited.

Because of its higher stability, 99mTc-bicisate 
is the agent of choice for subtraction ictal SPECT 
coregistered with MRI (SISCOM) to localize the ictal 
onset zone after self-injection by patients with medi-
cally refractory epilepsy (Oliveira et al. 1999; van 
Paesschen et al. 2000; van Paesschen 2004).

15.2.3 
Lung Ventilation Imaging Agents

Radioactive gases with suitable physical characteris-
tics for use as ventilation imaging agents are limited 
to xenon-133 and krypton-81m. Aqueous aerosols of 
technetium-99m have been widely developed and 
refined as replacement for these gases, but suffer 
from practical limitations such as suboptimal par-
ticle size and specific activity. Burch et al. (1984, 
1986a,b) developed a technique to produce an ultra-
fine dispersion of 99mTc-labeled carbon particles 
which can be considered as a pseudogas and is called 
Technegas. After inhalation, Technegas is distrib-
uted in the lungs in proportion to regional ventila-
tion (Lemb et al. 1993). It does not show central 
deposition nor mucociliary clearance. Technegas is 
produced using a commercially available generator 
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by heating pertechnetate solution with high specific 
activity (2.6–4.0 GBq/ml) in a crucible of ultrapure 
(≥ 99.99%) graphite at 2500°C. During this heating 
step, argon is present (and is consequently inhaled 
by the patient) to provide a non-reactive, inert shield 
around the crucible. No evidence has been reported 
of any compound having been formed with argon 
under any circumstances.

When Technegas is prepared in a mixture of 97% 
argon and 3% oxygen, a pseudogas ‘Pertechnegas‘ is 
formed. Whereas Technegas particles remain in the 
lungs for a long period of time, Pertechnegas rap-
idly disappears with a clearance half-life similar to 
that of pertechnetate aerosol (Tominaga et al. 1995; 
Burch and Browitt 1996; Scalzetti and Gagne 
1995). Pertechnegas has been reported to be useful 
for examining the integrity of the alveolar capillary 
membrane (Monaghan et al. 1991) and for identi-
fying individuals with opportunistic infection or 
other diffuse lung pathology.

The exact size and structure of the ultrafine 
carbon particles is difficult to determine. Some 
authors assume that Technegas might consist of 
small bucky balls (Burch et al 1986a; Mackey et 
al. 1994) compatible with the buckminsterfullerene 
model C60 in which 99mTc atoms are trapped. Most 
results suggest now that Technegas and Pertechne-
gas contain 99mTc-labeled agglomerated graphite 
particles in the size range of 60–160 nm.

In a comparison of Technegas, krypton-81m gas 
and a 99mTc labeled aerosol as lung ventilation tracer 
agents, Rizzo-Padoin et al. (2001) conclude that 
ventilation scintigraphy using krypon-81m clearly 
yields images with the highest quality, followed by 
Technegas scintigraphy, but the use of krypton-
81m gas is only affordable in terms of cost if at least 
four patients are examined daily. In a similar com-
parison of 81mKr and Technegas, Hartmann et al. 
(2001) conclude that Technegas does not result in 
more false-positive V/Q lung scan results. The use 
of Technegas, however, increases the number of 
nondiagnostic V/Q lung scan results, which would 
increase the demand for further additional testing 
to confirm or refute pulmonary embolism.

15.3 
Metabolism Agents

Metabolic imaging requires natural or exogenous 
radiolabeled substrates which participate in a meta-
bolic process. The design of such tracers is based on 

physiological concepts such as turnover of oxygen, 
glucose, amino acids, fatty acids or DNA precur-
sors.

Whereas labeling of candidate tracer agents with 
11C can result in an unchanged substrate, labeling 
with 18F and especially with 123I necessitates chemi-
cal changes (F for H, F for OH, alkyl fluoride for H, I 
for H, I for OH, I for CH3) which can alter the physi-
ological properties of the tracer molecule due to 
steric and electronic effects. For labeling with 99mTc, 
the necessity to incorporate a bifunctional chelat-
ing moiety renders it extremely difficult to predict 
preserved specificity for the metabolic process. As 
a consequence, examples of metabolic imaging with 
99mTc-labeled tracer agents are rather scarce.

15.3.1 
Glucose Metabolism

2-Fluoro-2-deoxy-D-glucose (2-18F-FDG; Fig. 15.3), 
the work horse in clinical PET, is used for the evalu-
ation of glucose metabolism. The energy metabo-
lism of the brain is exclusively based on oxidation 
of glucose whereas the heart uses nonesterified fatty 
acids as primary substrate for energy production 
and only glucose in the case of low plasma levels of 
fatty acid. However, after feeding or glucose loading, 
glucose becomes the primary substrate. In addition, 
also tumor cells show a higher glucose consumption 
compared with normal tissues.

In most departments with dedicated radiochem-
istry facilities, 18F-FDG is prepared by a nucleophilic 
displacement reaction of 18F-fluoride on 1,3,4,6-
tetra-O-acetyl-2-O-trif luoromethane-sulfonyl-β-
D-mannopyranose followed by acidic or (now more 
frequently) alkaline hydrolysis of the acetyl esters 
(Hamacher et al. 1986).

After administration, FDG is taken up in the cells 
where it is phosphorylated by hexokinase to FDG-
6-phosphate. FDG-6-phosphate is not a substrate 
for glycolysis and is not further metabolized but 
remains trapped in the cells for several hours. The 
blood clearance is triexponential with components 
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having half-lives of 0.2–0.3 min, 11.6±1.1 min, and 
88±4 min (Phelps et al. 1978). The brain uptake in 
dogs is 2%–3.5% at 120 min (Gallagher et al. 1977) 
whereas the uptake in the myocardium is about 
1%–4%.

Despite an intensive search (e.g. Henry et al. 
1995; Dumas et al. 2001, 2003), at this moment no 
sugar derivative labeled with either 123I or 99mTc is 
available as a SPET substitute for 18F-FDG.

15.3.2 
Amino Acid Metabolism

Radiolabeled amino acids could be important tools 
for the quantitative assessment of protein synthesis 
rate. This would allow diagnosis of various neuro-
logical diseases as well as tumor evaluation (diag-
nosis, tumor grading and prognosis and therapy 
monitoring). Radiolabeled amino acids pass the 
blood–brain barrier and are accumulated in tissues 
via a specific amino acid transport system. l-11C-
methyl-methionine (Fig. 15.4) is the most widely 
used labeled amino acid because of the ease, reli-
ability and high yield of its preparation (Berger 
et al. 1979; Langström et al. 1987). However, in 
the cells, the labeled methyl group is transferred to 
a large number of non-protein acceptor molecules 
such as lipids and nucleic acids (Ishiwata et al. 
1988). As a consequence, the non-protein metabo-
lism is too complex to allow accurate calculation of 
protein synthesis rate.

It was found that the accumulation of amino acids 
in cells is dominated by their cellular transport by 
specific amino acid transporters and that irrevers-
ible trapping due to incorporation into proteins is 

of lesser importance (Wienhard et al. 1991). There-
fore, also amino acid analogs which are a substrate 
for amino acid transporters but are not incorporated 
into proteins can be used for tumor visualization. In 
view of the longer half-life of fluorine-18, enabling 
distribution to satellite PET centers, several fluo-
rine-18 labeled amino acid analogs have thus been 
evaluated as brain tumor tracers.

In a comparative study, the uptake of O-(2-
[18F]fluoroethyl)-L-tyrosine (FET) in brain tumors 
was found very similar to that of l-[11C-methyl]-
methionine (Weber et al. 2000). FET can be prepared 
in a high yield (40%) by nucleophilic substitution 
with [18F]fluoride on ethylene glycol-1,2-tosylate, 
yielding [18F]fluorethyltosylate, which is reacted 
with L-tyrosine (Wester et al. 1999). Alternatively, 
FET can be prepared by nucleophilic fluorination of 
O-(2-tosyloxyethyl)-N-trityl-L-tyrosine t-butyles-
ter, followed by removal of the trityl and ester pro-
tecting groups in acidic conditions (Hamacher and 
Coenen 2002).

For SPET studies, l-3-123I-iodo-α-methyltyrosine 
(123I-IMT) can be considered (Kloss and Leven 
1979). There is evidence suggesting that IMT is also 
accumulated in the brain via a specific facilitating 
l-amino acid transport system. The carrier system 
for large neutral amino acids which also transports 
non-iodinated α-methyltyrosine is likely to be 
involved (Pardridge 1977). In analogy with FET, 
IMT is not incorporated into proteins (Langen et al. 
1990) and its uptake only reflects amino acid trans-
port (Kawai et al. 1991; Langen et al. 1991). IMT 
can be prepared by electrophilic substitution via in 
situ oxidation of 123I-iodide by chloramine-T, hydro-
gen peroxide, iodogen or iodate with radiochemical 
yields of 70%–80%.

HO

NH2

CH3

COOH
123

I COOH

NH2

H

O18F

Fig. 15.4a-f. Structures of radiolabeled amino acids: L-11C-methyl-methionine (a), L-[1-11C]methionine (b), L-[1-11C]tyrosine 
(c), L-[1-11C]leucine (d), L-[3-123I]iodo-α-methyltyrosine (e) and O-(2-[18F]fl uoroethyl)-L-tyrosine (f)
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15.3.3 
Nucleosides Metabolism

In analogy with FDG, nucleosides or nucleoside 
analogs can be transported across the cell mem-
brane by selective transporters (either equilibrative 
or concentrative) and can then be phosphorylated 
intracellularly by specific kinases to the correspond-
ing mono-, di- or triphosphate derivatives and ulti-
mately they can be incorporated into DNA.

As thymidine kinase 1 (TK1) shows an S-phase 
dependent expression, the intracellular accumula-
tion of labeled nucleosides that are substrates for 
TK1 reflects DNA synthesis and thus tumor prolif-
eration.

Since incorporation of [3H]thymidine ([3H]TdR) is 
the gold standard for in vitro tumor cell proliferation, 
both methyl[11C]thymidine and 2-[11C]thymidine 
(Vander Borght et al. 1992) have been explored as 
PET tracers but they suffer from rapid in vivo deg-
radation by thymidine phosphorylase in plasma, 
resulting in a number of labeled metabolites and a 
low tumor uptake. As the presence of a 2’ or 3’ fluo-
rine atom prevents the degradation of nucleosides 
by thymidine phosphorylase, several fluorine sub-
stituted nucleosides have been evaluated (Fig. 15.5). 
Grierson et al. (2004) compared the uptake and 
retention characteristics of thymidine with those of 
18F-labelled  FLT (3’-deoxy-3’-[18F]fluorothymidine, 
FMAU (2’-arabino-fluoro-5-fluoromethyl-2’-deoxy-
uridine) and FIAU (2’-arabino-fluoro-5-iodo-2’-
deoxyuridine). FLT lacks a hydroxyl group in the 
2’ position and is not incorporated into DNA in 
contrast to FMAU and FIAU which, however, have 
a lower affinity for TK1 resulting in a lower cellular 
retention compared to FLT. The uptake of FLT still 
remains a factor of 7 lower than that of thymidine.

FLT is transported in the cell by the equilibrative 
transporter hENT and in detailed analysis showed 
that FLT is initially retained in the cell as its mono-
phosphate and at later time points as its mono- and 
triphosphate (Grierson et al. 2004).

Patient studies have shown that FLT shows 
uptake in bone marrow and liver and in a variety 
of tumors, although generally to a lower extent 
as compared to FDG (Mier et al. 2002). FLT can 
be synthesized by nucleophilic fluorination of 
different precursors including 5’-O-(4,4’-dime-
thoxytrityl)-2,3’-anhydrothymidine and 3-N-Boc-
1-[5-O-(4,4’-dimethoxytrityl)-3-O-nosyl-2-deoxy-
β-D-lyxofuranosyl]thymine followed by the removal 
of the protecting groups in acidic conditions 
(Martin et al. 2002).

Nucleoside derivatives that are selective sub-
strates for herpes simplex virus thymidine kinase 
(HSVtk) have been developed for the in vivo visu-
alization of transgene expression using the HSVtk 
gene as a reporter gene. Two classes of substrates 
were developed: radioiodine labeled uracil deriva-
tives (e.g. 2’-fluoro-2’-deoxy-1-β-D-arabinofurano-
syl-5-[124I]iodouracil, FIAU) and fluorine-18 labeled 
acyclo guanosine derivatives (e.g. 9-(4-[18F]fluoro-
3-hydroxymethylbutyl)guanine, FHBG, Fig. 15.5.d).

FHBG is prepared by nucleophilic fluorination 
of N2-monomethoxytrityl-9-[(4-(tosyl)-3-monome-
thoxytrityl-methylbutyl]guanine and subsequent 
deprotection of the methoxytrityl groups in acidic 
conditions (Shiue et al. 2001).

FIAU can be labeled with fluorine-18 (Mangner 
et al. 2003) or with radioiodine, for which both 131I 
(Tjuvajev et al. 2002) and 124I (β+ emitter, half life 
4.15 days, Bengel et al. 2003) have been used.

15.3.4 
Hypoxia Imaging

Whereas up to now perfusion agents were often used 
to identify tissues with reduced flow and hence, 
reduced delivery of oxygen, a marker of decreased 
intracellular oxygen tension would be an effective 
indicator of tissue that is viable but dysfunctional 
(hypoxic tissue). Visualization of hypoxia in tumors 
can be predictive for response to therapy. Most 

Fig. 15.5a-d. Structures of radiolabeled nucleosides and nucleoside analogs FLT (a), FMAU (b), FIAU (c) and FHBG (d)
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hypoxia markers contain a nitroimidazole moiety 
as the reactive chemical species. Nitroimidazoles are 
reduced intracellularly in all cells, but in the absence 
of an adequate supply of oxygen, they undergo fur-
ther reduction to more reactive products which bind 
to cell components. In this way, they are trapped in 
hypoxic tissue (for a review, see Ballinger 2001).

Fluoromisonidazole (FMISO, Fig. 15.6) is a fluo-
rinated analogue of the chemical radiosensitizer 
misonidazole and is radiolabeled with 18F by a 
nucleophilic fluorination on a tetrahydropyranyl 
protected tosyl precursor followed by acidic depro-
tection (Grierson et al. 1989; Lin and Berridge 
1993). As [18F]FMISO shows a slow blood clear-
ance, more hydrophilic radiolabeled nitroimidazole 
derivatives have been developed such as [18F]fluor
oerythromisonidazole ([18F]FETNIM, Yang et al. 
1995; Fig. 15.6) and [18F]fluoroazomycinarabinofu
ranoside ([18F]FAZA, Sorger et al. 2003; Fig. 15.6). 
Direct comparison of [18F]FMISO and [18F]FAZA in 
a rat tumor model showed a higher tumor to muscle 
ratio for [18F]FMISO at both 1 h and 3 h p.i. despite 
a faster clearance of [18F]FAZA from muscle tissue 
(Sorger et al. 2003). Comparison of [18F]FETNIM 
and [18F]FMISO in an experimental mammary 
carcinoma model in rats showed similar tumor to 
muscle ratios which correlated with the oxygenation 
status in the tumors (Gronroos et al. 2004).

Several clinical studies aiming to visualize 
hypoxia in tumors in order to predict response 
to radiotherapy have been performed using both 
[18F]FMISO (Bruehlmeyer et al. 2004) and FETNIM 
(Lehtiö et al. 2004).

Radiocopper-labeled diacetyl-bis(N4-methyl-
thiosemicarbazone) (Cu-ATSM, Fig. 15.6) does not 
contain a nitroimidazole group but also shows spe-
cific retention in hypoxic tissue (Lewis et al. 1999). 
Several clinical studies have been performed using 

copper-60 (t½ = 24.5 min) labeled ATSM for visual-
ization of tumor hypoxia (Dehdashti et al. 2003).

Although several 99mTc-based compounds includ-
ing BMS181321, BMS194796 and 99mTc-HL91 have 
been designed and evaluated as tracer agents for 
imaging hypoxia, none of them is or has been com-
mercially available.

Iodine-123 labeled iodoazomycin arabinoside 
(IAZA) has been validated in animal models and 
tested preclinically (Stypinksi et al. 2001), but no 
clinical studies with this agent have been reported 
so far.

15.4 
Peptides and Proteins

15.4.1 
Somatostatin Receptor Tracers

Radiolabeled natural somatostatin can not be used 
as a tracer agent for visualization of somatostatin 
receptors due to the very short plasma half-life of 
the peptide (2–4 min). Therefore, analogs have been 
developed which are more stable against the action 
of peptidases.

15.4.1.1 
111In-Octreotide

One of the somatostatin analogs is octreotide, a 
cyclic octapeptide containing the physiologically 
active four-amino acid sequence (Phe-D-Trp-Lys-
Thr). In order to enable labeling of octreotide with 
111In, a diethylenetriaminepentaacetic acid (DTPA) 
molecule has been conjugated to the α-NH2 group of 
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the N-terminal D-Phe residue (Bakker et al. 1991a). 
The generic name of this conjugate is pentetreotide 
(Fig. 12.4). Labeling is performed using the com-
mercially available Octreoscan 111 kit (Mallinck-
rodt-Tyco Healthcare, St. Louis, Mo.) which consists 
of two vials. 111In-indium chloride (vial A) is added 
to vial B containing the lyophilized pentetreotide, 
after which the mixture is incubated for 30 min at 
room temperature. Labeling yield is higher than 
97% and the preparation should be used within 2 h 
after reconstitution. The pH of the reconstituted 
product varies between pH 3.5–5.0.

After intravenous administration, 111In-labeled 
pentetreotide is rapidly cleared from the blood 
(Krenning et al. 1992). Blood radioactivity 
decreases within 10 min to 33% of injected dose. 
Unlike the initially developed 123I-octreotide, which 
is eliminated to a high degree via the hepatobiliary 
system (Bakker et al. 1991b), 111In-pentetreotide is 
mainly excreted into the urine (50% of injected dose 
after 6 h, 85% after 24 h and 90% after 48 h). Up to 
4 h after injection, radioactivity in plasma and urine 
is predominantly intact 111In-pentetreotide. The rel-
atively long residence time of 111In-pentetreotide in 
the kidneys suggests that following glomerular fil-
tration, part of the label is actively reabsorbed into 
the tubules (Bakker et al. 1991c).

Because pentetreotide only binds with high affin-
ity to the somatostatin receptor subtype SSTR2, 
with moderate affinity to SSTR3 and SSTR5 and 

not to SSTR1 and SSTR4, research has continued to 
develop other somatostatin analogues, which also 
bind with high affinity to the other receptor sub-
types. Lanreotide is an octapeptide which binds 
to SSTR2 through SSTR5 with high affinity and to 
SSTR1 with low affinity. This peptide is modified 
with DOTA (Fig. 15.7) and labeled with 111In in a 
similar way as octreotide. The high-affinity binding 
of lanreotide to SSTR3 and SSTR4 makes it possible 
to visualize certain tumors such as intestinal adeno-
carcinomas which are not visualized by 111In-pente-
treotide scintigraphy (Virgolini et al. 1998).

15.4.1.2 
P587 and P829

Despite the encouraging results obtained with 
111In-labeled somatostatin analogs, a 99mTc-labeled 
SSTR-binding tracer agent is highly desirable for 
routine nuclear medicine procedures because 99mTc 
is considerably less expensive than 111In. Also, 99mTc 
provides a higher photon flux per unit of absorbed 
radiation dose and better quality images.

Diatide Inc., now a division of Berlex laboratories 
(Londonderry, NH), developed a number of synthetic 
high-affinity SSTR-binding peptides, designed for 
labeling with technetium-99m. From these peptides, 
99mTc-P587 and 99mTc-P829 (Fig. 15.8) were selected 
to enter clinical trials. These are peptides designed 
in a cyclic configuration which is not susceptible to 
reductive cleavage, in order to avoid the incompat-
ibility of having a disulfide in a molecule that is to be 
radiolabeled with 99mTc in reducing conditions. In 
the peptides, a sequence is incorporated to provide 
a donor atom set which allows stable complexation 
of technetium-99m (Vallabhajosula et al. 1996). 
Labeling is performed by ligand exchange from 
99mTc-glucoheptonate. Since the labeling sequence 
is in fact a diamide monoamine monothiolate che-
lator (P829), or a triamide thiolate chelator (P587), 
heat needs to be applied (15 min at 100 °C) to pro-
mote subtraction of the amide protons and afford 
stable 99mTc-complexes. In this way, labeling yields 
>90% can be obtained. A labeling kit for convenient 
preparation of 99mTc-P829 (which has as generic 
name technetium-99m depreotide) has been devel-
oped under the name NeoTect and clinical studies 
have been performed to establish the usefulness of 
the tracer agent (Blum et al. 2000). Imaging using 
99mTc-depreotide was found to be useful for iden-
tifying somatostatin receptor bearing pulmonary 
masses in patients presenting with pulmonary 
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lesions on CT and/or chest X-ray who have known 
malignancy or are highly suspect for malignancy.

15.4.2 
Peptides for Thrombus Imaging

Platelet activation and deposition, the initial events 
in active thrombus formation, involve expression of 
the GPIIb/IIIa receptor, which recognizes proteins 
and peptides bearing the Arg-Gly-Asp (RGD) tri-
peptide sequence.

Lister-James and co-workers (1996; Pearson et 
al. 1996) at Diatide Inc. developed a 99mTc-labeled 
GPIIb/IIIa receptor antagonist for scintigraphic 

detection of deep venous thrombosis. P280 (now 
called bibapcitide) is a small oligopeptide, con-
sisting of two identical, linked, cyclic 13-amino 
acid monomers (Fig. 15.9). Each monomer (called 
apcitide) contains a (S-aminopropyl)cysteine-Gly-
Asp tripeptide sequence which mimics the RGD-
sequence and a Cys(Acm)-Gly-Cys(Acm) tripep-
tide sequence, which forms after deprotection an 
N2S2 diamidedithiol type chelator for 99mTc-label-
ing. Because of the presence of protecting groups 
(acetamidomethyl, Acm) on the two thiol groups of 
the diamidedithiol and the presence of two amide 
protons, 99mTc-labeling of P280 requires heating at 
100°C for 15 min during this heating step, bibapcit-
ide is split and a 99mTc-apcitide complex is formed. 
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99mTc-apcitide has been approved by the FDA and 
a kit for the preparation of 99mTc-apcitide has been 
developed (AcuTect®). Besides 100 µg bibapcitide, 
each vial contains 89 µg SnCl2.2H2O for reduction 
of 99mTc-pertechnetate and 75 mg sodium gluco-
heptonate which forms an intermediary 99mTc-glu-
coheptonate complex which exchanges for apcitide 
upon heating. After administration, 99mTc-apcitide 
exhibits a fast plasma clearance and predominantly 
renal excretion which is favorable for rapid delin-
eation of thrombi. It is indicated for scintigraphic 
imaging of acute venous thrombosis in the lower 
extremities in patients with signs and symptoms of 
acute blood clots.

15.4.3 
Annexin V

Radiolabelled derivatives of Annexin V (Anx V) have 
been developed in order to enable in vivo imaging 
of apoptosis. Annexin V is a 36-kDa human pro-
tein which binds with high affinity (Kd = 7 nmol) to 
phosphatidylserine, a membrane-bound phospho-
lipid which is redistributed from the inner to the 
outer leaflet of the plasma membrane, early in the 
apoptotic process (Reutelingsperger et al. 1988; 
Martin et al. 1995).

Up to now, three 99mTc-labelled Annexin V com-
pounds, differing in the bifunctional chelating agent 
used for complexation of 99mTc, have been studied in 
humans. In 99mTc-i-Anx V (Mallinckrodt), Annexin 
V was derivatized with a monodentate n-1-imino-4-

mercaptobutyryl side chain (Kemerink et al. 2001) 
but the radiochemical purity (82%±12%) and sta-
bility of the 99mTc-i-AnxV were found to be subop-
timal.

In 99mTc-BTAP-Anx V (Apomate, Theseus Imag-
ing Corp, Cambridge, MA) the protein is modified 
with an N2S2 bis(mercaptoacetyl)diaminopentan
oyl group (Kemerink et al. 2001b), resulting in a 
stable and well-defined 99mTc-complex. However, 
99mTc-BTAP-Anx V has to be prepared through a 
preformed chelate approach which is time-consum-
ing and hardly applicable to routine use. In addition, 
after intravenous administration of the tracer agent, 
activity had already appeared in the bowel within a 
few hours, precluding imaging of apoptosis in the 
abdomen.

In 99mTc-Hynic-Anx V, the protein is modified 
with a hydrazino nicotinamide side chain (Blan-
kenberg et al. 1998; Ohtsuki et al. 1999) after which 
labeling is performed by simple addition of Sn2+ ions 
and pertechnetate in the presence of tricine as co-
ligand (Verbeke et al. 2003). Biodistribution studies 
in rats (Ohtsuki et al. 1999) and humans (Kemer-
ink et al. 2003) indicated that 99mTc-Hynic-Anx V 
is mainly excreted through the kidneys, giving it a 
clear advantage over 99mTc-BTAP-Anx V.

More recently, a 18F-labeled Annexin V deriva-
tive has been prepared using N-succinimidyl 4-
[18F]fluorobenzoate as the 18F labeling reagent 
(Murakami et al. 2004). In rats, the accumulation 
of 18F-Anx V and 99mTc-Anx V in the infarcted area 
was comparable whereas the uptake of 18F-Anx V 
in liver, spleen and kidney was significantly lower 

Fig. 15.9. Structure of the thrombus 
imaging peptide bibapcitide
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than that of 99mTc-Anx V. Data in humans are not yet 
available. An extensive review describing recently 
developed radiolabeled Annexin V derivatives 
which might have potential for in vivo use (includ-
ing annexin V labeled with carbon-11, radioiodine, 
indium-111, copper-64 and radiogallium) has been 
published by Lahorte et al. (2004).

As Theseus Imaging Corp. has stopped its activi-
ties of developing radiolabeled Annexin derivatives, 
it is not clear at this moment whether or not further 
progress in this area may be expected.

15.4.4 
Monoclonal Antibodies

Since the advent of hybridoma technology in 1975 
(Kohler and Milstein 1975), an enormous effort 
has been put into the development of radiolabeled 
monoclonal antibodies (MoAbs), mainly to be used 
as in vivo tumor localizing agents. Only a few of 
these MoAbs have reached the point of proven clini-
cal utility and have been approved for use in clinical 
diagnosis.

Capromab (Mab 7E11-C5.3) is a murine mono-
clonal antibody of the IgG1K subclass which binds 
specifically to a prostate-specific membrane gly-
coprotein (PSMA), a cell surface antigen which is 
expressed only by prostatic epithelial cells (benign 
and malignant). The antibody is labeled with 111In 
through site-specific modification of the oligosac-
charide moiety of the molecule with a linker-chela-
tor, glycyl-tyrosyl-(N,ε-diethylenetriaminepenta-
acetic acid)-lysine or GYK-DTPA (Rodwell et al. 
1986). Therefore, the carbohydrate moieties of the 
MoAb are oxidized with sodium periodate and after 
purification, the aldehyde groups are reacted with 
the α-amino group of GYK-DTPA. The Schiff base 
formed in this way is further stabilized by reduc-
tion with sodium cyanoborohydride. The resul-
tant MoAb 7E11-C5.3-GYK-DTPA is designated as 
CYT-356 or capromab pendetide. Because of the 
restricted localization of the glycosylation sites on 
immunoglobulins, this approach offers the advan-
tage of modification of the antibody at a site distal 
to the antigen combining site resulting in modified 
antibodies with the same homogeneous antigen-
binding property and affinity as the unmodified 
antibody. In addition, the antibodies can be labeled 
with a greater number of chelators without loss of 
antigen-binding capability.

The antibody conjugate is commercially available 
under the name ProstaScint (Cytogen Corp, Prince-

ton, USA). It is provided in liquid form in 1-ml single 
dose vials at a concentration of 0.5 mg/ml. Before 
adding 111In-chloride to the antibody solution, the 
isotope solution must be buffered with 0.5 M sodium 
acetate.

Indium-111 capromab pendetide is indicated for 
use in immunoscintigraphy in patients with biopsy-
proven prostate carcinoma who are at high risk for 
pelvic lymph node metastases. It is also indicated 
in patients who have undergone a prostatectomy, 
and have rising prostate-specific antigen values and 
equivocal or no evidence of metastatic disease on 
standard metastatic evaluation, but in whom there 
is a high clinical suspicion of occult metastatic dis-
ease. Immunoscintigraphy using 111In-capromab is 
not indicated as a screening test for carcinoma of the 
prostate or for readministration in order to assess 
response to treatment.

Arcitumomab is a Fab’ fragment generated from 
IMMU-4, a murine IgG1 monoclonal antibody, by 
enzymatic digestion with pepsin to produce F(ab’)2 
fragments which are further reduced to Fab’ frag-
ments. It is directed against a 200-kDa carcinoem-
bryonic antigen (CEA) that is expressed on the cell 
surface of numerous tumors, particularly of the gas-
trointestinal tract (Patt et al. 1994). The Fab’ frag-
ment is used rather than the whole antibody because 
of its more favorable pharmacokinetics (faster blood 
clearance and minimal liver uptake) and because 
it minimized the frequency of human anti-mouse 
antibody response. The rapid blood clearance of the 
Fab’ fragment makes it compatible for labeling with 
a short-lived isotope such as 99mTc and allows imag-
ing within 2–5 h after injection of the labeled anti-
body. The Fab’ fragment does not require any fur-
ther modification or derivatization before labeling 
and is able to bind up to 1.85 GBq of reduced 99mTc 
within 5 min (Hansen et al. 1990). After intrave-
nous injection, blood levels were 63%, 23% and 
7% at respectively 1 h, 5 h and 24 h after infusion. 
Because of its low molecular weight (54 kDa), elimi-
nation proceeds mainly through the kidneys with 28 
% of the radiolabel excreted in the urine over the 
first 24 h after administration.

Arcitumomab is provided as a lyophilized formu-
lation containing 1.25 mg of Arcitumomab and stan-
nous chloride (CEA-scan, Immunomedics, Morris 
Plains, USA). Labeling with 99mTc is performed by 
simple reconstitution of the contents of the vial with 
1 ml of a pertechnetate solution (1.1 GBq 99mTc) and 
incubation for 5 min at room temperature.

Imaging with 99mTc-arcitumomab, in conjunc-
tion with standard diagnostic modalities, e.g., com-
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puted tomography, is indicated to detect, locate, 
and determine the extent of recurrent and/or meta-
static colorectal carcinoma involving the liver and 
the extrahepatic abdominal and pelvic regions in 
patients with a histologically confirmed diagnosis 
of colorectal carcinoma. It also provides additional 
information in patients suspected of tumor recur-
rence or metastasis who have elevated or rising 
serum carcinoembryonic antigen (CEA) but no evi-
dence of disease by standard diagnostic methods.

Antistage specific embryonic antigen-1 (anti-
SSEA-1) is an IgM monoclonal antibody with a high 
specificity for a glycoprotein lacto-N-fucopentae-
ose-III which is expressed on human neutrophils, 
eosinophils and lymphocytes. The antigen is also 
known as CD15 (Barclay et al. 1990). Despite its 
high molecular weight of 900 kDa, this antibody 
shows a fast blood pool clearance which justifies 
labeling with the short lived 99mTc. In order to enable 
direct labeling with 99mTc, the antibody is reduced to 
generate sulfhydryl groups. The reduced antibody 
is lyophilized using maltose as a stabilizer and is 
commercially available as NeutroSpec (Mallinck-
rodt-Tyco Healthcare, St. Louis, Mo.). Labeling is 
performed by addition of 740–1480 MBq 99mTc in 
0.20–0.35 ml generator eluate and incubation for 
30 min at 37°C after which sufficient ascorbic acid 
solution (500 mg/ml, Cenolate) is added to make 
the final preparation volume up to 1 ml. Thakur 
et al. (1996) found that after intravenous injection 
of 99mTc-fanolesumab, 15%–50% of the adminis-
tered dose was associated with polymorphonuclear 
neutrophils (PMNs) whereas the activity associ-
ated with lymphocytes, platelets and erythrocytes 
was generally low. This is considerably higher as 
compared to another 99mTc-labeled monoclonal 
antibody BW 250/183 where only 3%–10% of the 
administered dose was associated with PMNs. The 
high affinity of anti-SSEA-1 for human PMNs (Kd 10-

11 M) together with the fast blood clearance may be 
the primary reason for the excellent image quality. 
99mTc labeled fanolesumab is indicated for imaging 
equivocal appendicitis in patients 5 years or older.

15.5 
Neurotransmitter Receptor and Transporter 
Tracers

Scintigraphic imaging and especially positron emis-
sion tomography (PET) are powerful non-invasive 
techniques in clinical research to detect, using suit-

able radioligands, functional receptors and bind-
ing sites at low (nM) concentrations. In this way, 
the relationship between changes in receptor or 
binding site occupancy or concentration and the 
progress of certain diseases can be elucidated. In 
current research, interest has been shown mainly 
in peptide receptor tracer agents (which have been 
discussed separately) and neuroreceptor and trans-
porter radioligands.

15.5.1 
Benzodiazepine Receptor Agents

Central benzodiazepine receptors have been stud-
ied in relation to diseases such as epilepsy (Savic 
et al. 1988), hepatic encephalopathy (Samson et al. 
1987), Alzheimer’s disease (Yamasaki et al. 1986), 
Huntington’s disease (Hantraye et al. 1984) and 
chronic alcoholism (Litton et al. 1991).

Whereas diazepam and flunitrazepam were the 
first classical benzodiazepines to be labeled with 
carbon-11 in the N-methyl group (Mazière et al. 
1980), [N-methyl-11C]flumazenil and its iodinated 
analog 123I-iomazenil (Fig. 15.10a,b) are currently 
the radioligands of choice for studies of central ben-
zodiazepine receptors with PET, respectively SPET. 
They are high affinity benzodiazepine antagonists 
whereas they lack major intrinsic pharmacologic 
effects.

Radiosynthesis of [N-methyl-11C]flumazenil 
involves N-methylation of N-desmethyl-flumaze-
nil with NCA [11C]iodomethane or [11C]methyl tri-
flate. A recent report showed that no carrier added 
[18F]flumazenil (Fig. 15.10c) can be synthesized 
by nucleophilic fluorination using a nitro-precur-
sor (Krasikova et al. 2004). As an alternative 2’-
[18F]fluoroflumazenil ([18F]FFMZ, Fig. 15.10d, Mit-
terhauser et al. 2004) has also been synthesized 
and showed a comparable affinity for the GABA 
receptor as flumazenil.

123I-iomazenil is prepared with high specific 
activity [>185 TBq (5000 Ci)/mmol] by oxidative 
radioiodination of the tributylstannyl precursor 
(Beer et al. 1990).

After administration, the initial uptake of [N-
methyl-11C]flumazenil and 123I-iomazenil in the 
brain is similar to the rCBF seen with 99mTc-HMPAO 
(Yamamoto et al. 1983; Bartenstein et al. 1991). 
Within 30 min post injection, unbound tracer agent 
is almost completely cleared from the brain and the 
distribution of both radioligands closely resembles 
the known biodistribution of benzodiazepine recep-
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tors. As compared to [11C]flumazenil, 123I-iomazenil 
has a tenfold higher affinity for the neuronal type 
benzodiazepine receptor and a slower brain wash-
out (Johnson et al. 1990).

15.5.2 
Serotonergic (5-HT) Receptor Tracers

The in vivo investigation of brain serotonergic 5-
HT receptors has been pursued for several years. 
There is evidence suggesting a role for the 5-HT 
system, in particular 5-HT2 receptors in the regula-
tion of a wide range of central mechanisms (Cowen 
1991). Abnormalities in 5-HT2 receptors have been 
proposed in several neuropsychiatric conditions 
including major depression, Alzheimer-type demen-
tia, drug abuse and schizophrenia.

A great number of ligands have been prepared 
and evaluated for probing 5-HT receptors. At this 
moment, [18F]setoperone (Mazière et al. 1988) and 
[18F]altanserin (Lemaire et al. 1991) are the only 
radioligands used for PET-studies of 5-HT2 recep-
tors (Fig. 15.11). Both can be obtained by a direct 
one-pot nucleophilic substitution of the nitro-pre-
cursor by n.c.a. [18F]fluoride. The binding affinity 
values for different neurotransmitter receptor sites 
have been reported by Leysen (1989) (Table 15.6). 
In rats, the frontal cortex-to-striatum activity 
ratio, which is a good index for ligand specificity 
(5-HT2/D2), reached 2.56 at 1 h post injection for 
[18F]altanserin whereas this ratio did not exceed 1.18 
for [18F]setoperone. Hence, [18F]altanserin appeared 
more selective for binding to 5-HT2 receptors than 
[18F]setoperone.

For SPET studies, 123I-5-I-R91150 ([123I]-4-amino-
N-[1-[3-(4-f luorophenoxy)-propyl]-4-methyl-4-
piperidinyl]-5-iodo-2-methoxybenzamide) has been 
synthesized by Mertens et al. (1994) by electro-
philic substitution on the 5-position of the methoxy 
benzamide group of R91150 (Fig. 15.12). It is a 5-HT2 
antagonist with high affinity and selectivity for the 
5-HT2A receptor (the main subtype of 5-HT2 recep-
tors in the brain). The in vitro binding constant (Ki) 
for 5-HT2 receptors is 0.2 nM whereas the selectivity 
to other neurotransmitter receptors (5-HTx, α1, α2, 
D1 and D2) is at least a factor of 50 (Terriere et al. 
1995). The results obtained with this tracer agent up 
to now (e.g. Busatto et al. 1997; Peremans et al. 
2003; Versijpt et al. 2003) indicate that this radioli-
gand might be very useful for in vivo 5-HT2A recep-
tor mapping, especially since SPET is cheaper and 
more accessible than PET.

Fig. 15.10a-c. Structures of the benzodiazepine receptor agents [N-methyl-11C]fl umazenil (a), 123I-iomazenil (b) and 
[18F]fl uorofl umazenil (c)
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Receptors of the 5-HT1 family (5-HT1A and 5-
HT1D) are distributed among several cortical and 
subcortical structures where they mediate neuro-
nal hyperpolarization and inhibit the release of 
neurotransmitters (Hoyer et al. 1994). A selective 
ligand with high potency, high selectivity and pure 
antagonistic action of 5-HT1A receptors is WAY-
100635 (Fig. 15.13). The ligand can be radiolabeled 
with carbon-11 in the O-methyl as well as in the 
carbonyl position. In primates, it was found that 
the descyclohexane carbonyl analogue [O-methyl-
11C]WAY-100634 is a major radiolabeled metabolite 
of [O-methyl-11C]WAY-100635 (Osman et al. 1996). 
WAY-100634 is known to have a high affinity for 
5-HT1A receptors and α1-adrenoreceptors, suggest-
ing that this radioactive metabolite contributes to 
brain radioactivity in human PET-studies (Osman 
et al. 1996). Therefore, labeling of WAY-100635 with 
carbon-11 has been changed to the carbonyl position 
(Pike et al. 1996) to avoid formation of radioactive 
WAY-100634 or any other pharmacologically active 
metabolite.

[Carbonyl-11C]WAY-1003635 is prepared by 
reaction of cyclohexane[carbonyl-11C]chloride 
with WAY-100634 and is obtained in a 30%-50% 
decay-corrected radiochemical yield from trapped 
[11C]carbon dioxide in 20 min from EOB. After semi-
preparative reversed phase HPLC, radiochemical 
purity exceeds 99% (Pike et al. 1995).

Within 60 min after administration, the ratio of 
radioactivity uptake in receptor-rich medial tempo-
ral cortex to that in cerebellum reaches a value of 25, 
indicating the very low non-specific binding of this 
radioligand. Plasma analysis showed rapid metabo-
lism but only to very polar radioactive compounds 
(most probably [11C]cyclohexanecarboxylic acid 
and derivatives) which are not expected to enter the 
brain nor to be pharmacologically active.

15.5.3 
Dopaminergic Receptor Tracers

The brain dopaminergic system lies in a well-defined 
region in the striatum and localization is relatively 
easy. Hence, a large number of ligands for the dopa-
minergic system, and in particular the D2 recep-
tor, have been studied so far. The most prominent 
reversible and high selective D2 receptor ligands are 
the benzamides of the salicylamide type such as 
raclopride and FLB 457, eticlopride and fallypride 
(Fig. 15.14). The latter three compounds have a 30-
fold higher affinity for the D2-receptor than raclo-
pride (Halldin et al. 1991; Mazière et al. 1992) and 
can be used to visualize the extrastriatal dopamine 
receptors (Olsson et al. 2004). For the four ligands, 
the (S)-enantiomer is the most potent form (Hög-
berg et al. 1991). They can be radiolabeled with 
11C by O-methylation of the desmethyl precursor 
with 11C-methyl iodide. In the case of eticlopride, 
two different O-methylated products are obtained 

Table 15.6. Binding affinity values (Ki, nM) of setoperone and 
altanserin for different neurotransmitter receptor sites

5-HT2
[3H]ketanserin

D2
[3H]haloperidol

α1
[3H]WB-4101

Setoperone 0.37 25 13
Altanserin 0.13 62 04.55
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Fig. 15.12. Structure of the 5-HT2 receptor tracer 123I-5-I-
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(Fig. 15.14) which have to be separated by HPLC. 
Alternatively, eticlopride can be labeled in the N-
ethyl position as well. The fluorine-18 labeled ana-
logs of eticlopride have also been prepared but show 
generally inferior binding properties.

The fluorine-18 labeled derivative of fallypride, 
however, has been used with success to visualize 
both striatal and extrastriatal D2 receptors (Slifs-
tein et al. 2004).

The favorable results obtained with these 
PET tracers stimulated the design of a 123I-
labeled analog for SPET, namely (S)-N-[(1-ethyl-
2-py rrol idinyl)]methyl-2-hydrox y-3-iodo-6-
methoxybenzamide (123I-IBZM, Fig. 15.15) (Kung 
et al. 1988). It can be prepared in high yield and 
with high specific activity by oxidative iodination 
of the enantiomerically pure BZM precursor with 
n.c.a. 123I-iodide via in situ formation of peracetic 
acid (Bobeldijk et al. 1990). Biodistribution studies 
demonstrated that the agent is concentrated in the 
basal ganglia although some non-specific binding 
was noted in cerebral cortex and cerebellum (Kung 
et al. 1990). If receptor density or blockade is being 
quantified, it is necessary to correct for this non-
specific binding.

15.5.4 
Dopamine Transporter (DAT)

Dopamine reuptake sites can be visualized using 
radioligands binding to the dopamine transporter, 
a protein which plays an important role in the 
inactivation and recycling of dopamine released 
into the synaptic cleft. Measurement of decrease in 
the dopamine transporters may be a useful indi-
cator of dopamine neuronal loss in Parkinson’s 
and other neurodegenerative diseases (Kaufman 
and Madras 1991). Beta-carbomethoxy-3β-(4-
iodophenyl)tropane (β-CIT, Fig. 15.16) is a more 
potent analog of the cocaine congener in the inhi-
bition of dopamine uptake (Boja et al. 1990) and 
has been radiolabeled with 123I for use in SPET 
imaging (Carroll et al. 1991). Alternatively, 11C-
β-CIT can be used for PET-imaging (Laihinen et 
al. 1995). In addition, the N-fluoroethyl (β-CIT-FE) 
and N-fluoropropyl analogs (β-CIT-FP) have been 
synthesized and radiolabeled with the relatively 
long-lived radionuclides 123I and 76Br. Due to the 
high proportion of homology between the dopa-
mine transporter (DAT), the serotonin transporter 
(SERT) and the norepinephrine transporter (NET), 
these ligands are not selective for DAT (Amara and 
Kuhar 1993). Table 15.7 shows the Ki values of β-
CIT, β-CIT-FE, β-CIT-FP and cocaine to inhibit the 
uptake of [3H]dopamine, [3H]serotonin and [3H]1-
norepinephrine (Okada et al. 1998).

Meegalla et al. (1997) have synthesized a tropane 
derivative, TRODAT-1, designed for labeling with 
99mTc, by conjugation of an N2S2 diaminedithiol-type 
chelator with tropane at the 2β-position (Fig. 15.17). 
Labeling of the conjugate by ligand exchange from 
99mTc-glucoheptonate yields a neutral, lipophilic 
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(Schou et al. 2004) have recently been reported to 
bind specifically to NET in the brain, The deriva-
tives are obtained by respectively [11C]methylation 
with [11C]methyl triflate, [18F]fluoromethylation 
with [18F]fluoromethyl bromide or dideutero-
[18F]fluoromethyl bromide. The fluorine-18 
labeled derivatives (S,S)-[18F]FMeNER and (S,S)-
[18F]FMeNER-D-2 (Fig. 15.18) offer images with 
a better signal/noise ratio than carbon-11 labeled 
(S,S)-[11C]MeNER. The dideutero derivative (S,S)-
[18F]FMeNER-D-2 showed reduced in vivo defluo-
rination as compared to (S,S)-[18F]FMeNER and 
therefore seems to be the tracer of choice for visu-
alization of NET with PET.

15.5.6 
Serotonin Transporter (SERT)

The most frequently used medication for treat-
ment of depression are selective serotonin reuptake 
inhibitors (SSRI). Several radiotracers for the visu-
alization of SERT with SPECT or PET have been 
described. Huang et al. (2002) compared the PET 
tracers [11C]McN 5652, [11C]ADAM, [11C]DASB, 
[11C]DAPA and [11C]AFM in baboons. The authors 
concluded that [11C]DASB and [11C]AFM (Fig. 15.19) 
have superior characteristics over the other tracers 
for in vivo visualization of SERT as they provide 
images of SERT availability, in a shorter scanning 
time or with a better signal to noise ratio.

PET with [11C]DASB has successfully been used 
for visualization of serotonin transporter occupancy 
after administration of different doses of several 

Table  15.7. Ki values (nM) for inhibition of [3H]dopamine, [3H]serotonin or [3H]1-norepinephrine 
uptake

Dopamine transporter Serotonin transporter 1-Norepinephrine transporter
45 nM [3H]dopamine 20 nM [3H]serotonin 50 nM [3H]1-norepinephtine

β-CIT 06.34 ± 1.68 029.17 ± 06.40 032.77 ± 13.41
β-CIT-FE 90.88 ± 4.92 132.73 ± 31.90 130.45 ± 49.18
β-CIT-FP 27.97 ± 7.36 113.39 ± 63.77 070.42 ± 15.37
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Fig. 15.17. Structure of the 99mTc-labeled dopamine reuptake 
tracer agent TRODAT-1

99mTc-TRODAT-1 complex in high yield (RCP > 93%). 
In vitro binding of the dopamine transporter was 
assessed using the surrogate Re-complex, Re-
TRODAT-1, and a Ki value of 14 nM was obtained 
(Kung et al. 1997). As compared to iodinated recep-
tor ligands, the ratio of specific to non-specific bind-
ing of 99mTc-TRODAT-1 appears to be lower than that 
of 123I-β-CIT (1.66 vs 7). Nevertheless, animal stud-
ies and studies in normal humans (Kung et al. 1996; 
Chou et al. 2004; Huang et al. 2004) indicate that 
99mTc-TRODAT-1 is a useful SPET imaging agent for 
localization of dopamine transporters.

15.5.5 
Norepinephrine Transporter (NET)

The norepinephrine transporter has been associated 
with the pathophysiology of depression (Klimek 
et al. 1997). Several labeled derivatives of S,S-
reboxetin ((S,S)-[11C]MeNER (Schou et al. 2003), 
(S,S)-[18F]FMeNER and (S,S)-[18F]FMeNER-D-2 
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ited, as can be expected on the basis of their high 
molecular weight (> 700 Da) and the presence of 
very polar functional groups.

More promising radioactive compounds with 
smaller molecular size and increased lipophilicity, 
derived from the amyloid binding dye thioflavin 
T, have been reported. As thioflavin T contains a 
positively charged quaternary amine which likely 
will limit brain uptake, benzothiazoles which are 
uncharged at physiological pH were designed and 
tested for their amyloid-β binding properties and in 
vivo brain uptake.

Klunk and coworkers (2001) found attractive 
characteristics in a carbon-11 labeled benzothiazole, 
namely [N-methyl-11C]6-Me-BTA-1 (Fig. 15.20). This 
compound enters the brain at levels comparable 
to commonly used neuroreceptor imaging agents 
(7.61% ID/g at 2 min post injection) and shows good 
clearance (t½ = 20 min) of free and non-specifically 
bound radioactivity in normal rodent brain tissue. 
In addition, it shows a relatively high affinity for 
amyloid (Ki = 20.2 nM, being 45-fold that of thiofla-
vin T) and has a specificity for staining plaques and 
neurofibrillary tangles in post-mortem AD brain. 
The octanol-buffer partition coefficient is 2290 
(log Poct = 3.36). These characteristics suggest that 
[N-methyl-11C]6-Me-BTA-1 holds potential as an in 
vivo beta-sheet imaging agent for positron emission 
tomography, although its lipophilicity is rather high 
and its clearance from normal brain relatively slow. 

O

O

H

NH

H

CD2
18F O11CH3

O

H

NH

H

Fig. 15.18a,b. Structure of Norepinephrine transporter [18F]FMeNER-D-2 (a) and [11C]MeNER (b)

a b

S

N

11CH3

NH2

C

N

S

N

11CH3

NH2

F

Fig. 15.19a,b. Structure of serotonin transporter [11C]DASB (a) and [11C]AFM (b)

a b

serotonin reuptake inhibitors in healthy volunteers 
(Meyer et al. 2004). In this study, an occupancy of 
80% was observed at minimum therapeutic doses.

15.6 
Amyloid Imaging

Alzheimer’s disease (AD) is characterized by the 
presence of abundant senile plaques composed of 
amyloid-β (Aβ) peptides and neurofibrillary tangles 
formed by filaments of highly phosphorylated tau 
proteins (Selkoe 1999). In vivo assessment of the 
beta-sheet proteins deposited in amyloid plaques 
using a radiolabeled imaging agent with high affin-
ity for Aβ would allow localization and quantifica-
tion of senile plaques in a non-invasive way and 
possibly in an early stage of the disease.

Several derivatives of Congo red (this compound is 
being used for fluorescent staining of senile plaques 
in post-mortem brain sections of AD patients) and 
chrysamine G labeled with radioiodine or techne-
tium-99m have been developed and evaluated as 
potential Aβ aggregate specific imaging agents (e.g., 
Han et al. 1996; Dezutter et al. 1999a,b; Link et 
al. 2001). Many of these compounds showed high in 
vitro binding affinity for amyloid fibrils, but their 
penetration through the blood–brain barrier and as 
a consequence their uptake in brain was very lim-
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For this reason, Mathis et al. (2003) developed more 
polar derivatives of which the 6-hydroxy analog 
([11C]6-OH-BTA-1, also called Pittsburg compound-
B or PIB, Fig. 15.20) was found to have the most 
optimal pharmacokinetics. The first clinical studies 
using this tracer agent allowed to conclude that PET 
imaging with PIB can provide quantitative informa-
tion on amyloid deposits in living subjects (Klunk 
et al. 2004).

Kung and coworkers (Zhuang et al. 2001a,b) 
developed a series of radioiodinated benzothiazoles 
of which TZDM and especially IBOX (Fig. 15.20) 
show the most promising properties. Octanol-buffer 
partition coefficients were 70 and 124 for TZDM and 
IBOX, respectively, and they were found to bind 
to Aß(1-40) aggregates with equal high potency 
(KI = 1.9 nM and 0.8 nm, respectively). Both agents 
also showed excellent autoradiographic labeling of 
plaques in post-mortem brain sections of a con-
firmed AD patient. In normal mice, brain peak 
uptake was superior for 125I-IBOX (2.08% of injected 
dose at 30 min post-injection versus 1.57% at 60 min 
for 125I-TZDM) and its wash-out from brain was 
much faster.

Recent developments by the group of Kung led to 
the finding that a relatively simple carbon-11 labeled 
stilbene, (N-[11C]methylamino-4-hydroxystilbene 
or [11C]SB-13, Fig. 15.20) is an effective and favor-
able PET tracer for fibrillar Aß imaging in vivo, with 
similar performance to [11C]PIB (Ono et al. 2003; 
Verhoeff et al. 2004).

In a different approach, Agdeppa and coworkers 
(2001a,b) developed a small but highly lipophilic 
(log Poct = 3.92) fluorine-18 labeled compound, 
[18F]FDDNP (Fig. 15.20) which crosses the blood–
brain barrier and allows localization and determi-

nation of load of senile plaques in the living human 
brain with PET (Barrio et al. 1999; Agdeppa et al. 
2001c). The tracer agent binds to two kinetically dis-
tinguishable binding sites on Aß(1-40) fibrils with 
apparent Kd values of 0.12 nM for the high-affinity 
binding site and 1.86 for the low-affinity binding site, 
as determined using fluorescence titrations. Specifi-
cally, the presence of the dicyano group in FDDNP 
appears critical for high-affinity binding. Detailed 
analysis of the distribution pattern in AD patients 
and normals (Shoghi-Jadid et al. 2002; Small et al. 
2002) has led to the hypothesis that [18F]FDDNP may 
be an in-vivo marker for neurofibrillary tangles as 
well as for diffuse and dense core Aß plaques. This 
could increase the potential ability of this tracer 
to detect AD presymptomatically, but it also sug-
gests that [18F]FDDNP is not solely an Aß-specific 
radiotracer, complicating its use in monitoring the 
effectiveness of Aß-reducing medication. A further 
intriguing finding is the fact that FDDNP competes 
with some, but not all, non-steroidal anti-inflamma-
tory drugs for binding to Aß fibrils in vitro and to 
Aß plaques ex vivo (Agdeppa et al. 2003).

15.7 
Newer Labeling Methods: 
99mTc(I) Tricarbonyl Complexes

In view of the high stability and inertness of Tc(I) 
compounds, considerable efforts have been made 
to optimize methods for convenient synthesis of 
such 99mTc-complexes. Extensive research by the 
groups of Schubiger αnd Alberto (Alberto et al. 
1998a) has resulted in the successful development 

Fig. 15.20a-e. Structure of amyloid binding agents as potential tracers for 
imaging Alzheimer’s disease, N-[11C]methyl-6-Me-BTA-1 (a), TZDM (X=S) 
and IBOX (X=O) (b), [18F]FDDNP (c), [11C]methyl- 6-OH-BTA-1 (PIB-2) (d) 
and N-[11C]methylamino-4’-hydroxystilbene (e)
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of a facile synthesis (30 min at 75°C) of the tricar-
bonyl complex of fac-(Tc(I)[H2O]3[CO]3)+ via the 
reduction of Na99mTcO4 with sodium borohydride 
at pH 11 under an atmosphere of carbon monox-
ide. This cationic species readily undergoes ligand 
exchange of coordinated water with a wide variety 
of donor ligands, of which the tridentate ligands 
such as histidine yield the most stable complexes 
(Abram et al. 1992; Schibli et al. 1998, 2000). The 
net charge of the final complex can be –1, 0 or +1 
depending on the nature of the coordinating ligand. 
Moreover, these complexes can be formed with very 
small amounts of the ligand, resulting in prepara-
tions with extremely high specific activity. Recently, 
the preparation of the intermediary tri-aqua tri-
carbonyl Tc(I) core has been further optimized 
by using potassium boranocarbonate (K2BH3CO2) 
as both a solid source of CO and the reductant for 
labeling with 99mTc (Dyszlewski et al. 2001). This 
has allowed the production of a kit formulation for 
the preparation of the tricarbonyl Tc(I) intermedi-
ate, which can then be further used for convenient 
production of a wide diversity of Tc(I) tricarbonyl 
compounds by ligand for water exchange. Exam-
ples of interesting biologically active agents labeled 
as a 99mTc(I) tricarbonyl complex include octreo-
tate (Marmion et al. 2000), a 5-HT 1A receptor 
ligand (Alberto et al. 1998b), steroids (Wust et al. 
1998), a cocaine derivative as ligand for the dopa-
mine transporter (Hoepping et al. 1998), glucose 
(Dumas et al. 2001) and peptides and recombinant 
proteins containing C-terminal His5-tag or His6-tag 
(Waibel et al. 1999). This exciting chemistry thus 
can be assumed to allow technetium-99m labeling 
of any appropriately designed recombinant protein, 
synthetic peptide and a wide variety of organic 
synthetic compounds and holds a great potential 
for the development of a new generation of 99mTc-
radiopharmaceuticals. First clinical studies using 
the Tc-tricarbonyl technique to label biomolecules 
(Buchegger et al. 2003) also revealed the potential 
clinical usefulness of such 99mTc-complexes. There 
remains, however, controversy about whether or not 
new radiopharmaceuticals on the basis of the Tc-tri-
carbonyl chemistry will be introduced into routine 
clinical use (Alberto and Welch 2003). Reasons 
for some skepticism are the fact that the key patent 
holder (Mallinckrodt) apparently is not actively pur-
suing new 99mTc(CO)3-radiopharmaceuticals, the 
shift of interest and research focus towards clinical 
PET and the regulatory hurdle and high costs associ-
ated with the approval of a new diagnostic drug as 
compared to the financial revenues.

15.8 
Cell Labeling

15.8.1 
Red Blood Cell Labeling

Several studies comparing the biological behavior 
of 99mTc-red blood cells (99mTc-RBCs) labeled via 
the in vitro, in vivo or modified in vivo method 
all revealed higher heart-to-background ratios and 
better subjective images with in vitro labeled RBCs 
(Hamilton and Alderson 1977; Hegge et al. 1978). 
A labeling kit for in vitro labeling of RBCs with 
99mTc in whole blood has originally been developed 
at Brookhaven National Laboratory (Srivastava et 
al. 1983) and is commercially available under the 
brand name Ultra-Tag.

Each kit consists of three separate nonradioactive 
components with the following constituents:
1. Labeling vial: SnCl2.2H2O, 105 µg (50 µg stannous 

ion minimum); sodium citrate.2H2O, 3.67 mg; 
dextrose, 5.50 mg; pH prior to lyophilization 
7.1–7.2

2. Syringe I (to be protected from light): sodium 
hypochlorite, 0.6 mg; water for injection, 0.6 ml; 
pH 11–13

3. Syringe II: citric acid.H2O, 8.7 mg; sodium 
citrate.2H2O, 32.5 mg; dextrose, 12.0 mg; water 
for injection, 1.0 ml; pH 4.5–5.5

Red blood cell labeling is started by the addition 
of 1–3 ml of autologous whole blood, anticoagulated 
with heparin or anticoagulant citrate dextrose solu-
tion (ACD) to the labeling vial. In this vial, the citrate 
complex stannous ion and the dextrose is present 
to sustain red cell metabolism, which improves 
RBC viability. After an incubation period of 5 min, 
during which a portion of the stannous ion in the 
reaction vial diffuses across the RBC membrane and 
is bound intracellularly, the hypochlorite solution of 
syringe I is added to the vial to oxidize the extra-
cellular stannous ion. To render the extracellular 
tin more readily available for oxidation by hypo-
chlorite, the solution in syringe II is added. Finally, 
a pertechnetate solution (0.5–3 ml, 370–3700 MBq 
99mTc) is added and the vial is incubated with occa-
sional gentle mixing for 20 min.

A RBC labeling efficiency ≥95% is typically 
obtained using this in vitro labeling procedure. As 
the yield can decrease in the presence of excessive 
amounts of the long-lived daughter nuclide 99Tc, the 
use of fresh (<24 h ingrowth time) generator eluate 
is recommended.
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15.8.2 
White Blood Cell Labeling

Radiolabeled autologous white cells offer the most 
widely accepted radioisotopic method for imaging 
infection and inflammation. Methods for labeling 
can be classified depending on the choice of the 
radionuclide (indium-111 or technetium-99m) and 
the choice of the cell preparation (pure granulocytes 
or mixed white cell populations).

Both mixed leukocytes and pure granulocytes 
have been labeled with 111In. Although pure granu-
locytes offer the advantage of theoretically better 
sensitivity and specificity and avoid the risk of 
malignant transformations of lymphocytes, mixed 
leukocytes are more practical for routine use because 
they can be prepared easier and faster while having a 
comparative sensitivity in acute infections (Schau-
wecker et al. 1988). Hydroxyquinoline (oxine) was 
the first established and mostly used lipophilic che-
lating agent to transport 111In into the cell (McAfee 
and Thakur 1976).

Because of the more favorable physical charac-
teristics of 99mTc, many attempts have been made to 
develop methods for labeling leukocytes with it. The 
first approaches to label leukocytes with techne-
tium-99m implied phagocytic engulfment of tech-
netium-labeled colloid (Schroth et al. 1981; Pull-
man et al. 1986). However, this technique has not 
become established worldwide because, by deliber-
ately inducing the cells to phagocytose, they become 
activated prior to injection (McAfee et al. 1984). 
Successful labeling of leukocytes with 99mTc was 
achieved in 1986 whit the use of 99mTc-HMPAO, like 
111In-oxine a neutral lipophilic chelate capable of 
penetrating blood cells (Peters et al. 1986; Roddie 
et al. 1988). Since 99mTc-HMPAO is relatively selec-
tively taken up by granulocytes in mixed cell popu-
lations and elutes more rapidly from lymphocytes 
and monocytes than from granulocytes, labeling 
can be performed in a mixed white cell population 
which avoids the need for complex and lengthy cell 
purification (Frier 1994).

Leukocytes can be labeled with either 111In or 
99mTc by a variety of accepted procedures (Datz 
1993, 1994; Thakur et al. 1977; Danpure et al. 1988; 
Dewanjee 1990; Mortelmans et al. 1989).

A major concern when preparing radiolabeled 
cells is the effect of the labeling procedure on granu-
locyte viability and function. In vitro tests examin-
ing chemotaxis, superoxide generation in response 
to activation and morphological changes can be 
used to assess granulocyte function. However, these 

tests cannot discriminate between cell damage and 
activation since the techniques themselves often 
activate the granulocytes.

The most sensitive and practical means of qual-
ity control of radiolabeled granulocytes are based 
on their in vivo distribution following injection. 
When radiolabeled granulocytes are damaged or 
activated, they are sequestrated in the lung micro-
vasculature by a mechanism which is poorly under-
stood. As a consequence, dynamic imaging over the 
lungs is a useful test. Alternatively, the radiolabeled 
granulocyte recovery, defined as the fraction of 
injected labeled granulocytes that are circulating in 
blood, can be determined. Normal recovery factors 
at 45 min p.i. are about 35% while these values fall 
to less than 5% when the cells are severely activated 
or damaged (Peters 1994). These tests need not be 
performed with every preparation but are useful 
when setting up a white cell labeling procedure.

The normal biodistribution of 99mTc-leukocytes is 
not fully identical to that of 111In-labeled leukocytes. 
Whereas 111In-leukocyte distribution at 18–24 h is 
primarily confined to the reticuloendothelial system 
of liver, spleen, bone marrow and major blood ves-
sels (Seabold et al. 1997), non-specific bowel activ-
ity appears from about 3–4 h after administration 
of 99mTc-labeled white cells. This is due to elution of 
secondary hydrophilic 99mTc-HMPAO species which 
are excreted in the gut via biliary excretion and in the 
urine (Peters et al. 1988). As a consequence, imag-
ing of inflammatory bowel disease (IBD) and intra-
abdominal abscesses using 99mTc-labeled leukocytes 
needs to be performed within 2 h of injection.
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direction of flight. Scintigraphic instrumentation 
consists of scintillation crystals to convert gamma-
ray energy into visible light, suitable light sensors, 
readout electronics and image processing units.

16.1.1 
Principles of Scintillation Detectors

Scintillators emit light after a gamma ray has depos-
ited its energy in the crystal. The wavelength (UV, 
visible), the intensity and time distribution of the 
scintillation light are properties of the scintillating 
material. There are organic (plastic) and inorganic 
scintillators, each having some unique advantages 
or disadvantages for the detection of either charged 
particles or gamma- and X-rays. All clinical nuclear 
medicine cameras are built with inorganic scintil-
lators because of their high detection efficiency for 
X-rays and gamma rays.

The search for new scintillation crystals which are 
suitable for nuclear medicine imaging is guided by 
the following requirements: the higher the density 
of the material and the higher the atomic number, 
the better is the detection efficiency for gamma rays. 
More scintillation light emitted in a shorter period 
of time allows the detection of events in short time 
intervals. Although there are numerous scintilla-
tion crystals available, NaI(Tl) (thallium activated 
sodium iodide) remains the crystal of choice for 
single photon detection with energies of 70–360 keV. 
This is mainly because of its high light output, rea-
sonable decay time and inexpensive production in 
large quantities. One disadvantage of NaI(Tl) is that 
it is a hygroscopic material and needs to be sealed in 
airtight containers.

For efficient detection of high-energy gamma rays 
in positron imaging, requirements are even more 
stringent: if coincidence detection is used, detec-
tion efficiency is most important, since the total 
efficiency is the product of the individual detector 
sensitivities. High density and atomic number are 
essential for detection of photons at 511 keV. The 
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16.1 
Detectors and Imaging Systems

Nuclear medical images are formed by the detection 
of gamma-rays, X-rays or annihilation quanta (in 
the case of positron imaging). The camera detects 
the density of gamma rays per unit area, their energy 
and their direction of flight. If single photon emitters 
are used the direction of flight has to be determined 
by geometric collimation. In contrast, coincidence 
detection uses the unique feature of positron annihi-
lation which results in two high-energy gamma rays 
simultaneously emitted back-to-back. The detection 
of both gamma rays within a very short time window 
defines the line of response in space and thus the 
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specific necessity of fast timing in coincidence mea-
surements can be met by short decay times of scin-
tillation light.

Although the energy resolution of a gamma 
camera is determined by the whole system, the light 
yield of the scintillation crystal is an important deter-
minant. Better image contrast can be reached if the 
selection of accepted energy is improved. An energy 
resolution of less than 10% allows the choice of a 
narrow window with less loss in unscattered radia-
tion (Kojima et al. 1993). Good energy resolution 
can be achieved with crystals of high light output. 
Additionally, luminous crystals provide improved 
event localization in a continuous detector.

Although the very first positron tomographs con-
sisted of NaI(Tl) scintillation detectors, the most 
commonly used scintillator in positron emission 
tomography is bismuth germanate (BGO), which has 
high detection efficiency for annihilation quanta 
(Table 16.1). However, BGO has a low light yield 
and long light decay time, prohibiting short coinci-
dence windows and high count rate capability. More 
recently, new scintillation materials became avail-
able specifically for coincidence detection. The most 
promising scintillator is cerium activated lutetium 
oxy-orthosilicate (LSO; Melcher and Schweitzer 
1992). It has a similar detection efficiency as BGO, 
but a higher light yield and shorter light decay time. 
A high-resolution positron tomograph with this fast, 
luminous scintillation material is being constructed 
for brain research (Casey et al. 1997; Schmand 
et al. 1998a,b), and once large quantities of LSO 
can routinely be produced, it will substitute BGO 
most likely in clinical positron tomographs. These 
devices will perform at much higher count rates and 
will be less affected by random events in 3D mode 
(see below) since short coincidence windows can be 
implemented.

The light which is emitted by the scintillation 
crystal is detected by sensors coupled to the crys-
tal. The coupling is achieved through a light pipe or 
directly on the entrance window of the light sensor. 

Photomultiplier tubes (PMT) are the light sen-
sors which are in routine use. The photo-sensitive 
cathode of the PMT converts the impinging light 
into electrons, which are multiplied in the dynode 
structure of the PMT and read out as a pulse whose 
amplitude is proportional to the amount of light 
(Fig. 16.1). Semiconductor sensors may offer the 
advantage of very compact detector modules but 
are not yet implemented in commercial systems. 
First results in research imaging devices show their 
potential for the detection of signals from luminous, 
fast scintillators (Schmelz et al. 1995; Lecomte et 
al. 1996; Levin et al. 1997). In combination with 
PMTs, they offer novel designs for high-resolution 
detector modules (Huber et al. 1997).

Direct detection of gamma rays in semiconductor 
material such as cadmium-zinc-telluride (CdZnTe) 
has become more realistic since the production 
process and signal processing have been improved 
(Butler et al. 1998; Kipper et al. 1998). Future 
investigations will show if these devices will find 
widespread application in clinical systems.

Table 16.1. Characteristics of scintillation crystals that are used in nuclear medicine. 
NaI:Tl Thallium activated sodium iodide, BGO bismuth germinate,  YSO:Ce cerium acti-
vated yttrium oxy-orthosilicate, LSO:Ce cerium activated lutetium oxy-orthosilicate, 
GSO:Ce cerium activated gadolinium orthosilicate

NaI:Tl BGO YSO:Ce LSO:Ce GSO:Ce

Light yield (% of NaI) 100 12 45 75 20
Wavelength (nm) 410 480 420 420 430
Light decay time (ns) 230 300 70 40 30-60
Attenuation length for 140 keV (mm) 004.2 0.8 7.7 1.0 1.1
Attenuation length for 511 keV (mm) 30 11 26 12 14

Fig. 16.1. Principle of the gamma camera. An incoming photon 
(γ) causes scintillations in the crystal which are guided to and 
amplifi ed by photo multipliers. The position of the incoming 
photon is calculated from the signal intensity of the photo-
multiplier tubes
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16.1.2 
From Single-Head, Multi-Head and Ring 
Geometry to Hybrid Systems

Most nuclear medicine imaging is performed 
using a scintillation camera either in static or in 
dynamic acquisition mode. It consists of a single 
large area (typical 40×50 cm2) NaI(Tl) scintillation 
crystal, which is read out by photomultiplier tubes 
(Fig. 16.1). A crystal of only 9.5 mm thickness has 
a detection efficiency of 90% for 140 keV gamma 
rays. Light sharing among the PMTs and centroid 
calculation of the light distribution is exploited for 
event localization on the detector head according 
to the scheme first proposed by Anger (1958). The 
technological improvements of this device which is 
in routine use since the 1960s, include higher spa-
tial resolution, better uniformity and much higher 
count rate performance. Introduction of individual 
PMT-signal digitization resulted in new and better 
possibilities for the correction of system imperfec-
tions. In general, the Anger camera is optimized 
for imaging 99mTc-labeled compounds; thus perfor-
mance is usually best for the detection of gamma 
rays of 140 keV.

Since the emission of gamma-rays from the patient 
is isotropic, collimation is needed to restrict data to 
gamma rays of certain, predefined directions. Most 
commonly used are parallel-hole collimators made 
of lead with very small holes separated by septa. The 
thickness and length of the septa are chosen such 
that for a given energy the gamma rays with inad-
equate direction are absorbed (Fig. 16.2). Obviously 
this leads to thicker septa for higher-energy gamma 
rays. Collimator design always is a compromise 
between spatial resolution and sensitivity: reducing 
the size of the holes or using longer septa improves 
spatial resolution but reduces sensitivity at the same 

time. This fact is the most important tradeoff in the 
imaging process using Anger cameras. The spatial 
resolution of a parallel-hole collimator decreases 
linearly with increasing distance between object 
and collimator (Fig. 16.2), whereas sensitivity stays 
approximately constant.

For transaxial tomography (single photon emis-
sion computed tomography, SPECT), the camera is 
rotated around the patient, acquiring multiple views 
from different angles. The transverse activity distri-
bution is calculated from these projections using 
adequate reconstruction techniques (see chap. 14). 
The SPECT systems with two or three camera heads 
(Fig.-16.3) were developed to increase detection effi-
ciency. Thus, for the same number of counts in the 
image, total scan duration can be reduced or higher-
resolution collimators can be used.

Positron emission tomography (PET) utilizes 
the unique feature of two high-energy gamma rays 
emitted back-to-back after positron annihilation 
(Fig.-16.4). Detector pairs count all events which 
occur in both of them within a very short time 
interval (10–20-ns). From data along these lines 
of response, the distribution of radioactivity can 
be reconstructed by similar mathematical meth-
ods as are used in SPECT. The measured counts 
are the sum of true coincidences, belonging to a 
single positron decay, random events, which occur 
if two uncorrelated gamma rays are accidentally 
detected in a detector pair, and scattered events, 
in which at least one of the gamma rays lost its 
original direction of f light through Compton scat-
tering in the patient (Fig. 16.5). Scattering is also 
responsible for the loss of counts along a given line 
of response if one of the gamma rays is scattered so 
that it does not reach the detector. This effect, the 
attenuation of counts, is much more pronounced in 
PET, as compared with SPECT, since both gamma 

Fig. 16.2. Geometrical design of lead collimators defi nes the spatial resolution which can be achieved with a gamma camera. 
Septa length (l), thickness and hole width (h1, h2, h3) defi ne the blur in the image, represented by the visual fi eld angle of the 
collimator (d1, d2, d3). Spatial resolution degrades rapidly for larger distances
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Fig. 16.3. Geometry of a triple-head SPECT system

Fig. 16.4. Positron annihilation. Two high-energy gamma rays 
are emitted back-to-back, which can be used for “electronic 
collimation”

Fig. 16.5. Coincidence detector pair. True (1), random (2) and 
scattered (3) coincidence events, and attenuation (4). The 20 
ns is the time interval within which coincidence events occur 
for the 1-m distance between the detectors

Fig. 16.6. Attenuation in SPECT (left) depends on the depth 
d of tissues in the body. In PET (right) one photon traverses 
d1, and the other, d2, which is the total length D through the 
body

quanta have to reach the detectors (Fig. 16.6). 
Attenuation causes artifacts in the reconstructed 
images which result in distortions or inhomoge-
neity. Heterogeneous attenuation in the thorax 
especially affects myocardial scans. Hardware 
and software approaches have been developed for 
both SPECT and PET imaging (Bacharach and 
Buvat 1995). In contrast to SPECT, attenuation in 
PET can precisely be corrected because the total 
length through the body determines the attenua-
tion factor along a coincidence line. By doing so, 
quantitative information about the tracer distri-
bution can be obtained. Compensation for count 
loss through attenuation can be achieved by indi-
vidually measuring the attenuation factor for 511-
keV gamma rays. This is routinely done by rotat-
ing positron (68Ge/68Ga) rod sources. The ratio of a 
reference (blank) scan without object in the field-
of-view and the transmission data results in cor-

rection factors for the projection data. Measured 
integral attenuation factors can be reconstructed 
into two-dimensional attenuation images. While 
this reconstruction step is not necessarily needed 
for attenuation correction in coincidence imaging, 
it is essential in attenuation correction methods in 
SPECT. Limited count statistics in the transmis-
sion data is the reason for intensive research on 
optimizing measurement and processing in trans-
mission acquisitions (Bailey 1998).

The main difference between single photon and 
coincidence measurements is the necessity of lead 
collimators for the definition of the angle of inci-
dence, compared with electronic collimation in the 
case of positron imaging. The use of collimators 
results in a very low detection efficiency of approxi-
mately 10–4 times the emitted number of gamma 
rays. Positron imaging by coincidence counting is 
much more sensitive. For example, even a triple-
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head SPECT system, designed to image Tc-99m-
labeled tracers in the brain, is 15 times less sensitive 
than a positron tomograph if a 1-cm resolution is 
assumed in both systems (Budinger 1996). When 
imaging the body, this proportion becomes even less 
favorable (1:30).

The situation is even worse if annihilation quanta 
are detected in single photon mode by use of a ultra-
high-energy collimator. The septa of such a collima-
tor would cover more than half of the camera head. 
Taking into account that the efficiency of a 9.5 mm
NaI(Tl) crystal is 50% lower at 511 than at 140 keV, 
the sensitivity for a SPECT system with 10-mm
resolution would be 45 times less than a system for 
140-keV and the same resolution (Budinger 1998). 
Therefore, the clinical potential of collimated 
detection of 511-keV single photons is found 
mainly in myocardial viability studies, where at 
the expense of spatial resolution (typically 2 cm 
FWHM) sensitivity is just 14 times lower than PET 
(van Lingen et al. 1992; Macfarlane et al. 1995; 
Chen et al. 1997).

Spatial resolution in coincidence detection is 
defined by the size of the detectors. Crystals were 
read out by individual PMTs in the first tomographs. 
Demands for higher resolution and closely packed 
channels led to the invention of the block detector 
(Casey and Nutt 1986). Most commercially avail-
able positron tomographs utilize this scheme. The 
small (4×4 cm) crystal blocks are segmented such 
that the light emitted from one block is distributed 
onto four photomultiplier tubes and Anger logic 
can be applied for segment identification, e.g. 64 
segments. The function of a BGO block-detector 
therefore is very similar to a small gamma camera. 
The blocks are arranged in rings to cover the whole 
360° around the patient and extend over 10–25 cm 
in the axial direction. The size of the sub-crystals in 
a block defines the intrinsic spatial resolution and 
thus is kept small.

Traditionally, PET acquisition is performed in 
transverse slices through the body, with inter-plane 
septa to reduce the scatter contribution (2D mode, 
Fig. 16.7a). In most of the current PET scanners, the 
septa can be retracted to allow three-dimensional 
data acquisition for enhanced sensitivity (Fig. 16.7b; 
Bendriem and Townsend 1998). Although this 
acquisition mode has a higher scatter and random 
fraction than a 2D tomograph, the gain in true coin-
cidence counts in brain scans obviates the use of 
smooth filters in the reconstruction process, thus 
image contrast is noticeably improved. Acquisitions 
in the abdomen or whole body in 3D mode are more 

affected by scattered radiation and random events 
originating outside the axial coincidence field of 
view. This measurement situation needs to be fur-
ther evaluated and normalization and correction 
methods for quantitative information have to be 
validated (Bendriem and Townsend 1998). To fully 
utilize the advantages of 3D acquisition, methods 
for scatter correction and random subtraction have 
to be implemented along with suitable reconstruc-
tion or rebinning algorithms.

Tomographs with full rings of BGO-, LSO- and 
GSO block detectors will remain the high perfor-
mance PET scanners. However, clinical PET has 
gained much attention in the recent years, mostly 
triggered by the successes of using FDG in cancer 
diagnosis and treatment evaluation. Reducing the 
cost of PET instrumentation is the goal of new paths 
of scanner development: one being the introduc-
tion of positron tomographs with fewer or cheaper 
scintillation detectors, the other being hybrid dual 
head cameras offering SPECT as well as coincidence 
acquisition mode. The first category (dedicated posi-
tron imaging systems) is represented by a tomograph 
with large NaI(Tl) scintillation crystals arranged in 
a hexagon (UGM Quest, Philadelphia, Pennsylva-
nia; ADAC C-PET, Milpitas, California). This is an 
intrinsically 3D system (Muehllehner and Karp 
1986; Karp et al. 1990). From Table 16.1 it is clear that 
thicker NaI crystals are needed to improve coinci-
dence detection efficiency. Thus, the crystals in this 
scanner are 25 mm thick. Since NaI(Tl) is less expen-

Fig. 16.7. a Two-dimensional PET uses inter-plane septa, 
restricting the events to direct slices and next neighbors. 
b In 3D PET septa are retracted, allowing all possible angles 
for coincidence detection

ba
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sive than BGO, the price for this tomograph is lower. 
This tomograph has very good spatial resolution, 
good contrast and detection efficiency, but low count 
rate efficiency. Further improvements of this type of 
tomograph are underway, one being the use of curved 
crystals for better homogeneity in spatial resolution.

Another design to reduce the cost is a 3D tomo-
graph which consists of only two sectors with BGO 
block detectors (Siemens CTI ECAT ART, Siemens, 
Erlangen, Germany), continuously rotating around 
the patient to cover all projection angles (Townsend 
et al. 1993; Bailey et al. 1997). This scanner has a 
good spatial resolution, and a sensitivity compara-
ble to a full ring BGO tomograph which is operated 
in 2D. The most important physical performance 
parameters of some commercial positron imaging 
systems are summarized in Table 16.2.

Various realizations of hybrid cameras are avail-
able; all consist of a dual-head NaI(Tl) camera oper-
ated in either SPECT or coincidence mode (Fig. 16.8). 
In coincidence mode the camera is operated without 
collimators, and events detected in both detectors 
within a narrow time window (15 ns) are assigned 
to one coincidence event. The exact location of the 
coincidence line is calculated by the coordinates of 
gamma radiation detection on the camera heads 
(equivalent to 3D operation). For each angular posi-
tion of the heads, therefore, coincidence events in 
different directions are recorded, in contrast to a 
parallel-hole collimator, which only records the 
photons that appear at right angles to the camera 
head.

Because a dual-head coincidence camera is meant 
to be operated both in the coincidence mode and in 
the conventional SPECT mode, compromises must 
be made in the design since some requirements are 
contradictory. For example, a thin scintillation crys-

tal (generally 9.5 mm) is required for SPECT so that 
the best possible spatial resolution can be achieved 
(Muehllehner 1979). However, if high-energy 
annihilation photons are to be recorded efficiently, 
thicker crystals must be used. With a 6.4-mm-thick 
NaI(Tl) crystal, only 7% of the photons deposit their 
entire energy (511 keV) in the crystal, and with double 
the crystal thickness the proportion is 17% (Anger 
and Davis 1964), resulting in a coincidence detec-
tion efficiency of 3%. Digital correction techniques 
are used in modern cameras; thus, despite increased 
crystal thickness, there is no resolution degradation 
in the detection of low-energy photons.

Since large-area camera heads are involved, events 
are also detected that have their origin outside the 
actual field of view of the camera and increase the 
singles count rate in the heads (Fig. 16.9). Simi-
larly, the detectors are sensitive to photons that are 
scattered in the patient and reach the crystal. High 
singles count rates contribute to the background 
of random coincidences and, because of the open 
design, depend on the distribution outside the field 
of view, a fact that makes correction techniques more 
difficult or even impossible. The fraction of coinci-
dence events is approximately 1–2% of all events, 
depending on crystal thickness. The singles count 
rates in a camera head during coincidence operation 
can be as high as 1 million/s. Compared with count 
rates of much less than 100 kcps, which normally 
occur in SPECT imaging, this imposes stringent 
demands on the camera’s count rate performance. 
To solve the problem of a system that is less sensi-
tive but may nevertheless be subjected to high count 
rates, pulse processing techniques become more 
important (Mankoff et al. 1990).

Although it provides a much higher sensitivity than 
a gamma camera equipped with an ultra-high-energy 

Table 16.2. Performance parameters of dedicated ring tomographs (Siemens CTI ECAT EXACT47 and ART, Siemens, Erlangen, 
Germany; GE Advance and UGM Quest, General Electric Medical Systems, Milwaukee, Wis.; and a coincidence camera (ADAC 
Vertex MCD ADAC Laboratories, Milpitas, Calif.). FWHM full width at half maximum

 EXACT47  Advance  ART Quest MCDc

 2Da 3Db 2Da 3Db

Axial field of view (cm) 16.2 16.2 15.2 15.2 16.2 25 38
Resolution in the center

Transaxial FWHM (mm) 5.8 5.8 4.5 4.5 5.7 5.5 5.0
Axial FWHM (mm) 5.0 5.0 4.0 6.0 6.0 6.0 5.3

Sensitivity (cps/Bq per milliliter)d 5.8 40.5 5.7 30.4 7.5 12.2 3.2
Scatter fraction (%)d 17 48 10 34 37 28 32

a With tungsten septa
b Without tungsten septa
c Two energy windows (511 and 310 keV) 30% width, detector distance 62 cm
d Measured in a cylinder (20 cm diameter), homogeneously filled with 18F
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Fig. 16.9. The sensitivity profi le in 3D imaging systems varies 
across the detector head D, depending on the axial acceptance 
angle α. The highest sensitivity is in the center

Fig. 16.8. Dual-head camera operated with collimators in 
a SPECT mode, and b without collimators in coincidence 
mode

a b

SPECT Coincidence Camera

lead collimator, the dual-head coincidence camera is 
less sensitive than a full-ring PET scanner because of 
solid angle restrictions and lower detection efficiency 
at 511 keV in the NaI crystal. Therefore, a longer scan 
time is needed and the use of coincidence cameras 
is limited to the detection of 18F labeled substances. 
Without attenuation correction, PET studies of the 
heart are not meaningful. Present implementations 
of coincidence cameras show a spatial resolution 
comparable to full-ring PET scanners, but with an 
increased scatter and random fraction (Table 16.2), 
causing the detectability of small lesions within back-

ground activity to be lower in coincidence cameras as 
compared with full-ring PET scanners (Shreve et al. 
1998). These systems are still being improved. Thus, 
it is very important to know where the coincidence 
cameras are applicable – these areas may be different 
from dedicated PET scanners (Coleman 1997).

Attenuation correction in dual-head coincidence 
imaging is currently being developed either by mea-
sured attenuation factors or by including attenuation 
into iterative reconstruction algorithms. Together 
with random and scatter correction techniques, this 
will be the basis for potential quantitative information 
from dual-head coincidence imaging (see chap. 14).

Obviously, a scintillator with higher detection 
efficiency for gamma rays of 511 keV would greatly 
enhance the performance of a hybrid system. Cerium 
activated lutetium oxy-orthosilicate, the scintillator 
which is most promising for coincidence measure-
ments, unfortunately has a disadvantage in single 
photon detection: the natural radioactivity in the 
material causes non-zero count rates at background 
levels. In positron imaging, these events are suppressed 
by the coincidence window. Therefore, a new hybrid 
system is being developed in which the combination 
of two scintillation materials in a type of sandwich 
geometry is used. Each scintillator is specially suited 
for the detection either of low-energy or high-energy 
photons. The SPECT technique can be performed with 
signals from the front layer, positron imaging with 
coincidence counting from the back layers. For the 
front layer yttrium oxy-orthosilicate (YSO; Dahlbom 
et al. 1997) or NaI(Tl) (Schmand et al. 1998a,b) were 
proposed in combination with a back layer made of 
LSO. The light decay constants of the two materials are 
different (Table 16.1); thus, pulse shape analysis can 
be used to discriminate which crystal was hit by the 
gamma ray. To meet the strict count rate requirements, 
the system consists of granulated detectors. The first 
cameras will merge SPECT and PET even closer.

16.2 
Requirements of Imaging Systems

16.2.1 
Fundamentals of Clinical Imaging Protocols and 
Technical Factors

The optimal use of any imaging system can only be 
provided if the technical parameters, such as resolu-
tion, sensitivity and scatter fraction, are evaluated 
in their influence on image quality.
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Whereas spatial resolution is important for a real-
istic representation of the organ under study and 
quantitative information, it is not the only technical 
parameter determining image quality in terms of 
lesion detectability. Background due to septa pen-
etration, scattered radiation or random coincidences 
affect contrast in the image. Thus, depending on the 
amount of background in the image, small lesions can 
get lost, even if the system resolution is the same.

For different imaging situations using gamma 
cameras, the most adequate collimator has to be 
chosen, depending on the energy of the incoming 
gamma ray, the size of the structures to be investi-
gated and an acceptable scan duration for acquisi-
tion of sufficient count statistics. The highest-reso-
lution collimator available for a given energy may be 
advantageous (Muehllehner 1985; Mueller et al. 
1990), even if some sensitivity is lost.

In single-photon imaging, collimator resolution 
degrades rapidly with increasing distance from the 
collimator surface; therefore, the camera heads are 
kept as close as possible to the patient during acquisi-
tion. On the other hand, spatial resolution of coinci-
dence detectors is almost independent of the position 
in-between the two detectors of a pair (Hoffman et 
al. 1982). However, coincidence sensitivity depends 
on the area of detector that is seen by each point in the 
object (solid angle), which is reduced with increased 
distance between the detector.

In camera systems utilizing lead collimators, 
performance is usually defined in terms of intrinsic 
(camera inherent properties) and extrinsic (including 
the collimator) system performance parameters. For 
patient imaging, the extrinsic values are more impor-
tant since they reflect the actual clinical situation.

The system spatial resolution results from the 
combination of intrinsic detector resolution and 
resolution of the lead collimator. Measurement of 
the system spatial resolution is performed by imag-
ing a 99mTc line source and using full width at half 
maximum (FWHM) and full width at tenth maxi-
mum (FWTM) as parameters of resolution. Whereas 
in most currently available gamma cameras the 
intrinsic spatial resolution is 4 mm FWHM, the 
limited resolution of the collimators degrades the 
system resolution to approximately 10 mm.

Intrinsic spatial resolution in camera-based systems 
is a result of PMT signal centroid-calculation (Fig. 16.1). 
Thus, it is affected by the statistical nature of scintilla-
tion light collection and random errors during conver-
sion into electrons at the PMT cathode. Interaction of 
the 140-keV gamma ray, of 99mTc,  produces more light 
in the scintillator and therefore less error in the posi-

tioning algorithm, than the 70–80 keV ray of 201Tl. In 
order to detect a high- energy gamma ray efficiently, a 
thick crystal is favorable, but spread of light is more 
pronounced in thick crystals, causing the intrinsic spa-
tial resolution to degrade in this situation.

It is important to eliminate image distortion by 
assuring spatial linearity; otherwise, images of line 
sources would not be straight. In modern gamma cam-
eras, the digitized PMT signals are corrected before 
the event position is calculated (Muehllehner et al. 
1980). Also, the event positioning in a gamma camera 
has to be independent of the total amount of light gen-
erated in the scintillation crystal. This is achieved by 
energy normalization of the centroid calculation.

One of the most important parameters is system 
sensitivity, describing the fraction of incoming 
gamma rays which are actually detected by the 
system. Single-photon devices suffer mainly from 
the low collimator efficiency needed to enhance 
spatial resolution. The total efficiency is also deter-
mined by the intrinsic gamma interaction probabil-
ity in the crystal and the energy range selected.

The type of detection system in coincidence cam-
eras permits 3D data acquisition with continuous sam-
pling. The sensitivity of 3D systems strongly depends 
on the position within the field of view, both in axial 
and transaxial directions. The maximum acceptance 
angle for coincidence events defines the sensitivity 
profile. It has the shape of a pyramid or trapezoid 
(Fig. 16.9; Clack et al. 1984). This fact causes lesions 
to be detected with different statistical accuracy, 
depending on their location in the field of view.

Energy resolution, determined mainly by the 
crystal material, measures how well gamma rays 
with two different energies can be distinguished. 
Good energy resolution also provides a means of 
reducing the fraction of scattered gamma rays enter-
ing into the image, because a narrow energy window 
can be used. For instance, a 20% energy window 
accepts gamma rays of up to 52° scattering angle for 
an incident energy of 140 keV, visible as background 
events distributed across the image.

16.2.2 
Acquisition Parameters and Procedural Factors

16.2.2.1 
Sampling Requirements

The quality of scintigraphic images is influenced by 
several procedural parameters. Firstly, the projection 
data have to be acquired in agreement with the system 
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performance; thus, it is important to choose the pixel 
size of the acquisition matrix at approximately one 
half the size of the smallest structure to be resolved, 
which depends on the collimator. Gamma-camera 
images show variations in count density due to the 
limited number of photons which form the image. 
Therefore, detection of lesions depends on object 
contrast and size. Lesion contrast has to be much 
higher than noise levels in order to detect a lesion. 
A high number of counts reduces noise and smaller 
and/or lower-contrast lesions can be detected. For 
tomographic imaging the number of counts to detect 
a structure can be estimated, given the spatial resolu-
tion and the uncertainty with which the structure is 
to be imaged (Budinger et al. 1978).

Planar scintigraphy is performed by acquiring 
data with the gamma-camera viewing one direc-
tion of the patient. The data represent the projec-
tion of the tracer distribution; thus, overlapping 
structures result in summed signals and blurring in 
the image. Tomographic images, representing the 
activity distribution in a transaxial slice through 
the body, are generated from measured projections 
by the use of mathematical reconstruction algo-
rithms. Full-ring dedicated positron tomographs 
collect all projections at once. Rotating single or 
multi-head gamma cameras acquire the data either 
during continuous motion or at a number of pre-
defined angles (step-and-shoot). Depending on the 
duration of the gantry to rotate and switch between 
acquisition and motion, continuous rotation may 
be more efficient than step-and-shoot techniques. 
If, for instance, many angular steps with short 
measuring time per step are performed, continu-
ous rotation is advantageous. In the case of larger 
angular steps, step-and-shoot acquisition should 
be preferred because of its higher angular precision 
and little loss in time.

To minimize resolution degradation in tomo-
graphic imaging, angular sampling should equal 
linear spatial sampling. Therefore, the number of 
angular views which are acquired in a 180° rotation 
(M180) corresponds to the length of the arc of the 
selected rotation diameter (D), divided by the sam-
pling distance ∆l (Eq. 16.1; Huesman 1977):

 
(16.1)

If this requirement is not met, image artifacts will 
show up in the reconstructed transverse slices. For a 
given system resolution, defined by the collimator in 
single-photon cameras, the pixel size in the matrix 

and the angular steps are defined. Patient tolerance 
restricts total imaging duration, limiting the count 
statistics. Thus, deviations from the ideal parameter 
set are common in clinical practice, mainly to reach 
a compromise between low counts in many views or 
high counts in fewer views, violating the sampling 
requirements. Since the strict requirement on count 
density from planar imaging does not necessarily 
apply to each individual projection image in a SPECT 
acquisition, protocols tend to favor a large number 
of angular steps. Resolution in the reconstructed 
SPECT image is not spatially invariant since the 
distance between detector and source organ varies 
between steps. Usually, SPECT resolution is worse 
than planar imaging. This is due in part to the fact 
that the camera head is farther away from the patient 
in SPECT. On the other hand, the limited number of 
events per view and the necessity to use smoothing 
filters in the reconstruction process further decrease 
the resolution. The main advantage of SPECT over 
planar imaging is the higher image contrast because 
overlapping structures are eliminated.

In PET scanners with BGO block detectors, the spa-
tial resolution is defined by the size of the individual 
crystal; therefore, stationary rings cannot fulfill the 
sampling requirements. Although wobbling mecha-
nisms had been developed to overcome this problem 
and increase sampling, these approaches have been 
abandoned in the recent designs, due mainly to the 
fact that in clinical situations the number of detected 
events is not high enough to fully utilize the finer 
sampling grid. Large-area crystals offer continuous 
sampling; thus, the binning process and subsequent 
sampling frequency have to meet the intrinsic spa-
tial resolution (Karp et al. 1990).

16.2.2.2 
Whole-Body Acquisition

A diagnostically valuable tool is the whole-body 
acquisition of 18F labeled substances by sorting 
the sinogram data of a PET scanner into projec-
tion images, yielding images similar to planar body 
scans (Guerrero et al. 1990; Dahlbom et al. 1992). 
A stack of reconstructed transverse slices provides a 
volume data set which can be resliced into coronal 
and sagittal sections. Since most dedicated positron 
tomographs extend over 10 to 16 cm, numerous axial 
steps (or bed positions) have to be acquired in order 
to cover the whole body. Thus, acquisition duration 
per position has to be short (1–5 min), causing statis-
tical noise in the reconstructed images. Despite the 
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short scan time, image quality can be improved by 
optimized sampling schemes (Dahlbom et al. 1992) 
and careful normalization of variations in detec-
tor efficiencies. Since the sensitivity of a tomograph 
drops at the edges of the axial field of view, adequate 
overlap of the neighboring bed positions needs to 
be applied to reduce artifacts due to variations in 
statistical quality of the data. Although currently 
not supported by commercial systems, a continu-
ous axial motion may be advantageous in septum-
less, 3D PET acquisition (Cherry et al. 1992; Dahl-
bom et al. 1994). In addition to an increased scatter 
fraction, 3D whole-body acquisitions are specially 
affected by activity outside the axial field of view 
(Sossi et al. 1995). Scatter correction methods based 
on the information from within the field of view 
show deviations (Ferreira et al. 1998), causing 
some differences in quantitative information com-
pared with 2D PET scanning. Numerous research 
groups are actively evaluating and improving this 
methodology.

Especially during acquisitions which involve 
rotating camera heads for sequential measurement 
of projection data (SPECT or dual-head coincidence 
cameras) it is important to minimize patient motion; 
otherwise, not only blurring but also distortions will 
be introduced in the reconstructed image. Therefore, 
it was suggested to fractionate scan times in order to 
reduce motion artifacts (Germano et al. 1994).

16.2.3.1 
Attenuation Correction

Transmission measurements are frequently used as 
a basis for attenuation correction in nonhomoge-
neous objects. Whereas the projections can be pre-
corrected in coincidence measurements, in SPECT 
imaging the measured transmission data are recon-
structed and the attenuation maps are used as a 
basis in various correction methods, mostly apply-
ing iterative reconstruction methods (see chap. 17). 
Simultaneous transmission and emission scanning 
is most desirable so that misalignment is elimi-
nated. This goal is achieved in SPECT imaging by 
using nuclides which emit gamma rays of different 
energy. Careful choice of transmission nuclides is 
important to minimize crosstalk effects and accu-
rate determination of attenuation factors (Ficaro et 
al. 1994). 153Gd and 241Am have been implemented 
in clinical routine. Currently, scanning line sources 
for single and dual-head cameras (Tan et al. 1993), 
or stationary line sources in combination with fan-

beam collimators in triple-head systems (Tung et 
al. 1992), are in use. Stationary multiple line sources 
are a new approach in overcoming the problem of 
count statistics in some areas of the body (Celler 
et al. 1998).

Despite the higher energy, attenuation factors 
for coincidence measurements are much higher 
than in SPECT, since the total path for both gamma 
rays is longer; thus, along certain coincidence lines, 
attenuation factors of more than 100 can occur. The 
transmission data in PET are routinely acquired 
in coincidence using rotating rod sources made of 
68Ge. Spatial windowing reduces the amount of scat-
ter in the transmission data and the contamination 
of emission into transmission. Contrary to SPECT 
scanning, simultaneous acquisition is not performed 
clinically, since it requires low-activity transmission 
sources and therefore long scan times. Generally, 
count-rate limitations of full-ring BGO-ring tomo-
graphs do not allow the use of intense transmission 
sources in coincidence mode. Due to prolonged 
transmission measurements, misregistration of 
transmission and emission may result because of 
patient motion. To overcome this problem, singles 
acquisition was proposed using high activity of 
either a positron emitter or of 137Cs (deKemp and 
Nahmias 1994; Karp et al. 1995; Yu and Nahmias 
1995), which emits gamma rays with an energy of 
662 keV. As in SPECT, the attenuation factors have to 
be scaled accordingly; however, the low-energy res-
olution of BGO crystals (>20%) results in high scat-
ter fraction. NaI(Tl) systems have the advantage of 
intrinsically better energy resolution. The method 
has been implemented in a dual-head coincidence 
system using two collimated 137Cs sources.

The clinical value of attenuation correction in 
whole-body PET imaging is discussed controver-
sially (Bengel et al. 1997; Bedigian et al. 1998; 
Imran et-al. 1998). Up to 40% of the total scanning 
time has to be dedicated to transmission measure-
ment for optimal noise characteristics in 3D total-
body PET using 68Ge/68Ga transmission sources 
and coincidence measurement (Beyer et al. 1997). 
Reduced imaging time using strong 137Cs sources and 
singles acquisition mode may offer the possibility of 
applying a short interleaved emission/transmission 
scan protocol (Karp et al. 1995; Smith et al. 1997). 
Thus, statistical quality of transmission data, which 
is a major obstacle in conventional transmission 
measurements, is improved and potential patient 
motion during the shorter scan is minimized. The 
results of ongoing investigations will show its clini-
cal value.
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The problem of the poor signal-to-noise ratio in 
the measured attenuation correction has to a great 
extent been solved with the introduction of com-
bined PET-CT and SPECT-CT systems (Beyer et 
al. 1994; Hasegawa et al. 2002; Kalki et al. 1997; 
Townsend et al. 1998). These systems typically con-
sist of a PET (or SPECT) scanner and a conventional 
CT scanner, combined in one single gantry. The pri-
mary function of the CT system is to provide ana-
tomical information to the emission image. Since 
both the emission scan and CT scan are acquired 
sequentially on the same system, the two data sets 
are almost perfectly registered and can be fused to 
aid in localizing areas of abnormal uptake on the 
anatomical CT images.

Since the values in the CT image are propor-
tional to photon attenuation, these can also be used 
to generate an attenuation correction for the emis-
sion data. However, since the CT images are recon-
structed from data acquired using polychromatic 
X-rays of a relatively low energy, the image values 
(i.e., Hounsfield units) do not in general translate 
into attenuation values at the emission energy used 
(e.g., 511 keV for PET). Kinahan et al. (1998, 2003) 
have shown that an accurate attenuation correc-
tion can be derived from a CT image by classify-
ing the image into two main tissue types (i.e., soft 
and bone tissue), which is accomplished by simple 
thresholding. Different scaling factors are then 
applied to the two tissue images, which convert the 
Hounsfield units into attenuation values at 511 keV. 
The two scaling factors are necessary due to the sig-
nificant differences in mass attenuation coefficient 
between bone and soft tissue at low photon energies. 
The scaled images are combined and smoothed to 
generate the final attenuation map, which can sub-
sequently be used to calculate the attenuation cor-
rections that can be applied to the emission data. It 
has been found that a non-diagnostic, low dose CT 
(10–40 mA) usually provides images of adequate 
quality for the purpose of attenuation correction 
and anatomical localization.

The use of CT for attenuation correction is not 
without problems and has introduced a new set of 
image artifacts not seen with conventional correc-
tion methods (i.e., transmission sources). Due to 
the speed of a helical CT system, the images are not 
acquired over a number of respiratory cycles as in 
the case of the emission data. Therefore, there is a 
mis-registration between the CT and emission data 
that sometimes introduces streaking artifacts in 
the reconstructed emission images. This is com-
monly seen in areas where there is a large change 

in attenuation coefficients and significant respira-
tory motion (e.g., dome of the liver and base of the 
lung interface) (Goerres et al. 2003; Nehmeh et 
al. 2002). CT studies commonly involve the admin-
istration of contrast enhancing agents. In areas of 
increased contrast, the images have an appearance 
of increased attenuation, due to the higher absorp-
tion of the X-rays in the iodine. When a contrast 
enhanced image is used for attenuation correction, 
the attenuation coefficient for these regions is over-
estimated, and the result is an overcorrection of the 
emission data in these regions which sometimes can 
be mistaken for increased activity (pseudo-tracer 
uptake) (Bockisch et al. 2004; Townsend et al. 
2004). A similar effect is seen in patients with metal 
implants, which produce a significant over-esti-
mation of the attenuation coefficient (Goerres et 
al. 2002; Halpern et al. 2004; Beyer et al. 2004). 
To rule out these attenuation related artifacts, it is 
always important to review the non-attenuation cor-
rected emission images in addition to the corrected 
images (Beyer et al. 2004).

16.2.3 
Quality Control

Quality control of nuclear medicine instrumenta-
tion is essential to assure that the equipment func-
tions within the known specifications and that 
image artifacts are avoided which could lead to 
misdiagnosis. There are recommendations of the 
manufacturers and medical physics society (NEMA 
1986, 1994) on which camera parameters should be 
tested and how often this should be done according 
to a detailed protocol. The basis of quality control 
and action to be taken in cases of irregularities 
are the system performance parameters obtained 
during acceptance testing after the instrument has 
been installed in the department. These values are 
used as reference in the periodical checkout of the 
camera. Most vendors provide software tools for 
the routine quality control of modern digital cam-
eras. It is important to be aware that any part in 
the imaging process can influence image quality, 
especially with automated tuning and correction 
processes implemented in the modern complex 
systems.

Besides the visual inspection of the camera, col-
limators and peripheral devices, certain measure-
ments should be performed regularly. The results 
of these measurements have to be documented and 
reviewed to detect changes and obvious artifacts.
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In camera-based systems, i.e. single-head planar, 
single- or multi-head SPECT and dual-head coinci-
dence cameras, the basic quality control concerns 
the scintillation camera itself. Since the camera per-
formance is dependent on the energy of the incident 
gamma ray, the implemented methods for correct-
ing these differences have to be tested. Thus, every 
day before the first scan and each time a different 
nuclide is being used, the position and width of the 
energy window have to be checked. A point source 
in air and count rates below noticeable pileup yields 
the best results. This peaking of the camera is easily 
performed on the multi-channel display of the 
energy spectrum in modern systems. An evaluation 
of crystal, light pipe, photomultipliers, electronics 
and display system is achieved by the daily acqui-
sition of a flood image. This is the most important 
check, yielding information on the global perfor-
mance of the camera. The most convenient pro-
cedure is to measure the intrinsic uniformity. For 
this measurement the collimator is removed from 
the camera and the camera is irradiated by a point 
source (99mTc) which is positioned more than three 
times the camera diameter away. The total number 
of collected counts should be more than 1–3 mil-
lion depending on the detector size. Comparison 
with the flood image taken after the last adjustment 
of the camera shows changes in the system, and in 
the case of obvious nonuniformities (e.g. defective 
PMT) the camera should not be used for clinical 
studies. Digital processing of the acquired flood 
images is used to quantify the nonuniformities in 
these images. Integral uniformity is defined as the 
maximum deviation of counts per pixel and differ-
ential uniformity measures the maximum change of 
count density over five neighboring pixels.

Nonuniformities can be produced by spatial non-
linearity, shifting events towards the center of the 
photomultiplier entrance window. In modern cam-
eras this effect is reduced automatically by applying 
correction maps for linearity and multi-energy reg-
istration. Resolution and linearity should be checked 
on a weekly basis using a lead bar phantom on the 
camera without collimator, assessing nonlineari-
ties and distortions in different areas of the camera. 
Also, the efficiency of the system can be determined 
weekly by calculating the ratio of counts per second 
in the uniformity test and the known activity in the 
point source which is placed at a fixed distance from 
the detector head. A fillable planar source (99mTc) or 
a 57Co sheet source is needed for a monthly measure-
ment of extrinsic uniformity, i.e. including the col-
limator.

Every 3 months the count rate performance and 
multienergy spatial registration should be checked 
according to the protocols used during acceptance 
testing. Special attention is needed for cameras used 
in whole-body imaging. Although they presently 
only need one scan covering the whole patient (older 
cameras with smaller fields of view needed two 
sweeps), alignment and electronic timing errors can 
severely affect the whole-body images, depending 
on the acquisition type. If a series of static images 
is acquired, misalignment between the individ-
ual images causes horizontal stripes in the image. 
During continuous head motion electronic timing 
errors will lead to areas of lower counts. A whole-
body uniformity check shows these problems, which 
are not seen on normal flood images (O’Connor 
1996).

Artefacts in planar images are propagated and 
even amplified in tomographic acquisitions. Lin-
earity and uniformity are of primary importance in 
this context. Even small nonuniformities, not visible 
on the daily low-count flood images, cause artifacts 
in the tomographic images. Thus, quality control 
for SPECT systems includes some additional mea-
surements. A weekly measurement of the extrinsic 
uniformity using a planar source and measurement 
times resulting in 10–30 million counts is incorpo-
rated in the data processing to eliminate even small 
nonuniformities in the camera which would cause 
concentric ring artifacts in the reconstructed SPECT 
image. Differential nonuniformity after applying 
the uniformity correction matrix should not exceed 
1.0–2.5% to prevent ring artifacts in the tomographic 
image (O’Connor 1996). Especially in multi-head 
systems the uniformity measurement for each indi-
vidual head is required. In addition, uniformity 
needs to be independent of the rotational position 
of the camera head. It is advisable to check this once 
per year. Careful alignment of the mechanical and 
electronic axis of rotation is required to prevent res-
olution loss or even distortion in the tomographic 
images. A difference of 0.5 pixel can cause serious 
distortions in a 128×128 image matrix. Most systems 
provide an automated procedure to detect deviations 
from the correct center of rotation (COR). In multi-
head SPECT cameras, strict alignment of all axes of 
rotation has to be assured. Due to the improved sta-
bility of modern SPECT systems, the suggested test 
frequency of once per week may be prolonged. Once 
a month the mechanical head tilt in a SPECT system 
should be checked to avoid malpositioning of trans-
axial data. The pixel calibration, i.e. the number of 
pixels measured between two point sources of known 
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distance, should be measured every month. With 
point sources of different energy, the multi-energy 
spatial registration of the camera can be checked, 
which not only assures the same magnification but 
also the applicability of COR and nonuniformity 
corrections for different energies.

The global performance of the SPECT system is 
best monitored by regularly (every 3 months) per-
forming an acquisition with a phantom containing 
structures (e.g. Jaszczak phantom) representing the 
system resolution.

The coincidence camera can be seen as a spe-
cial type of multi-head SPECT system; therefore, 
all the aforementioned remarks are also valid. 
Currently, little experience is available in terms of 
which additional tests should be performed in what 
time interval. The available cameras differ in their 
implementation of pulse processing, coincidence 
event localization and coincidence circuitry includ-
ing time window widths. Imaging a positron emit-
ting line source (long lived 68Ge/68Ga can routinely 
be used) at a fixed geometry may be useful to detect 
gross nonuniformities or changes in sensitivity on 
a daily basis without adding too much time to the 
quality control procedures.

Quality control in dedicated PET scanners with 
BGO detectors arranged in a full ring is performed by 
a daily measurement of the relative line-of-response 
efficiency (corresponds to the flood images on 
scintillation cameras; Spinks et al. 1989). Data are 
acquired similar to a transmission scan using rotat-
ing rod sources. A defective block detector or elec-
tronics bank can easily be seen as a count-depressed 
line in the sinogram display of the data. The counts 
per block in the blank scan are compared with refer-
ence data. If there is a statistically significant devia-
tion from the expected pattern, adjustment of the 
system, like tuning of a gamma camera, is needed.

If quantitative PET measurements are performed, 
the tomograph counts are related to the injected dose 
and careful cross-calibration between PET scanner 
and dose calibrator is essential. A cylindrical phan-
tom of known volume is filled with positron activity 
and imaged. Calibration factors (cps/Bq per milli-
liter) are calculated for each plane from the counts 
in the reconstructed image and the known activity 
concentration in the phantom. This factor should be 
a constant.

Currently, the recommendations apply to full ring 
PET scanners with BGO block detectors. Standard 
procedures are being evaluated for rotating BGO, 
large area NaI full-ring tomographs, and dual-head 
coincidence cameras.

Independent of the acquisition system, patient-
related quality control can be summarized as reduc-
tion in motion, choice of injection site relative to 
target organ, time of scan after injection (biokinet-
ics) and positioning (truncation).

16.2.3.3 
Attenuation Correction

The problem of the poor signal-to-noise ratio in 
the measured attenuation correction has to a great 
extent been solved with the introduction of com-
bined PET-CT and SPECT-CT systems (Beyer et al. 
1994; Townsend et al. 1998; Hasegawa et al. 2002; 
Kalki et al. 1997). These systems typically consist 
of a PET (or SPECT) scanner and a conventional CT 
scanner, combined in one single gantry. The pri-
mary function of the CT system is to provide ana-
tomical information to the emission image. Since 
both the emission scan and CT scan are acquired 
sequentially on the same system, the two data sets 
are almost perfectly registered and can be fused to 
aid in localizing of areas of abnormal uptake on the 
anatomical CT images.

Since the values in the CT image are propor-
tional to photon attenuation, these can also be used 
to generate an attenuation correction for the emis-
sion data. However, since the CT images are recon-
structed from data acquired using polychromatic 
X-rays of a relatively low energy, the image values 
(i.e., Hounsfield units) do not in general translate 
into attenuation values at the emission energy used 
(e.g., 511 keV for PET). Kinahan et al. (Kinahan et 
al. 2003; Kinahan et al. 1998) have shown that an 
accurate attenuation correction can be derived 
from a CT image by classifying the image into two 
main tissue types (i.e., soft and bone tissue), which 
is accomplished by simple thresholding. Different 
scaling factors are then applied to the two tissue 
images, which convert the Hounsfield units into 
attenuation values at 511 keV. The two scaling fac-
tors are necessary due to the significant differences 
in mass attenuation coefficient between bone and 
soft tissue at low photon energies. The scaled images 
are combined and smoothed to generate the final 
attenuation map, which can subsequently be used 
to calculate the attenuation corrections that can be 
applied to the emission data. It has been found that 
a non-diagnostic, low dose CT (10–40 mA) most of 
the time provides images of adequate quality for 
the purpose of attenuation correction and anatom-
ical localization.
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The use of CT for attenuation correction is not 
without problems and has introduced a new set 
of image artifacts not seen with conventional cor-
rection methods (i.e., transmission sources). Due 
to the speed of a helical CT system, the images are 
not acquired over a number of respiratory cycles as 
in the case of the emission data. Therefore there is a 
mis-registration between the CT and emission data 
that sometimes introduce streaking artifacts in the 
reconstructed emission images. This is commonly 
seen in areas where there is a large change in attenu-
ation coefficients and significant respiratory motion 
(e.g., dome of the liver and base of the lung interface) 
(Goerres et al. 2003; Nehmeh et al. 2002). CT stud-
ies commonly involve the administration of contrast 
enhancing agents. In areas of increased contrast, 
the images have an appearance of increased attenu-
ation, due to the higher absorption of the X-rays in 
the iodine. When a contrast enhanced image is used 
for attenuation correction, the attenuation coef-
ficient for these region is overestimated, and the 
result is an overcorrection of the emission data in 
these regions which sometimes can be mistaken for 
increased activity (pseudo tracer uptake) (Bockisch 
et al. 2004; Townsend et al. 2004). A similar effect is 
seen in patients with metal implants, which produce 
a significant over-estimation of the attenuation coef-
ficient (Goerres et al. 2002; Halpern et al. 2004). 
To rule out these attenuation related artifacts, it is 
always important to review the non-attenuation cor-
rected emission images in addition to the corrected 
images (Beyer et al. 2004).

16.3 
Is There a Future for Dedicated Systems?

The historical division of nuclear medicine imaging 
into single-photon (traditionally nonquantitative) 
and positron imaging (quantitative) becomes more 
and more artificial as data processing and camera 
technology evolve, yielding devices capable of pro-
viding different acquisition modes and/or method-
ology for quantitative PET as well as SPECT. On the 
other hand, the imaging situation differs largely if, for 
example, brain or whole-body studies are performed; 
thus, high-performance instrumentation may have to 
be designed for its specific application. For instance, 
in single-photon detection it is indispensable to move 
the detector head as close as possible to the patient 
for optimal spatial resolution, but due to the design of 
the cameras this can sometimes not be accomplished. 

Therefore, in the past few years, investigators have 
concentrated on developing dedicated systems for 
imaging the breast or the brain.

Small, compact cameras which can be used in 
standard mammography systems may provide better 
image quality with reduced background as well as 
higher resolution and sensitivity than large-area 
conventional gamma cameras. The first feasibility 
studies (Levin et al. 1997; Gruber et al. 1998; Patt et 
al. 1998) point out that photodiode readout of lumi-
nous scintillators and the use of highly integrated 
electronics may be the most promising combination 
for this task. A prototype system showed excellent 
energy resolution (Patt et al. 1998) with pixelated 
CsI crystals and silicon photodiodes in combination 
with very high spatial resolution (1.5 mm). Once this 
technology is scaled up to a larger camera covering 
the whole breast, improved overall sensitivity and 
resolution in comparison with currently available 
large-area gamma cameras is expected. As impor-
tant as the improvements in detector technology is 
the development of matched collimators for these 
cameras (Gruber et al. 1998).

The limitations of positron imaging in the breast 
are sought to be overcome with inexpensive, high-
resolution dedicated systems with improved lesion 
detectability (Freifelder and Karp 1997). Flex-
ible geometry will be one of the requirements for 
the successful clinical acceptance of these devices. 
The concept of just two opposing BGO detec-
tors, mounted in an X-ray mammography gantry, 
is tested in two systems (Thompson et al. 1995; 
Weinberg et al. 1996). Owing to the position close 
to the breast, these systems provide much higher 
sensitivity than PET body scanners. Focal plane 
or limited-angle tomography is performed in the 
same geometry as X-ray imaging. Double-layer, 
finely pixelated BGO block detectors (Robar et al. 
1997) are used in the prototype yielding a resolu-
tion of approximately 2 mm.

A high-resolution positron tomograph is being 
built for brain studies using LSO block detectors with 
two layers, providing depth-of-interaction informa-
tion (Casey et al. 1997; Schmand et al. 1998a,b). 
This dedicated system will be the first complete 
tomograph utilizing this technology and is expected 
to yield brain images of unsurpassed quality. Cost 
will probably restrict the use of this tomograph type 
to research applications.

Clinical studies using these new dedicated imag-
ing devices will reveal if they can improve patient 
care by cost-effective introduction of high-quality 
nuclear medical imaging.
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17.1 
Introduction

In agreement with Moore’s law, computer perform-
ance (or more precisely the number of transistors 
per chip) doubles about every 20 months. This is an 
exponential growth curve, and the cumulative gain 
is impressive: programs running for days 10 years 
ago, now require minutes. This allows algorithm 

designers to follow new strategies. A potential dis-
advantage is that beautiful design, ingenious math-
ematics and clever numerical analysis now must 
face competition from inefficient and ugly brute 
force computations (in agreement with Wirth’s 
law). An important advantage is that problems, 
which cannot be solved analytically, can now be 
tackled with computation intensive numerical pro-
cedures.

A good example of this is reconstruction from 
projections. For a long time, reconstruction was 
almost exclusively done with filtered backprojec-
tion (FBP), a relatively fast, analytical method. The 
current proliferation of iterative reconstruction 
algorithms is a direct result of the increasing com-
puter speed. Most of the algorithms applied today, 
have been around for several years, waiting for the 
computers to become sufficiently powerful. Many 
iterative algorithms have been proposed (Herman 
1980; Schmidlin 1972) but, at least currently, the 
most successful for emission tomography is the 
maximum-likelihood expectation-maximisation 
(MLEM) algorithm (Rockmore and Mackovski 
1976; Dempster et al. 1977; Shepp and Vardi 1982; 
Lange and Carson 1984), accelerated using the 
ordered subsets approach (Hudson and Larkin 
1994). In part, this is due to the appealing theory 
behind it: the algorithm takes into account the sta-
tistical nature of the data, assuming that the data are 
Poisson distributed, which is exact or nearly exact 
in most cases. Convergence is guaranteed, and no 
tuning of mysterious parameters is required. More-
over, at least in emission tomography, it leads to a 
beautiful, simple mathematical expression which is 
very easy to program. To some extent, the success of 
MLEM is also due to historical reasons: it appeared 
at the right time, just when computers allowed appli-
cation to real images in a reasonable time, and rap-
idly became the standard iterative method.

The literature on reconstruction from projec-
tions is extensive. Lewitt and Matej (2003) give an 
excellent overview of current methods for emission 
tomography.
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17.2 
Image Formation and 
Reconstruction Techniques

Here, we compare filtered backprojection (FBP) and 
maximum-likelihood expectation-maximisation 
(MLEM), and describe how more accurate recon-
structions are obtained. 

17.2.1 
Filtered Backprojection

17.2.1.1 
The Algorithm

The emission tomograph is unable to measure 
directly the tracer distribution in which we are 
interested. Instead, it measures some complex, but 
known transformation of that distribution. The 
mathematical model of this transformation has 
been given several names, including “the Radon 
transform”, “a set of line integrals” or simply “the 
projection”. Reconstruction from projections, then, 
is a series of computations required to undo this 
undesirable transformation.

We focus on the two-dimensional, discrete case: 
a finite set of sampled projections (i.e., all images 
acquired by the camera over 360 degrees around the 
patient) from a two-dimensional tracer distribution 
(i.e., a slice through the body of the patient) must be 
reconstructed into a discrete image.

Filtered backprojection consists of two steps: 
filtering and backprojecting. Backprojection is not 
the inverse of projection, it is its transpose. Taking 
the transpose of an operator roughly means that 
very similar computations must be carried out, 
but in reversed order. In a projection, pixels along 
projection lines in the image are summed and the 
resulting value is assigned to a projection pixel. 
Thus, every pixel in the projection is computed 
as a weighted sum of image pixels, possibly with a 
different weight in every image pixel. In the trans-
pose operation, the backprojection, the whole 
computation is reversed: the image pixel is com-
puted as a weighted sum of projection pixels, using 
exactly the same weights as in the projection. Con-
sequently, image pixels that contribute little in the 
projection step, get little back in the backprojec-
tion step.

Since backprojection is not the inverse of projec-
tion, simple backprojection methods do not yield 
good reconstruction images. Indeed, the resulting 

image is a blurred version of the correct recon-
struction. With some non-trivial mathematics, 
which are not discussed here, these images can be 
deblurred, such that an image of the original distri-
bution is obtained. This is the filtering step. It does 
not matter whether filtering precedes or follows 
backprojection. In most implementations, first the 
projections are filtered, and then the filtered pro-
jections are backprojected. In the two-dimensional 
(2D) case, only the ramp filter can undo the blur-
ring effect of the backprojection.

Filtered backprojection is an exact inverse of 
projection, when all possible line integrals of the 
two-dimensional tracer distribution are used. This 
implies an infinite number of angles, with an infi-
nite number of pixel values for each angle, using a 
pixel size of zero. In reality, only a finite number 
of projection pixels for a finite number of angles is 
available. In addition, real SPECT or PET measure-
ments are not true line integrals. Real projection 
lines have a finite and position dependent width, 
and the number of detected photons is not nicely 
proportional to the total activity along that “line” 
because of photon--electron interaction and Pois-
son noise. Consequently, FBP only produces an 
approximate image of the tracer distribution in the 
patient.

17.2.1.2 
Regularisation

When FBP is applied to noisy projections, the noise 
propagates dramatically, resulting in very noisy 
reconstruction images. To suppress the noise, low-
pass filtering (smoothing) is applied. Inevitably, 
smoothing also reduces the spatial resolution. For 
reasons of computational efficiency, one used to 
apply a one-dimensional smoothing filter on the 
projections, which results in smoothing within 
the transverse slice. The efficiency comes from 
the fact that the smoothing filter can be combined 
with the ramp filter into a single operation. How-
ever, computational speed and computer memory 
are no longer an issue, and for regular three-
dimensional (3D) tomography it is preferable to 
apply a 2D smoothing filter on the projections. 
This is equivalent to 3D smoothing after FBP. 
The advantage of 3D smoothing is that the effect 
of the filter is isotropic. In addition, smoothing 
volumes is more effective than smoothing slices, 
because more pixels are involved for the same 
kernel size.
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17.2.2 
Maximum-Likelihood Expectation-
Maximisation

17.2.2.1 
Iterative Reconstruction 
as a Feed-Back Mechanism

With iterative inversion, one can compute the 
inverse of an operator numerically, if for some 
reason no analytical expression for that inverse 
operator is available. Iterative reconstruction algo-
rithms start from an initial, arbitrary estimate of 
the unknown tracer distribution. This can be a very 
poor estimate, such as a completely homogeneous 
image. In every iteration, the algorithm checks the 
current estimate, and improves it based on that 
evaluation.

A key feature of iterative algorithms is that 
they are based on a feedback mechanism. Feed-
back mechanisms are very common in biological 
and man-made systems because of their robust-
ness. The speed of a car is controlled by a feed-
back path, consisting of the speedometer and 
the eyes and brain of the driver, who compares 
the measured speed with the desired one. The 
feed-forward path, consisting of the driver‘s foot 
and the accelerator, is there to change the speed, 
until the feedback path is “satisfied”. In MLEM, 
the feedback path is the projection of the cur-
rent estimate of the tracer distribution, which is 
compared with the measurement. Comparison is 
done by computing the ratio of the measured and 
computed values in every projection pixel. If all 
these ratios are unity, then the current estimate 
must be excellent. If a particular ratio is higher 
(lower) than one, the measured photon count is 
higher (lower) than the estimated activity along 
the corresponding projection line, so the esti-
mated activity must be increased (decreased) by 
the feed-forward path. In MLEM, the feed-for-
ward path consists of multiplying the current 
estimate with the backprojection of the ratios. If 
all ratios are one, all backprojection pixels will 
also be equal to one. In this case, multiplication 
will not change anything, which is what we want, 
because the estimate is then perfect. The perform-
ance of a feedback mechanism is very sensitive to 
its feedback path, whereas it is less sensitive to the 
feed-forward path. As a result, virtually all itera-
tive algorithms share the same feedback path, i.e., 
the computation of the projection; the differences 
are in the feed-forward path.

Iterative reconstruction algorithms converge 
towards the inverse of the operation in the feed-
back path. Consequently, the projector in the feed-
back path should be a good model of the acquisi-
tion process. If not, artefacts can be expected. In 
MLEM, the feed-forward path contains the trans-
pose of the projection operator, which is the back-
projection operator. As has been said before, deriv-
ing the transpose is usually not too difficult. If the 
projector takes into account blurring and attenua-
tion, the backprojector should do likewise: a blur-
ring and attenuating backprojector is required. 
Since projector and backprojector basically apply 
the same operations in a different order, the com-
putation time is similar.

17.2.2.2 
Theoretical Considerations

When applied to real measurements, the algorithm 
is not able to make all ratios equal to one. Because 
the measured photon count is subject to Poisson 
noise, it is almost always impossible to find a tracer 
distribution that corresponds perfectly to the meas-
ured values. One can show that in this case, MLEM 
produces the most likely tracer distribution, taking 
into account the characteristics of the Poisson dis-
tribution. In fact, this is the main difference between 
MLEM and other iterative reconstruction algo-
rithms. Because we know that the number of meas-
ured photons is Poisson distributed, and because 
nice mathematical tools are available to deal with 
Poisson distributions, we can compute the prob-
ability of measuring what we actually did measure, 
assuming that the current estimate really repre-
sents the true tracer distribution. It seems logical to 
choose the estimate that maximises that probability 
as the reconstruction of the measurement.

Note that this probability is always extremely 
small, though. It is so small that it is zero in clinical 
practice. So we are in fact sure that the ML estimate 
is not the true distribution. We only select it because 
all other solutions are even less likely. In addition, 
we hope that the most likely solution is at least simi-
lar in many interesting features to the true distribu-
tion.

The MLEM algorithm maximises the likelihood 
function (ML). It does so by applying an iterative 
strategy, which belongs to a particular class of algo-
rithms, named expectation maximisation (EM). 
The good thing about EM is that convergence is 
guaranteed; no step size or other parameter has to 
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be tuned (Dempster et al. 1977; Shepp and Vardi 
1982; Lange and Carson 1984).

17.2.2.3 
Regularisation

Many authors have reported noise deterioration 
in MLEM reconstruction from noisy projections. 
Noise levels do increase with increasing iteration 
numbers. At very high iteration numbers, i.e. close 
to the actual MLEM solution, the noise is often so 
high that the image is useless for visual inspection. 
The MLEM algorithm “knows” that the measure-
ment is subject to Poisson noise, but it does not 
know whether a particular measured count rate is 
too high or too low due to that noise. The best guess 
is that it is correct, implying that as much noise as 
possible should be included in the reconstruction. 
The noise must be suppressed, or in mathematical 
language, regularisation is needed. Several effective 
approaches are available.

In MLEM, low spatial frequencies converge faster 
than high spatial frequencies. This means that image 
detail and noise only show up at higher iterations. 
So one can use the iteration number in much the 
same way as the cut-off frequency of the low-pass 
filter in FBP. This technique is often applied in clini-
cal practice: it combines two advantages: the noise 
level remains acceptable and the computation time 
is minimised. The resulting so-called MLEM images 
are not really ML reconstructions. They are just “HL” 
images, where HL stands for high likelihood.

Stopping early is acceptable, but stopping too 
early is dangerous: convergence may be insufficient, 
resulting in large errors, both in absolute and rela-
tive quantification! The images do not warn for this: 
intermediate images from MLEM nearly always 
look nice, even at early iterations. Several authors 
have investigated stopping rules (Coakley and 
Llacer 1991; Falcon et al. 1998; Veklerov and 
Llacer 1987; Llacer and Veklerov 1989; Liow 
and Strother 1993).

In standard MLEM, any reconstruction pixel is 
treated as an independent variable, so it may end up 
with a value very different from that of the neigh-
bours. Some authors propose to use overlapping 
bell-shaped functions (often called “blobs”) instead 
of non-overlapping pixel values. If the size and shape 
of the blob is carefully chosen, it can suppress noise 
without loss of resolution (Daube Witherspoon et 
al. 2001). The width of the blob should not be larger 
than the resolution (the width of the point spread 

function) of the camera, to ensure that valuable 
information acquired by the camera can propagate 
into the reconstruction (Matej and Lewitt 1996). 
When used like that, the blob stops high frequency 
noise, but not the signal. Unfortunately, when one 
attempts to smooth more by using a wider blob, 
so-called edge artefacts or Gibbs overshoots result 
(Snyder et al. 1987). This artefact appears as soon 
as one tries to produce sharp edges without using 
high spatial frequencies. A possible solution is to use 
a blob of appropriate size, and in addition smooth 
the resulting reconstruction if it is still too noisy.

The very noisy ML image, obtained after many 
iterations, is not as useless as it seems. When filtered 
with a low-pass filter, an image with good visual and 
quantitative characteristics appears. An important 
advantage of this approach is that the risk of insuf-
ficient convergence is low (Beekman et al. 1998, 
Hutton and Lau 1998, Slijpen 1999), and that the 
resulting image has a predictable, and nearly object 
and position independent spatial resolution.

The MLEM algorithm can be extended to a maxi-
mum-a-posteriori (MAP) algorithm by including a-
priori knowledge (the posterior is the product of the 
likelihood and the prior). This means that we not 
only ask the program to look at the data (by maxim-
ising the likelihood function), but also to judge the 
reconstruction (by maximising the prior). By using 
a prior function that is high for smooth images and 
low for noisy ones, we can encourage the program 
to look for smooth solutions. In these algorithms, 
there is almost always a parameter present, assign-
ing a weight to the prior. With a low weight, the algo-
rithm reduces to regular MLEM. With a high weight, 
only very smooth images are considered as a solu-
tion. The parameter must usually be tuned manu-
ally by a skilled observer in order to obtain a good 
compromise between smoothness and adherence to 
the measured projections.

These algorithms are also called “penalised-like-
lihood” algorithms: instead of encouraging smooth-
ness with a prior, one can discourage non-smooth-
ness with a penalty; from a mathematical point of 
view, there is no difference.

An important advantage of MAP or penalised 
likelihood is that no stopping rules are required 
because the noise is suppressed by the prior. If the 
weight of the prior is properly tuned, the program 
can be run until convergence, and no additional 
smoothing is necessary.

To encourage local smoothness, one often regards 
the image as a Markov random field and uses a Gibbs 
distribution as a prior. The mathematics of Markov 
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random fields have been studied extensively, because 
they are used in physics. This framework allows a 
wide variety of priors, including priors with edge-
preserving characteristics (Mumcuoglu et al. 1996; 
Lalush and Tsui 1993; Nuyts et al. 2002). An alter-
native is to use a smoothed version of the current 
reconstruction estimate as a prior, as in the median 
root prior (Alenius and Ruotsolainen 1997; 
Hsiao et al. 2003). ML and MAP reconstruction has 
been compared to FBP using quantitative measures 
(Chatziioannou et al. 2000), numerical observers 
(Chan et al. 1997; Qi 2004) and human observers 
(LaCroix et al. 2000; Glatting et al. 2003), and 
most studies conclude that MAP is clearly superior 
to FBP. The differences between smoothed ML and 
MAP are more subtle and will be discussed below. If 
the patient has also undergone an anatomical study, 
such as MR or CT imaging, one can attempt to use that 
anatomical information to improve the reconstruc-
tion beyond what can be achieved with the emission 
data alone. This requires accurate registration of 
both datasets, and segmentation of the anatomical 
data, both of which are extended research areas of 
their own. The improvements aimed at are usually 
noise suppression and/or resolution recovery. The 
anatomical information can either be implemented 
as a post-processing technique, applied after recon-
struction (Müller-Gärtner et al 1992), or as an 
MAP method, using the prior to impose the anatom-
ical information (Ardekani et al. 1996; Bowsher 
et al. 1996; Comtat et al. 2002; Lipinski et al. 1997; 
Sastry et al. 1997; Rangarajan et al. 2000; Baete 
et al. 2004). In most implementations, the anatomy 
is used to define edges over which smoothing is 
forbidden in the functional image. Of course, this 
approach will be most effective in those cases were 
anatomical and functional boundaries tend to coin-
cide.

17.2.3 
Comparison of FBP and MLEM

17.2.3.1 
Computation Time

Since backprojection is the dominating operation 
in FBP, and because backprojection and projection 
are of similar complexity, computing a single MLEM 
iteration takes about twice as long as computing the 
FBP reconstruction.

Typically at least several tens of iterations are 
required, and many researchers have studied 

techniques to accelerate MLEM (Kaufman 1987; 
Tanaka 1987). Currently, the most successful one 
is the use of ordered subsets (Hudson and Larkin 
1994). A single MLEM iteration is computed using 
only a subset of the projections. For every iteration 
a different subset is used, so all projections still 
contribute to the final image. Acceleration factors 
of 10 and higher can be obtained, depending on 
the number of projections, the noise in the projec-
tions, the stopping rule, etc. However, the noise in 
the reconstruction tends to increase with increasing 
number of subsets. If that is to be avoided, one can 
use a scheme with a gradually decreasing number 
of subsets, or under-relaxation (Ahn and Fessler 
2003). MLEM accelerated with ordered subsets is 
often called OSEM.

17.2.3.2 
Noise Model

Without regularisation, noise in the projection data 
will be propagated into the reconstruction image 
for both the FBP and MLEM algorithms. Neverthe-
less, there is a marked difference in the way noise is 
treated by both algorithms and this influences the 
features of the reconstructed images. The MLEM 
approach is based on the true Poisson noise model 
of (uncorrected) emission data, while the FBP method 
was derived for an ideal noise-free reconstruction 
problem. This resulted in a noise model with equal 
(absolute) uncertainty for all measured pixel values. 
One can actually show that the FBP reconstruction is 
very similar to the solution of the unweighted linear 
least squares problem, which assumes Gaussian noise 
with the same variance for all measured count values. 
Since the Poisson model states that absolute uncer-
tainty is related to the pixel value (larger value means 
larger absolute uncertainty), there is a considerable 
disagreement between the noise assumptions of the 
FBP algorithm and the true noise of emission data. 
This disagreement results in the often observed streak 
artefacts in FBP reconstructed emission tomography 
images. Note however, that it is not the FBP algorithm 
as such, but its implicitly assumed noise model that 
causes these problems. Consequently, similar prob-
lems can be expected in the hypothetical case where 
MLEM reconstruction is applied to projection data 
with Gaussian noise. This is illustrated in Fig. 17.1.

In Fig. 17.1, we simulated ideal projections of an 
object consisting of a disk of uniform background 
activity with a smaller high intensity disk inside it. 
Both Poisson and Gaussian noise realisations of the 
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ideal projections were simulated and used in both FBP 
and MLEM reconstructions. The FBP reconstruction 
of the Poisson noise projections shows the expected 
streak artefacts. They are pointing towards the high 
intensity disk, since FBP can easily deal with the “low 
noise” on the zero and low count data, but has great 
difficulty with the “exceptionally high” noise on the 
high count data. The MLEM reconstruction of the 
Gaussian noise projections shows streak artefacts 
as well, but they are pointing in all directions except 
towards the high intensity disk. The MLEM algorithm 
has little problems with the relatively low noise on the 
high count data, but is unable to deal with the noise 
on the low count data, which is larger than expected. 
The remaining two reconstructions are both contam-
inated with noise, but they show no streak artefacts, 
since their noise model corresponds to the noise in 
the projection data.

The above simulation clearly demonstrates the 
importance of a match between the noise model of a 
reconstruction algorithm and the noise on the data 
to which the method is applied. Emission data obey 
Poisson statistics, so the MLEM algorithm is the 
most appropriate reconstruction method, and care 
should be taken not to change the Poisson nature of 
the data by pre-processing.

17.2.3.3 
Image Recovery and Resolution

Filtered backprojection is a linear and shift invari-
ant algorithm. Consequently, FBP can be character-

ised by its point spread function, or equivalently, by 
its modulation transfer function. There is a direct 
relation between resolution and recovery. Recovery 
is the ratio of the reconstructed tracer concentration 
to the actual tracer concentration. If we know the 
size of an object, the resolution of the scanner and 
the low-pass filter used in FBP reconstruction, we 
can predict the recovery coefficient for that object. 
Furthermore, if the scanner has a space-invariant 
resolution, the image recovery will be space-invari-
ant as well.

In contrast to FBP, MLEM and MAP algorithms 
are non-linear, which significantly complicates the 
specification of their performance. Their resolu-
tion and recovery capability cannot be explained 
by a simple point spread function. They depend on 
the position in the image and change in function of 
the iteration number. Nevertheless, it is possible to 
make some predictions about these characteristics 
(Qi et al. 2000; Wang et al. 1997; Fessler et al. 1996; 
Barret et al. 1994), but the calculations are compli-
cated and only approximate.

Furthermore, FBP is designed under the assump-
tion that both the projections and the tracer distri-
bution are defined in continuous space. This means 
that FBP can only be applied to reconstruction 
problems where the number of projections and the 
number of pixels per projection is sufficiently large. 
In contrast, MLEM is specifically designed for dig-
ital data.

The difference in behaviour between the two 
algorithms can be shown with a few very simple sim-
ulations. In the first example, only two projections 
from a point source by a space-invariant projector 
are available (at 0o and 90o). Figure 17.2 (top) shows 
the true distribution, and the FBP and MLEM recon-
structed images. FBP produces positive and nega-
tive streaks. The streaks cross near the point source, 
but the reconstruction is of poor quality. FBP fails 
because the number of projections is too low. The 
MLEM image is exact. Indeed, two projections are 
sufficient to find a single point source, provided that 
negative tracer uptakes are impossible as dictated by 
the Poisson nature of emission data.

In the bottom row of Fig. 17.2, the experiment 
was repeated, but now there were two point sources. 
Filtered backprojection reconstruction simply pro-
duces the cross-pattern twice. This was expected: 
FBP is linear and in this case also shift-invariant, 
so we should see the point spread function (that is, 
the response to a single point source) twice. In con-
trast, MLEM now shows four points, not two, clearly 
illustrating that MLEM is non-linear. This image is 

Fig. 17.1. FBP (top) and MLEM reconstruction (bottom) of 
projection data with Poisson (left) and Gaussian Noise (right). 
Simulated phantom consists of disk of uniform background 
activity with smaller high intensity disk inserted
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not the exact reconstruction, and not the only solu-
tion either that produces exactly the same two per-
pendicular projections. These multiple solutions are 
possible, because the number of projections is too 
low.

Figure 17.3 shows images from a software phan-
tom with two homogeneous regions and two identi-
cal point sources. MLEM images at iterations 40 and 
200 are displayed. This figure also shows a horizon-
tal profile intersecting the two point sources. It is 
clear that the isolated source converges much faster 

than the one surrounded by activity. In addition, 
there is no simple relationship between the width of 
the response in each point, and the recovery of that 
point. To further illustrate this, the right panel of the 
figure plots the full width at half maximum as a func-
tion of the maximum for subsequent iterations. For 
comparison, a similar plot for FBP was produced, by 
using different cut-off frequencies. The two MLEM 
curves converge to the same, exact reconstruction, 
but following different trajectories. The FBP curve 
shows a third relation between recovery and resolu-
tion, and does not reach the exact solution because 
of some residual blurring, caused by the violation 
of the continuity assumption about the image and 
its projections. Finally, the left panel of the figure 
shows that convergence can even be orientation 
dependent: in early iterations, the horizontal width 
of the hot spot at the left hand side is larger than its 
vertical width.

If position independent resolution is required, 
one could iterate until convergence is sufficient, 
and then smooth with a linear filter. Resolution 
will then be dominated by the filter, so the effec-
tive point spread function of the image would be 
the point spread function of the filter. (Note that in 
these examples, the resolution of the projections was 
ideal. In reality, the resolution of the reconstruction 
images is directly affected by the finite resolution of 
the measured projections).

Fig. 17.2. True image (left), FBP (centre) and MLEM (right) 
reconstruction from two simulated perpendicular projections. 
Top, one point source; bottom, two point sources

Fig. 17.3. Left, MLEM reconstruction after 40 (top) and 200 (bottom) iterations. Centre, the horizontal profi le intersecting the 
two points. Right, the full width at half maximum as a function of the maximum pixel value for the two point sources. Each 
point corresponds to an iteration. The same relation is also shown for FBP (same curve for both point sources), by varying the 
cut-off frequency of the Hann low-pass fi lter
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17.2.4 
Comparison of MLEM and MAP

In the previous section it was shown that the 
convergence rate of MLEM is position dependent 
(Fig. 17.3). The reason is that the data provide only 
a limited amount of information, which is position 
and orientation dependent. The isolated point in 
Fig. 17.3 will be seen clearly separated in many pro-
jections. In contrast, the contribution of the other 
point will be masked in many projections by the 
surrounding activity. As a result, the data contain 
more information about the isolated point than 
about the other point. The likelihood is a measure 
of how well the information available in the data has 
been used in the reconstruction. If the isolated point 
is poorly reconstructed (as it is in the first iterations 
of MLEM), then the likelihood will be low. However, 
a similarly poor reconstruction of the other point 
has a much smaller effect on the likelihood. Conse-
quently, the isolated point converges faster when the 
likelihood is maximised.

Similar effects are seen in MAP reconstruction. 
Usually, the prior is implemented as a function that 
penalises differences between neighbouring pixels, 
and its smoothing power is independent of posi-
tion and orientation. In contrast, the likelihood 
provides information that does depend on position 
and orientation. Consequently, when they are com-
bined in the posterior, the balance between the two 
is position and orientation dependent. If the likeli-
hood contains more information about the activity 
at a certain position or along a certain orientation, 
the same prior will produce less smoothing. Conse-
quently, the resolution and recovery coefficient is 
position and object dependent.

This position and object dependent resolution is 
undesirable for some applications, including (semi-) 
quantitative analysis (e.g. the computation of stand-
ard uptake values or SUV, see Chap. 11) or tracer 
kinetic modelling (see Chap. 2). In these applica-
tions, changes in reconstructed activity should 
reflect changes in tracer uptake, not changes of spa-
tial resolution. For that reason, position dependent 
priors have been proposed that impose (approxi-
mately) position and object independent resolution 
(Stayman and Fessler 2004; Nuyts and Fessler 
2003). Because they have to depend on the object, 
they are not true priors in Bayesian sense, so they 
are usually called penalties, applied in penalised-
likelihood.

Thus, there are two ways to obtain uniform reso-
lution with maximum-likelihood reconstruction: (1) 

apply many iterations of unconstrained MLEM and 
post-smooth, and (2) combine the likelihood with a 
carefully designed position dependent penalty, and 
iterate until convergence. It turns out that both pro-
cedures lead to virtually equivalent reconstructions 
(Stayman and Fessler 2004; Nuyts and Fessler 
2003; Fessler 2004), i.e. at matched resolution, the 
noise characteristics are matched as well. The post-
smoothed MLEM approach has the advantage of 
being simple; it can be implemented with existing 
software on most SPECT and PET systems. However, 
it requires a high amount of iterations (typically sev-
eral hundreds, much more than common practice 
in clinical routine). In contrast, the penalised-like-
lihood approach allows faster converge (Stayman 
and Fessler 2004), but is more complex to imple-
ment.

In other applications, the resolution can be 
highly non-uniform. One example is the inclu-
sion of anatomical information into the emission 
reconstruction: because smoothing over anatomical 
boundaries is discouraged, the resolution near these 
boundaries becomes very high. In contrast, the 
resolution within boundaries is still limited by the 
emission detector system. As before, two different 
approaches are available: (1) apply many iterations 
of the unconstrained MLEM algorithm, followed by 
post-processing based on anatomical data, and (2) 
apply a MAP algorithm, using a prior that is based 
on the anatomical data. We have some evidence that 
in this case, the MAP approach has superior noise 
properties (Nuyts et al. 2003).

17.2.5 
Fully 3D Reconstruction

Originally, FBP and MLEM have been developed 
for the classical parallel beam geometry. However, 
both of them can be extended to other geometries. 
Gamma cameras equipped with fan beam collima-
tors and PET systems with detector rings acquire 
data in a fan beam geometry. One can either rebin 
the fan beam data into parallel beam (as is common 
practice for PET), or adapt the FBP and MLEM 
algorithms to the fan beam geometry. For FBP, this 
involves changing the filter and the backprojection 
weights, for MLEM it suffices to replace parallel 
beam projection/backprojection with the fan beam 
counterparts.

Most current PET systems have either retractable 
septa or no septa. Fan beam, parallel beam and 2D 
PET data are 3D, and can be considered as a concate-
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nation of independent 2D data sets, one set for each 
position along the symmetry axis. Each 2D data 
set is reconstructed into a 2D slice, a process often 
denoted as 2D reconstruction. In septa-less PET 
systems, the data are four dimensional, and there is 
no simple way to organise these data in separate 2D 
sets, with one set per slice. The most straightforward 
solution is to reconstruct the entire volume, hence 
the term “fully 3D” reconstruction. Extension of 
MLEM is straightforward, the projector and back-
projector must be adapted to include all projection 
lines of the PET system (Chatziioannou et al. 2000; 
Leahy and Qi 2000). FBP has been extended as well 
(Kinahan and Rogers 1989; Defrise et al. 1994). 
However, Defrise et al. (1997) did find a way to 
reduce the dimensionality of the 4D data set into a 
3D data set, while essentially preserving the statisti-
cal value of the data. This method, Fourier rebin-
ning, allows applying the faster 2D methods to a 
fully 3D data set. Although the noise distribution is 
no longer Poisson after Fourier rebinning, the Pois-
son characteristics can be restored approximately 
by uncorrecting the rebinned data for attenuation 
(Lartizien et al. 2003).

17.2.5 
Attenuation

17.2.5.1 
Attenuation Correction

Filtered backprojection is the inverse of the projec-
tion operator. In practice, this operator is a poor 
model of the true radioactivity acquisition. Due to 
photon--electron interactions, many photons are 
lost, an effect usually called attenuation. Between 0.1 
and 0.5 MeV, Compton scatter is the main cause of 
attenuation in tissue. Consequently, we need either 
the inverse (FBP) or the transpose (MLEM) of the 
attenuated projection operator.

In PET, the effect of attenuation can be separated 
from the projection, because all photon pairs con-
tributing to the same projection pixel have under-
gone the same attenuation. Consequently, the acqui-
sition can be modelled as the successive application 
of two independent operators: first projection, and 
then attenuation. The inverse operator is then easily 
obtained: attenuation compensation (a single cor-
rection factor in every projection pixel), followed by 
FBP. Further, the transpose operator consists of the 
same attenuation compensation, followed by back-
projection. To make the MLEM algorithm correct for 

attenuation, it suffices to replace its non-attenuating 
projector and backprojector by the attenuating ones. 
The MLEM reconstruction could also be directly 
applied, like FBP, to the attenuation corrected pro-
jections. Note however that attenuation correction 
alters the Poisson nature of the noise in the projec-
tions. Therefore, the above MLEM approach (which 
is applied to the raw, uncorrected data) is prefer-
able.

In SPECT, this separation is not possible: pho-
tons contributing to the same projection pixels have 
undergone different attenuation. Consequently, for 
reconstruction we need to invert the attenuated pro-
jection, where the attenuation is position dependent. 
In the case of a homogeneously attenuating object, 
this inverse can be computed analytically, leading 
to an adapted version of FBP (Bellini et al. 1979). 
For non-homogeneous attenuation, iterative algo-
rithms are required (King et al. 1996). Extension of 
MLEM to attenuated projection is straightforward. 
In the feedback path, the projector is replaced with 
the attenuated projector. In the feed-forward path, 
the transpose operator must be inserted, which is 
attenuated backprojection.

17.2.5.2 
Transmission Scan

Attenuation is supposed to be known. In some spe-
cific cases, it can be derived from the emission pro-
jections (Michel et al. 1989), in other cases a trans-
mission measurement is needed. In PET, the raw 
transmission data can be used directly. In SPECT, 
they can be used to reconstruct an attenuation map 
with FBP, which is then inspected by the projec-
tor/backprojector pair of the MLEM algorithm to 
compute the effect of attenuation. However, both 
in PET and in SPECT, it is useful to compute an 
ML or MAP reconstruction of the transmission scan 
(Lange and Carson 1984; Mumcuoglu et al. 1996; 
Fessler et al. 1997), to reduce the contribution of 
the transmission noise to the final image. In SPECT, 
transmission measurements are often carried out 
with convergent beam configurations, leading to 
truncation problems because of the reduced field of 
view. It has been shown that the truncation artefacts 
are strongly reduced by ML or MAP, as compared 
to FBP (Manglos et al. 1993; Manglos et al. 1995; 
Case et al. 1995).

Figure 17.4 shows the FBP, the ML and a MAP 
reconstructed attenuation image from the same 
1-min PET transmission sinogram, and the corre-
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sponding attenuation corrected MLEM reconstruc-
tion of the emission 18F-fluorodeoxyglucose image. 
The ML and MAP transmission reconstructions 
were done with a gradient ascent algorithm (Nuyts 
et al. 1998). The figure also shows the emission 
MLEM images with attenuation correction based on 
the FBP, ML and MAP attenuation images. It is clear 
that short transmission scans may contribute signif-
icantly to the noise in the final attenuation corrected 
image, and that this contribution also depends on 
the attenuation correction method. MAP recon-
struction can be regarded as a combination of recon-
struction and (fuzzy) segmentation. Here, segmenta-
tion is the classification of pixels according to tissue 
type, such that appropriate attenuation coefficients 
can be assigned (lung, bone, soft tissue). Several 
authors have obtained significant noise reduction 
with the consecutive application of these operations: 
first reconstruction with FBP, then segmentation to 
reduce the noise (Meikle et al. 1993; Tai et al. 1996; 
Xu et al. 1996). However, combining everything in a 
single reconstruction procedure should, at least in 
principle, yield images with superior noise charac-
teristics.

Some authors have investigated the alignment 
requirements of the transmission map with the 

emission reconstruction for SPECT (Matsunari et 
al. 1998) and PET (Chatziioannou and Dahlbom 
1996; McCord et al. 1992). In SPECT, deviations of 
more than 1 cm can cause significant artefacts. In 
PET, appropriate alignment is even more delicate.

In Fig. 17.5, we simulated projections of an object 
with a small air bubble (zero activity, zero attenu-
ation). They were reconstructed based on a trans-
mission map, in which this region was labelled as 
tissue. Scatter and resolution effects were not simu-
lated. As shown in this Fig. 17.5, the SPECT recon-
struction shows a low activity in the region. The 
PET reconstruction, however, shows a marked hot 
spot in that region. The reconstructions were done 
with MLEM, but FBP shows the same artefacts. The 
clinical implication of this effect is that air bubbles 
in the colon, apparently, may cause artefactual hot 
spots in PET. A more general conclusion is that in 
PET, attenuation corrected images are very sensitive 
to the attenuation correction factors, even more so 
than in SPECT.

This may be one of the reasons why attenuation 
correction is often considered useful or even man-
datory in PET, while it is often ignored in SPECT. 
In PET, attenuation correction is always applied in 
cardiac and brain applications. Its value in oncology 

Fig. 17.4. Top row, reconstruction of 
the attenuation map from a short 
transmission scan with FBP (left), an 
ML algorithm (centre) and a MAP 
algorithm (right). Middle row, the cor-
responding attenuation corrected PET 
fl uorodeoxyglucose images, produced 
with MLEM. Bottom row, zoomed 
images of the heart
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is less obvious. Although several studies reported 
no or only moderate improvement in tumour detec-
tion (Kotzerke et al. 1999; Lonneux et al. 1999), 
attenuation correction has become the standard 
procedure in oncology. The main reasons are that 
tumour localisation is much easier on attenuation 
corrected images, and that attenuation correction is 
mandatory for quantitative analysis. With carefully 
designed methods, images of excellent quality are 
obtained (Lartizien et al. 2003).

It is easy to show that attenuation correction dra-
matically improves quantification of tracer concen-
tration and eliminates artefacts in SPECT (Nuyts 
et al. 1995), but this does not prove that diagnostic 
value has improved as well. In an ROC study, Jang et 
al. (1998) found that a group of physicists performed 
similar on attenuation corrected and uncorrected 
myocardial SPECT images, while a group of expe-
rienced physicians performed significantly worse 
on attenuation corrected images. This indicates that 
the long experience with non-attenuation corrected 
images may hamper the expert during the intro-
duction of a new method. Similarly, Gilland et al. 
(1992) found in an ROC analysis based on simulated 
cardiac studies that attenuation correction had an 
adverse effect, and that MLEM was not statistically 
better than FBP. Hendel et al. (1999) studied the 
effect of attenuation and scatter correction in car-
diac SPECT with 99mTc-sestamibi in a multicenter 
study, and Harel et al. (2001) evaluated the effect 
of correction for attenuation, scatter and collimator 
blurring in cardiac SPECT with 201Tl. In both stud-
ies no impressive improvement was found. In con-
trast, LaCroix et al. (2000) compared FBP without 

attenuation correction with MLEM with non-uni-
form attenuation correction in myocardial SPECT 
with 99mTc-sestamibi, and they found MLEM to be 
significantly superior. It seems that, in particu-
lar for cardiac SPECT, it is not easy to improve the 
diagnostic value by making the images more quan-
titative. Possible reasons are: (1) the increase of the 
noise level by noise propagation from the transmis-
sion scan; (2) the reduction of familiar artefacts can 
be offset by the introduction of unfamiliar arte-
facts, if the physical models for attenuation, scatter 
or blurring are not sufficiently accurate; and (3) the 
effect of breathing, which is ignored in most recon-
struction algorithms. Nevertheless, correction for 
attenuation, scatter and collimator blurring should 
be beneficial, and it seems that these corrections are 
becoming standard in clinical routine (Hendel et 
al. 2002). In brain SPECT, attenuation correction 
seems more effective and is more widely accepted 
already (Iida et al. 1998).

17.2.5.3 
PET-CT

A relatively new and very successful development is 
multi-modality imaging with PET-CT, which com-
bines a PET and a CT into a single device, there-
fore providing automatic registration between both 
modalities (Beyer et al. 2000). The main advantage 
is obviously the easy production of registered ana-
tomical and functional images, which are particu-
larly useful in oncology. Registration of multimo-
dality images can also be done retrospectively, and 

Fig. 17.5. Reconstruction artefact due 
to a region of zero attenuation and 
activity, which was missed in the trans-
mission map: Top, reference image 
(left), reconstruction from PET (centre) 
and SPECT (right) projections. Bottom, 
the true attenuation map (left), and 
the maps used for attenuation correc-
tion in PET (centre) and SPECT (right) 
reconstruction
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many sophisticated algorithms have been proposed 
(Pluim et al. 2003). The registration obtained with 
the PET-CT device is usually good but not perfect, 
so it is debatable whether that registration is supe-
rior to retrospective software registration (Vogel 
et al. 2004). However, there is no doubt that with 
the installation of these systems, the availability 
of registered images in clinical practice has been 
increased dramatically. Hopefully, this will lead to 
a faster transfer of research registration software 
into clinical routine.

CT scanning is fast, so the total acquisition time 
of the whole body PET protocol is reduced by replac-
ing the traditional transmission scan (using a long 
lived isotope) with the CT scan. However, it is ques-
tionable if this faster procedure also yields improved 
attenuation correction. The advantage of CT is its 
speed and the very low noise amplitude. Disadvan-
tages are more severe motion artefacts, artefacts 
due to breathing, and artefacts due to differences in 
photon energy. The traditional transmission scan 
uses the interleaved protocol, where a transmission 
and emission scan are acquired at each bed position. 
As a result, the time between emission and trans-
mission scan is short, which reduces the probability 
and the impact of motion artefacts. In contrast, in 
PET-CT systems a whole body CT scan is followed 
by a whole body PET scan. Scanning is usually done 
from the hips towards the head, so the chance of 
motion artefacts in the upper thorax or head region 
is pretty high. Breathing causes problems because 
the fast CT scan takes a snapshot within the breath-
ing cycle, while the slow PET scan averages over sev-
eral cycles. Although the impact of breathing can be 
reduced by careful patient preparation (Goerres 
et al. 2002; Beyer et al. 2003), moderate to severe 
artefacts cannot be totally avoided (Chin et al. 2003; 
Sarikaya et al. 2003). Motion and breathing arte-
facts can often be identified by inspection of the non-
attenuation corrected PET images. For that reason, it 
is strongly recommended to systematically compute 
both the corrected and non-corrected PET images. 
Finally, the difference in photon energy between 
CT and positron emitter causes problems, because 
attenuation is partly caused by Compton scatter and 
partly by photoelectric effect. Both contributions 
scale differently with energy, so the appropriate 
transformation from the CT energy (around 50--
100 keV) to 511 keV depends on the material charac-
teristics of the attenuator (Stonestrom et al. 1981). 
The standard procedure is to use a piecewise linear 
rescaling of the attenuation coefficients (Kinahan 
et al. 1998). This scaling is effective for living tis-

sues: studies comparing CT-based and 68Ge-based 
attenuation correction revealed small differences in 
SUV, which are statistically significant but probably 
not clinically relevant (Kamel et al. 2002). How-
ever, this scaling fails in the presence of contrast 
agents and metallic implants, causing considerable 
bias on tracer uptake values (Visvikis et al. 2003). 
Most authors studying these artefacts conclude that 
the attenuation corrected PET images are clinically 
useful, but that standard uptake values are not accu-
rate in the presence of oral or intravenous contrast.

17.2.5 
Scatter

Compton scatter not only prevents photons from 
being detected, it also deflects into the detector 
some photons that should not have been detected. 
This undesirable contribution to the projections is 
usually called scatter. Compton scatter can be mod-
elled as an elastic collision between two particles of 
different mass, an electron and a photon. It follows 
that photons lose energy in the process. Fortunately, 
we know the energy of unscattered photons, and we 
can measure the energy of detected photons with the 
tomograph, so we can distinguish between scattered 
and unscattered photons. Unfortunately, the resolu-
tion of the energy measurement is limited, so the 
separation of photons based on measured energy 
is not very reliable. Consequently, many scattered 
photons pass the energy test, and further correction 
is required.

Many algorithms have been proposed, both for 
SPECT and PET. In SPECT, acquisition at energy 
levels just below and/or above the photo peak are 
often used to estimate the number of scattered pho-
tons that are accepted by the photo peak window 
(Jaszczak et al. 1984; Gagnon et al. 1989; Buvat et 
al. 1995; King et al. 1997; Ogawa et al 1991; Yang et 
al. 1997). Alternatively, the scatter can be estimated 
using a model. This can be a simple stationary con-
volution (Axelsson et al. 1984), a transmission scan 
dependent convolution model (Narita et al. 1997), 
or an attenuation map dependent model based on 
measurements (Hutton et al. 1996) or on the Klein-
Nishina equation for Compton scatter (Walrand et 
al. 1994; Wells et al. 1997; Beekman et al. 2002).

For PET, energy based methods are less obvious 
because the energy resolution of most current PET 
systems is relatively poor, in particular for BGO sys-
tems. In septa-less PET scanning, the scatter con-
tribution is very high, and if quantitative analysis 
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is desired, scatter correction is mandatory. There-
fore, model based approaches have been developed 
(Ollinger 1996, Watson et al. 1997). With the 
introduction of scintillators with better energy reso-
lution, such as LSO and GSO, the energy-based cor-
rection methods may also receive greater attention 
in PET.

When combined with FBP, the scatter is sub-
tracted prior to reconstruction. When combined 
with MLEM, this approach is theoretically incor-
rect, since scatter subtraction destroys the Poisson 
nature of the data. It has been shown that superior 
images are obtained when the scatter model is cor-
rectly incorporated, although the differences are 
subtle in some cases (Welch and Gullberg 1997).

In simulations or phantom measurements, a per-
fect or at least excellent estimate of the scatter-free 
image can be obtained, which allows comparing the 
performance of different methods. Although dif-
ferences in performance have been reported, these 
differences are usually not dramatic. Scatter correc-
tion definitely has an impact on quantification, but 
not necessarily on the diagnostic value of the images 
(deVries et al. 1997; Iida et al. 1998).

17.2.6 
Detector Resolution

The projection of a point source should ideally be a 
point in the projections as well. After digitisation, 
it should be a single pixel in the projection matrix. 
In practice, however, the projection is always a blob 
consisting of multiple pixels.

In SPECT, this is due to the intrinsic resolution 
of the detector (typically 4 mm FWHM), and to the 
collimator (see Chap. 16). For parallel hole collima-
tors, resolution is dominated by collimator blurring, 
and the FWHM is proportional to the distance to 
the collimator. Consequently, resolution in SPECT 
is significantly non-stationary. However, when pro-
jections over 360o are used, the blurring of opposite 
projections tends to average, and a relatively uniform 
resolution in the reconstructed image is observed.

In PET, resolution is limited by the positron range 
(less than 1 mm to several millimetres, depending 
on the isotope), the angle between the two photons 
(not exactly 180o), crystal penetration, depth of 
interaction and crystal geometry. Currently, these 
effects accumulate to about 4--6 mm in whole body 
scanners, and, when compared to SPECT, the reso-
lution is fairly homogeneous over the entire field of 
view.

Resolution compensation is less difficult if sta-
tionary (i.e. position independent) resolution can 
be assumed, as in PET or sometimes in 360o SPECT. 
In this case, some resolution can be recovered using 
deconvolution techniques, such as Metz or Wiener 
filtering (King et al. 1986).

Position dependent resolution compensation for 
SPECT can be modelled using the frequency distance 
principle, which leads to a pre-correction approach 
(Glick et al. 1994; Xia et al. 1995). Alternatively, one 
can include the stationary or non-stationary spatial 
resolution in the projector and backprojector of the 
MLEM algorithm. An interesting approach for effi-
ciently computing the position dependent collima-
tor blurring is Gaussian diffusion (McCarthy and 
Miller 1991; Kohli et al. 1998).

Several authors have reported that resolution 
recovery in MLEM seems to have a beneficial effect 
on the noise characteristics as well (Kohli et al. 
1998; Hutton and Lau 1998). This is not obvious, 
since resolution recovery in general is a somewhat 
ill-posed problem, and ill-posed problems require 
regularisation to prevent noise propagation. How-
ever, when the blurring is included in the projector, a 
larger fraction of the noise becomes inconsistent and 
cannot be incorporated in the reconstruction. More 
intuitively: if a single projection pixel has a higher 
count than it should because of noise, MLEM tries to 
“explain” that by inserting a hot spot in the recon-
struction image. If blurring is ignored, projection of 
a hot spot is a hot spot, so hot spots (due to noise) 
in the projection will lead to hot spots in the recon-
struction. However, if blurring is taken into account, 
the projection of a hot spot is a smooth blob, so hot 
spots in the projection cannot easily propagate into 
the reconstruction.

Figure 17.6 shows three reconstruction images 
of the same patient FDG scan, acquired with a PET 
system with retracted septa (3D mode). The first 
image is reconstructed with FBP, using the 3D FBP 
algorithm of Kanahan and Rogers (1989). The 
second image is obtained with MLEM with resolu-
tion recovery. The detailed protocol is as follows. 
The 4D projection data set was corrected for attenu-
ation, detector sensitivity and scatter (Watson et al. 
1997), and transformed in a series of parallel 2D data 
sets with Fourier rebinning (Defrise et al. 1997). 
Then the 2D data set was uncorrected for attenua-
tion to approximately restore the Poisson character-
istics (Lartizien et al. 2003), and the entire volume 
was reconstructed with MLEM, using a parallel 
beam projector/backprojector that included attenu-
ation and a stationary blurring in the projections. 
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The obtained resolution is markedly better than 
with 3D-FBP. The third image is obtained by MAP 
reconstruction, using an anatomical prior based 
on a registered MRI image (Baete et al. 2004). The 
MRI image was segmented to identify grey matter, 
white matter and CSF. The PET data were processed 
as before, but the MLEM algorithm was replaced 
with the MAP algorithm, using a prior that avoids 
smoothing over anatomical boundaries. The projec-
tor/backprojector uses the parallel beam geometry, 
treating the projections as a series of 2D sinograms. 
However, the blurring and prior operate in 3D, so 
the entire volume has to be reconstructed simulta-
neously. This approach is sometimes called “2.5-D” 
reconstruction (Obi et al. 2000). The figure shows an 
impressive improvement of the resolution, the sulci 
and gyri are now clearly visible in the PET image. 
However, the resolution is very non-uniform: it is 
very high perpendicular to anatomical boundaries, 
but within an anatomical region, similar as in the 
MLEM image. Nevertheless, it leads to improved 
lesion detection (Baete et al. 2004).

17.2.7 
Motion Correction

Since SPECT and PET studies tend to be lengthy 
investigations, motion artefacts are very frequent 
and with the improvement in sampling and intrin-
sic resolution, especially in modern PET cameras, 
such artefacts are expected to become even more 
of a problem. Despite extensive study, motion cor-
rection still remains a topic of ongoing research, 
but recent progress for brain imaging applications 

yielded promising results for future introduction 
into clinical practice.

A first strategy consists in estimating the motion 
from the emission data itself. Motion correction 
and image reconstruction are then treated as a 
single (iterative) estimation problem, in which an 
intermediate reconstruction image serves to detect 
and identify motion, which in turn is then used to 
improve the reconstruction image. Such estimation 
approach is difficult, since more information has to 
be extracted from the emission data than in a regu-
lar reconstruction without motion correction. The 
technique is therefore most often applied under the 
assumption that the motion can be modelled as a 
simple translation in the projections (Matsumoto 
et al. 2001; Lee et al. 1998; Britten et al. 1998). 
Kyme et al. (2003) demonstrated potential clinical 
usefulness with a complete motion model for brain 
imaging. The technique implicitly assumes that all 
projections in the emission data are uncorrupted by 
motion, but it allows for different patient orienta-
tions in different projections. The approach is there-
fore specifically designed for SPECT imaging.

A second strategy for motion correction in SPECT 
and PET brain imaging consists in measuring 
patient motion by an independent motion tracking 
device. Several systems have been investigated, but 
the POLARIS (Northern Digital, Waterloo, Ontario, 
Canada) optical infrared tracking system is clearly 
the most popular in current research. The system 
itself is commercially available, but still has to be 
integrated with the camera system. The position of 
the patient’s head is continuously monitored and 
communicated to the camera system, which sepa-
rates the data acquired at different positions of the 

Fig. 17.6. Reconstructions of a brain 
FDG-PET scan. Top left, 3D FBP. Top 
right, FORE + 2.5-D MLEM with sta-
tionary resolution recovery. Bottom 
left, registered MR-image. Bottom right, 
FORE + 2.5-D MAP with an anatomical 
prior based on the MRI
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patient’s head. Motion correction is then generally 
performed by either (instantaneously) precorrect-
ing the emission data (Bloomfield et al. 2003; 
Lopresti et al. 1999) or by incorporating the patient 
movement in the image reconstruction algorithm 
(Fulton et al. 1999).

Although motion correction may become avail-
able in the future, most researchers agree that the 
best strategy to avoid motion artefacts will still be 
to prevent motion. Consequently, the scan duration 
should be as short as possible. Since techniques such 
as post-injection transmission and maximum-a-
posteriori reconstruction can be used to reduce scan 
times, they are expected to contribute significantly 
in avoiding motion artefacts.

17.3 
Image Analysis

17.3.1 
Diagnostic Value of an Image

There are two good reasons to apply all the correc-
tions described above. First, the corrections elimi-
nate artefacts, and second, the resulting images pro-
vide quantitative information (e.g., actual activity 
concentration in MBq per gram tissue).

For some applications, such as the computation 
of standard uptake values in therapy monitoring, 
the application of tracer kinetic modelling, or in 
dosimetry studies, quantification is very important. 
In many other applications, the image is produced 
for visual analysis and the main reason for applying 
the corrections is artefact removal.

To decide which of two images is the best, one 
must take into account the purpose of the images 
(Barrett et al. 1993): an image used for quantifica-
tion does not have to look nice, an image used for 
visual inspection does not have to be quantitatively 
accurate. Evaluation of image quality is a research 
area of its own. The correct way to do it, is to pro-
duce many images using different methods, to ask 
blinded expert operators to interpret the images 
as they would in clinical practice, and analyse the 
results. Because sensitivity can be traded for spe-
cificity, the results are inconclusive if one method 
has higher sensitivity and the other has higher spe-
cificity. That problem is eliminated by designing the 
experiment such as to allow subsequent ROC analy-
sis (Jang et al. 1998; De Vries et al. 1997). The main 
problem of such studies is that scoring of large image 

series by multiple observers is very time consuming. 
A solution would be to replace the human observer 
by a numerical observer. But until now, no numeri-
cal observer has been found that closely matches 
human performance in all situations. Currently, the 
most promising one seems to be the channelised 
Hotelling observer (Gifford et al. 2000; Abbey et 
al. 2001).

17.3.2 
Region of Interest Analysis

When analysing images, we often compute the mean 
value of a region of interest (ROI), which is supposed 
to represent the regional tracer concentration. Intui-
tively, it seems a good idea to do this, because the 
mean of a region is probably a more robust estimate 
than an individual pixel value. However, we must 
keep in mind that even this mean ROI value has usu-
ally both limited precision and accuracy. Estimating 
bias and variance of that value is not easy.

If we acquire multiple images of a known distribu-
tion, and compute the mean value in the same ROI of 
all those images, we would obtain a set of different 
values. The mean of that set would usually be signifi-
cantly different from the true mean tracer uptake, due 
to imperfect correction for Compton scatter, attenu-
ation and collimator blurring. In real life situations, 
there is no way to estimate that bias. The set of values 
would be distributed about that biased mean, and we 
could compute the variance of that distribution. The 
most important cause of variance is Poisson noise. In 
real life, it is possible to compute that variance. The 
correct way to do that, is to take into account the Pois-
son noise of  the projections and of  all measured data 
that contribute to the final image, (measured ran-
doms, scatter window images, transmission projec-
tions etc.), and to compute how this noise propagates 
during reconstruction (Huesman 1984; Barrett et 
al. 1994; Wilson et al. 1994). This approach is inter-
esting but too elaborate for routine clinical applica-
tion. Consequently, the variance is often estimated 
as the variance within the ROI. This is not correct, 
because the pixel values in the ROI are correlated, as 
a result of the reconstruction process and of low-pass 
filtering. Since the correlation decreases with inter-
pixel distance, the estimate of the variance becomes 
less reliable with decreasing ROI size. Because of the 
low-pass filtering, neighbouring pixels tend to have 
positive correlation coefficients, which causes the 
variance within the region to be lower than the vari-
ance between repeated measurements.
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Another important problem is the possible inho-
mogeneity of the regions. The regions can be inho-
mogeneous because of limited resolution and recov-
ery (which causes blurring), and because we do not 
know where the true boundaries of homogeneous 
regions are. In earlier sections, some (partial) rem-
edies have been mentioned: detector resolution can 
to some extent be compensated for, by including the 
detector characteristics in the reconstruction pro-
gram. More accurate boundaries can be obtained 
from anatomical scans (CT, MR), and they can be 
incorporated during reconstruction by applying 
maximum-a-posteriori algorithms. Also differences 
in dynamic behaviour of the tracer concentration 
can be used to identify (and compensate for) tissue 
heterogeneity within the region of interest.

PET is often used for therapy follow-up in oncol-
ogy, and one way to quantify is to report changes 
in SUV in the tumour. Because of the reasons men-
tioned above, the mean of a region is very dependent 
upon the region contour, and more so if the organ or 
lesion under study is smaller. As a result, the resulting 
mean SUV values tend to be very operator depend-
ent. To problem can be reduced by using volumes of 
interest (VOI) rather than regions of interest (more 
voxels will be included), and by using software for 
(semi-) automated VOI definition. Although some 
(rather primitive) research and commercial VOI 
software exists, there is definitely a need for a more 
sophisticated tool, that could be accepted as a stand-
ard for the analysis of multi-centre studies.

17.3.3 
Analysing Dynamic Images

A typical example of the analysis of dynamic images 
is the tracer kinetic modelling in PET, applied in 
order to determine the rate constants of a compart-
mental model (Huang and Phelps 1986). In the 
case of a myocardial study with 13NH3, one of the 
rate constants represents the product of flow and 
extraction fraction. Assuming the latter is close to 
unity, this approach allows quantifying the flow in 
ml/(min g).

The standard approach is to define ROIs in the 
image. The mean value of an ROI as a function of 
time produces a time-activity curve (TAC). A region 
in the left ventricular cavity produces the input 
function, which is the tracer concentration in the 
vascular compartment. If the regional rate constants 
(i.e., diffusion rates between vascular, extra cellular 
and tissue compartments) were known, we could 

compute the tracer concentration in the other com-
partments, and predict the TAC in tissue regions. 
In reality, the TAC is known and the rate constants 
are not, so we calculate the rate constants between 
compartments by fitting the predicted TAC to the 
measured one.

Ideally, this function must be corrected for various 
factors, such as spillover, blood volume in the tissue, 
metabolites of the injected tracer, etc., so that it really 
represents freely diffusible tracer delivered to the 
tissue. This can be done based on measurements, or 
by including the unknown parameters and determin-
ing their value by fitting (Raylman et al. 1994).

Some authors propose automated procedures to 
eliminate the manual ROI definition, and the variabil-
ity produced by that process. They use factorial analy-
sis in order to extract the arterial blood component 
from the dynamic data set (Wu et al. 1996) or to iden-
tify different components in heterogeneous regions 
(Zhou et al. 1997). This approach not only eliminates 
manual intervention, it also minimises contributions 
from neighbouring regions due to spillover.

In principle, it is not required to reconstruct every 
frame. The projection data (or sinograms) contain the 
same information. One could reconstruct an image 
suitable for region drawing. The regions can then 
be forward projected into the sinograms to compute 
the activity in those regions as a function of time 
(Huesman 1984). This procedure eliminates a lot of 
computations. Of course, it also eliminates the pos-
sibility to look at the images in function of time. In 
addition, the values obtained with this approach are 
equivalent to FBP values, and there is some evidence 
that MLEM reconstruction may reduce noise on the 
estimated kinetic parameters (Schiepers et al. 1997).

One can go even further, and combine the kinetic 
modelling and the reconstruction tasks. Instead 
of reconstructing individual time frames, one can 
directly reconstruct dynamic behaviour from the 
projections (Meikle et al. 1998).

17.4 
Future Developments

BGO was the dominating scintillator for PET. Cur-
rently, LSO and GSO are being used in commer-
cial systems as well. These crystals have a higher 
light yield, a better energy resolution and a shorter 
scintillation time (see Table 16.1). This should lead 
to decreased randoms and scatter contamination, 
higher counting capabilities and higher resolution. 
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This may provoke new software developments, 
including energy-based scatter subtraction, and 
possibly the reconstruction using time-of-flight 
information. Moreover, other promising materials, 
such as Lanthanum scintillators, are being stud-
ied (Surti et al. 2003). For many applications, it is 
important that the sensitivity of the PET systems 
would be as high as possible. Thus, septa-less sys-
tems with a large axial extent are desired. With 
increasing axial extent, the contribution of scatters 
and randoms increases as well, and the resolution 
may decrease because of parallax problems. Prob-
ably, these problems can be overcome with the new 
scintillators: better energy resolution and shorter 
scintillation times will improve randoms and scat-
ter rejection. The availability of different fast crys-
tals with slightly different scintillation properties is 
used for depth of interaction encoding to suppress 
the parallax problem. The development of this new 
hardware will be a very interesting challenge for 
software researchers.

In SPECT, solid state detectors are receiving con-
tinuous attention, because they have superior char-
acteristics when compared to NaI(Tl) (Eisen et al. 
2002), but their introduction is still hampered by the 
high cost.

PET-CT has become a very popular device. 
Improvements are necessary to reduce the artefacts 
due to patient motion and breathing. Faster PET sys-
tems (due to larger field of view and higher sensitiv-
ity) and gated acquisition schemes may help. Hope-
fully, the success of PET-CT imaging will lead to 
further sophistication and clinical use of retrospec-
tive software registration. Such development would 
extend the applications to other modalities (PET-
MR, SPECT-PET), and it would help avoid repeated 
CT scanning for registration purposes.

Emission tomography, and in particular PET, 
is being used increasingly in clinical multicenter 
trials. To maximise the statistical power of such 
studies, the image formation and subsequent analy-
sis should be standardised. With the current diver-
sity of systems and (powerful) reconstruction and 
analysis algorithms, this is not a trivial task.
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18.1 
Introduction

Advances in molecular biology are making it pos-
sible to develop assays for imaging specific molec-
ular processes, including those directly related to 
gene expression. Imaging gene expression entails 
determining the location(s) of those cells expressing 
a particular gene of interest, as well as monitoring 
the magnitude and persistence of gene expression. 
The gene of interest may be an endogenous gene or 
it may be an “exogenous” gene introduced into the 
organism/tissue(s) of interest. Imaging gene expres-
sion with generalized approaches applicable to any 
gene of interest has recently been reported. Con-
ventional nuclear imaging techniques can be used 
to image gene expression if a radiolabeled substrate 
can be developed to interact with the protein of the 
gene of interest. However, more general methods are 
emerging to image gene expression without the need 
for developing new radiolabeled substrates for each 
new gene of interest.

In this chapter two general approaches for imag-
ing gene expression are reviewed. The first approach 
uses an antisense oligodeoxynucleotide targeted 
towards the messenger ribonucleic acid (mRNA) of a 
gene of choice. The second approach uses a reporter 
gene to track the expression of an endogenous or 
exogenous gene. Methods to introduce genes into 
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target tissue(s) are presented. Principles and appli-
cations of assays for imaging gene expression in ani-
mals and in human clinical gene therapy trials are 
also presented and discussed.

18.2 
Fundamentals of Gene Expression

The process of gene expression (Fig. 18.1) and the 
components of gene regulation are only partially 
understood and are reviewed in detail elsewhere 
(Lewin 1994). Not all genes are expressed in all 
cells, leading to a wide variety of cellular functions 
or phenotypes. Many phenomena, including cel-
lular development, maturation, proliferation, and 
oncogenesis can be attributed to the differential 
expression of genes. As advances in molecular and 
cell biology lead to a better understanding of the 
mechanisms leading to altered cellular functions, 
imaging assays may be able to allow imaging of these 
alterations in living animals and humans.

18.2.1 
Gene Promoters/Enhancers

Specific sequence motifs about 100 nucleotide 
bases from the transcription initiation start site are 
referred to as the promoter region of the gene. The 
promoter is directly involved in RNA polymerase 
(a RNA synthesizing enzyme) binding and the ini-
tiation of transcription. Eukaryotic promoters do 
not always function alone, but can be influenced 
by enhancers. The position of the enhancer can be 
quite variable and can be upstream or downstream 
from the location of the promoter, and sometimes 
the enhancer is located within the transcription unit 
itself. The enhancer can increase the efficiency of 
initiation or be involved in specific regulation of a 
given gene. A complex of proteins and RNA poly-
merase are involved in the transcription process, 
which begins by interactions with the promoter. For 
the purposes of imaging gene expression, two main 
types of promoters need to be described. Constitu-
tive promoters can be used to produce continuous 
transcription of a gene, and inducible promoters can 
be used to provide external control for varying the 
levels of transcription. Constitutive promoters can 
be those of exogenous genes (e.g., cytomegalovirus, 
CMV) or those of endogenous genes (e.g., GAPDH, 
a protein made in all cells). Inducible promoters 

can also be those of exogenous genes (e.g., tetracy-
cline regulable) or those of endogenous genes (e.g., 
c-jun).

18.3 
Imaging Technology for Monitoring Gene 
Expression in Animals

The mouse has long been used by molecular biolo-
gists to study fundamental cellular events in vivo. 
The relatively small size of the mouse makes it 
difficult to image using conventional imaging 
technology. Noninvasive imaging of mice/rats in 
vivo is now possible using microPET technology 
recently developed at the Crump Institute for Bio-
logical Imaging (Cherry et al. 1997). This new PET 
scanner design facilitates imaging of small animals 
with a volumetric resolution of 23 mm3 [a signifi-
cant advantage over current systems with a reso-
lution of (4–6)3 mm3]. The microPET system and 
others like it should significantly improve over the 
next several years, facilitating even better resolu-
tion and dynamic imaging capabilities. The next 

Fig. 18.1. Gene expression. Transcription of DNA in the 
nucleus leads to the synthesis of pre-messenger RNA (pre-
mRNA), which is then processed into mRNA, transported into 
the cytoplasm, and translated into protein. The fi nal protein 
product may serve as an enzyme, cell surface receptor, struc-
tural component, etc. Conventional targets for in vivo nuclear 
imaging have been aimed at the protein level. Newer targets 
for gene expression include mRNA through the use of small 
modifi ed antisense oligodeoxynucleotides
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generation of microPET technology has a goal of 
improving volumetric resolution by another factor 
of ~10. Anatomical imaging with MRI and com-
bined PET and MRI imaging with joint PET/MRI 
systems (Shao et al. 1997), and animal SPECT 
systems (Kastis et al. 1998; Sharma et al. 2002) 
should also further facilitate the development of 
various imaging assays.

18.4 
Targets for Imaging Gene Expression

In order to image gene expression, one could 
attempt to image: (1) whether transcription has 
occurred, or (2) whether transcription and trans-
lation have occurred. Potential targets for imag-
ing gene expression include proteins on the cell 
surface, intracellular proteins, RNA (pre-mRNA, 
mRNA, other RNA) and least likely DNA (by tar-
geting open transcription complexes). For both an 
endogenous gene and an administered (exogenous) 
gene, the same types of probes can be used to image 
gene expression. Targeting DNA is particularly dif-
ficult because of the limited number of copies pres-
ent within a cell, as well as limited accessibility to 
the target DNA sequence. Targeting of RNA and 
proteins is possible and is discussed in detail in 
upcoming sections.

18.4.1 
Conventional Probes Targeted for Proteins

Conventional radiotracer imaging methods have 
focused primarily on the final products of gene 
expression by utilizing radiolabeled substrates that 
interact with the proteins originating from specific 
genes. These interactions are based on either recep-
tor-radioligand binding (e.g., binding of the dopa-
mine 2 receptor to 3-(2’-[18F]-Fluoro-ethyl)-spiper-
one [18F]FESP ) or enzyme mediated trapping of a 
radiolabeled substrate (e.g., [18F]-2-fluoro-2-deoxy-
glucose ([18F]FDG) phosphorylation by hexokinase). 
The fundamental limitation of a majority of these 
conventional approaches is that new substrates must 
be discovered and radiolabeled for each new protein 
to be targeted. Due to the difficulty of radiolabeling 
new substrates, and characterizing all their interac-
tions in vivo, alternate methods are needed in order 
to develop new assays that can categorically image 
gene expression of any gene of interest.

18.4.2 
Antibody and Antibody Fragments Targeted 
for Proteins

For imaging gene expression, one could potentially 
develop an antibody targeted against the protein 
product of the gene. The antibody could then be 
radiolabeled non-specifically using the same meth-
odology, regardless of the antibody type. The anti-
body approach, however, is predominantly limited to 
genes whose products are proteins that have a com-
ponent on the cell surface. Most genes lead to protein 
products that remain in the intracellular space, and 
would therefore be difficult to target with an anti-
body based approach. In addition, high background 
signal due to the slow clearance of antibodies from 
the blood pool, and an immune response to them, 
limits their overall utility (Goldenberg 1997). Newer 
molecularly engineered antibody fragments that are 
smaller in size, with rapid targeting and fast blood 
clearance, may help resolve existing problems with 
conventional antibody approaches. These antibody 
fragments can be constructed by retaining the active 
binding site of the antibody [e.g., Fab and F(ab’)2], 
and removing the Fc region leading to lower immu-
nogenicity. A very small antibody fragment (e.g., a 
“minibody”) has also been developed. An example of 
this category is an antibody fragment targeted against 
carcinoembryonic antigen (CEA) with useful in vivo 
properties of rapid targeting and fast blood clear-
ance (Sundaresan et al. 2003). It has been shown to 
detect colon cancer in human subjects (Wong et al. 
2004). So called diabodies, i.e. dimers of single chain 
Fvs, have also shown promise as imaging agents due 
to high affinity for target antigen, rapid, high-level 
accumulation in xenografts in murine models and 
quick clearance from the circulation resulting in high 
tumor to normal activity ratios, and potentially less 
immunogenicity than intact murine or even chime-
ric antibodies when administered to humans (Olaf-
sen et al. 2004). If general labeling strategies can 
be applied to the various antibody fragments, then 
these engineered antibodies may be useful for imag-
ing gene expression for those genes leading to protein 
products that have a component at the cell surface.

18.4.3 
Oligodeoxynucleotide Antisense Probes 
Targeted for mRNA

In order to image transcription directly, one has to 
develop tracers that can interact with pre-mRNA or 
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mRNA. Assays for imaging mRNA levels are cur-
rently being investigated through the use of small 
(12–35 nucleobases long) modified radiolabeled 
“antisense” oligodeoxynucleotide (RASON) probes 
targeted toward a specific mRNA (Fig. 18.2). This 
RASON “antisense” probe is complementary to a 
small segment of target mRNA. RASON probes have 
the potential for imaging gene expression specifi-
cally at the transcription level. The RASON must be 
stable against degradation from nucleases, be able to 
enter and efflux from cells, and be of sufficient spe-
cific activity to detect relatively low levels of mRNA. 
The antisense method is a general approach, because 
the RASON probe sequence could easily be modified 
in order to target many mRNAs of interest. RASONs 
have the distinct advantage of easy modification (by 
changing the sequence of bases) in order to target 
a new mRNA.

The pharmaceutical industry has been investi-
gating both DNA and mRNA as targets for antisense 
drugs for over a decade (Crooke and Lebleu 1993; 
Agrawal and Iyer 1997; Crooke 1997). DNA is 
an ideal target for a drug, because by binding of an 
antisense drug to a specific gene (via Hoogsteen base 
pairing in the major groove) one could theoretically 
prevent the production of mRNA, and therefore stop 
protein production. For diseases in which stopping 
the production of an aberrant protein is beneficial, 

this approach holds significant promise. Companies 
that focus specifically on the development and test-
ing of antisense drugs (e.g., Isis Pharmaceuticals, 
Carlsbad, CA) targeted towards various mRNAs are 
now testing third-generation antisense drugs. How-
ever to date, clinical trials using antisense drugs 
have met with limited success (reviewed in Pirollo 
et al. 2003). Progress towards developing more stable 
antisense oligodeoxynucleotides with improved 
uptake, issues of cellular efflux, characterization of 
biodistribution, and the understanding of appro-
priate controls is important for developing RASON 
probes. Much of what may be possible with imaging 
applications utilizing RASON probes is dependent 
on the significant progress on antisense pharmaceu-
ticals made by the pharmaceutical industry over the 
last decade.

Of the two choices, DNA and mRNA, only mRNA 
is a good target for developing an assay for imaging 
endogenous gene expression. Every cell has the DNA 
(gene) of interest, but only cells in which the gene 
has been transcribed have the mRNA of interest. 
Messenger RNA concentrations are typically in the 
range of 1–1000 pM (Hargrove et al. 1990). Mes-
senger RNA molecules are ideal targets due to their 
ability to very specifically pair with antisense oligo-
nucleotides through hydrogen bonds. The binding 
affinity of antisense drugs for mRNA is very high, 
but a single mismatch can drop the affinity by as 
much as 300-fold (Crooke and Lebleu 1993). It 
has been mathematically shown that a minimum 
of only 11–15 bases need to be targeted in order to 
hybridize uniquely to any mRNA in the human 
genome (Helene and Toulme 1989). This calcula-
tion is based on assuming that 0.5% of the human 
genome is expressed as mRNA. The two numbers 
correspond to the extreme cases where the oligonu-
cleotide contains only C and G (n=11) or only A and 
T (n=15). Therefore, an antisense probe of relatively 
short length can be used to target a given mRNA 
(Fig. 18.3).

Messenger RNA molecules are typically several 
hundred to thousands of base pairs long, but not all 
of these bases are accessible to an antisense probe 
due to the secondary and tertiary structure of the 
mRNA molecule. Intracellular mRNA is invariably 
protein bound, and only a few sites are probably 
available for base pairing. The location of the best 
targets for the antisense mRNA approach has been 
pursued in detail (Goodchild 1989). The main find-
ings are that in general, the best mRNA locations are 
the 5’ cap or initiation codon (AUG) regions. There 
are, however, exceptions to this rule and the tertiary 

Fig. 18.2. Radioactive antisense oligodeoxynucleotides 
(RASONs) as probes for imaging gene expression. RASON 
probes can be designed to target a specifi c mRNA of a gene 
of interest. The RASON must be able to enter cells, hybrid-
ize to target mRNA. Intracellular RASONs are likely to be in 
endosomes, and must be able to leave the endosome prior to 
interaction with target mRNA. Non-specifi c interactions with 
proteins as well as effl ux out of the cell are key processes which 
must be considered for developing RASONs as effective probes 
for imaging gene expression. The target mRNA may be that of 
an endogenous gene or an administered gene
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structure of the mRNA must be considered in order 
to predict potential binding sites. It is important not 
to generalize mRNA regions that are useful for tar-
geting; instead for each mRNA careful studies must 
be performed in order to identify good target sites.

Since mRNA-antisense probe interaction is stoi-
chiometric, and therefore equivalent to a receptor-
ligand interaction, one can attempt to answer ques-
tions about the minimal levels of mRNA that can be 
detected by a given antisense probe. Variables such 
as the concentration of target mRNA, binding affin-
ities of receptor and ligand, antisense probe specific 
activity, free intracellular antisense tracer concen-
tration, sensitivity of detection (typically only 0.5%–
2% of annihilation events are detected by PET), 
and target to background levels all play key roles. 
Based on these parameters it has been estimated 
that mRNA concentrations as low as 1 pM tissue can 
probably be imaged with PET, using RASON probes 
with specific activities of ~1,000–10,000 Ci/mmol 
(Pan et al. 1998).

Oligonucleotides are readily cleaved by nucle-
ases in vivo (Wickstrom 1986). A non-hydrolysable 
analogue of an oligonucleotide is therefore required 
so that sufficient amounts can reach the target in 
effective concentrations. Oligodeoxynucleotides are 
more stable in vivo when compared with oligoribo-
nucleotides (Wickstrom 1986), and are therefore 
the probes of choice. Various investigators have 
investigated modified oligodeoxynucleotides (e.g., 
phosporothioates) for greater stability against deg-
radation (Matsukura et al. 1978; Murakami et 
al. 1985; Agrawal and Iyer 1997) (Fig. 18.4). Addi-
tional modifications that confer stability are alpha 
oligodeoxynucleotides, as well as 2’ modified moi-
eties (Crooke 1997), such as 2`O-Methyl oligoribo-
nucleotides, which are more resistant to nucleases 
and are efficient at dimerizing with their RNA coun-
terparts. 3’ end modifications may be particularly 
useful in preventing exonuclease-based degrada-
tion. For a more comprehensive review of modifica-
tions, please refer to Kurreck (2003). Polypeptide 
nucleic acids (PNAs) (Good and Nielsen 1997), in 

which nucleobases are attached to a pseudopeptide, 
have also been explored as potential drugs, but they 
may suffer from little to no cellular uptake. PNAs 
do however have improved stability against nucle-
ases, and may even have enhanced sequence selec-
tivity for target mRNA. PNAs have been success-
fully employed for imaging gene expression in the 
brain (Shi et al. 2000; Lee et al. 2002). Targeting to 
brain tumors was achieved by conjugating the PNA 
to antibodies directed against the transferrin recep-
tor, which is abundantly expressed both on the brain 
capillary endothelium, which forms the blood–brain 
barrier, and tumor cell membranes (Suzuki et al. 
2004). Non-viral gene delivery systems such as cat-
ionic liposomes, charged lipids, synthetic polymers, 
or non-viral vectors are being evaluated to increase 
extracellular stability and cellular uptake of oligo-
nucleotides (Shoji and Nakashima 2004)and will 
be discussed below.

Uptake of oligonucleotides by cells appears to 
occur via several mechanisms. The surprising and 
essential feature is that oligonucleotides are read-
ily taken up by many different cells. This uptake 
is critical to insure that a probe can be delivered to 
the intracellular target mRNA by injection into the 
venous plasma space. Most oligonucleotides (except 
methylphosphonates) are polyanionic and do not 
passively diffuse across cell membranes. Transport 
mechanisms include receptor mediated endocytosis, 
adsorptive endocytosis, as well as fluid-phase pino-
cytosis (Loke et al. 1989; Wu-Pong et al. 1992, 1994; 
Cotten et al. 1993). There is a fast component as 
well as a slow component of uptake. A ~80-kD pro-
tein has also been isolated from several cell types 
that seems to be responsible for oligodeoxynucleo-
tide binding and possible internalization (Loke et 
al. 1989; Cotton et al. 1993). The exact transport 
mechanism seems to be different for various cell 
types. There have been some preliminary attempts 
to model oligonucleotide cell transport (Wu-Pong 
et al. 1992), but no mathematical model is currently 
available. It is likely that non-diffusible oligodeoxy-
nucleotides end up in cellular endosomes, but it is 

Fig. 18.3. Hybridization of an antisense oligodeoxynucleotide probe with a target mRNA. The antisense probe has a very high 
specifi city for a target mRNA sequence. Although the mRNA can contain hundreds to thousands of bases, an antisense probe 
of small length (11–15 bases) can uniquely target any mRNA. A, adenine; T, thymidine, G, Guanine; C, cysteine
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not clear how they leave the endosomes or the efflux 
rate from endosomes. Several groups have shown 
that exogenously administered oligonucleotides 
appear to localize readily in the nucleus, mitochon-
dria or both (Wu-Pong et al. 1992). The degree of 
controversy surrounding uptake mechanism and 
subcellular fate of oligonucleotides likely indicates 
the presence of several different complex pathways, 
depending, on cell type, oligonucleotide composi-
tion, and potentially further factors (Thierry et al. 
2003).

The oligonucleotide, once inside the cell, must be 
able to bind to the target mRNA, and excess unhy-
bridized oligonucleotide must also be able to leave 
cells during the time in which the oligonucleotide and 
target mRNA complex is stable. Charged oligonucle-
otides can nonspecifically interact with intracellular 
proteins. This may lead to nonspecific binding, and 
the potential inhibition of oligonucleotide internal-
ization (Loke et al. 1989). To obtain sufficient speci-
ficity of the image signal, the rates of exocytosis and 
mRNA binding must exceed the rate of nonspecific 
binding. Exocytosis follows a multi-compartmental 
model, with a rapid phase (half-life of 10 min) as 
well as a slower phase (half-life of 30 min) in some 
cases, but varies depending on the cell type and the 
type of oligodeoxynucleotide. Truncated fragments 
as well as chain extension products efflux from cells. 
Some studies have reported desired pharmacological 
effects of a decrease in protein production with non-
antisense oligodeoxynucleotides; this may be due to 

interaction of the drug with proteins. It is important 
that a true antisense mechanism be demonstrated by 
using controls with sequentially increasing number 
of nucleobase mismatches, before proceeding with 
in vivo studies. As the number of mismatches in 
bases increases, the binding to target mRNA should 
decrease. Without these appropriate controls, it is 
possible that non-specific binding of oligodeoxy-
nucleotide to protein(s) is leading to a desired effect 
(e.g., reduction in protein production).

Numerous investigators have explored the use 
of antisense oligonucleotides, both in vitro and 
in vivo, as therapeutic agents for decreasing pro-
tein production (Stein and Cheng 1993). For the 
first time, an antisense oligonucleotide drug has 
been approved by the FDA, targeting CMV retini-
tis in patients with HIV (2002). Also, the number of 
clinical trials including phase 3 trials has increased 
steeply in the last years. Approaches include target-
ing the 35S RNA of the Rous sarcoma virus (Zamec-
nik and Stephenson 1978), various mRNAs for use 
against HIV (Zamecnik et al. 1986), as well as many 
oncogene mRNA’s including c-myc, bcl-2, Raf-1, H-
Ras, and many others. Preclinical studies involve 
telomerases, MDM2, Her-2, and IGF-IR [for review 
of antisense oligonucleotide therapy, please refer to 
Pirollo et al. (2003)]. Diseases targeted by antisense 
therapy approaches include cancer (Kalota et al. 
2004), renal (Tomita et al. 2004), CNS (Jaeger and 
Banks 2004), and cardiovascular disease (Tomita 
and Morishita 2004). Most of this work has shown 

Fig. 18.4. Structure of an oligode-
oxynucleotide. Shown is a trimer. 
The ribose sugars are interlinked 
through a backbone composed of 
phosphodiester bonds. The back-
bone can be modifi ed in order to 
achieve greater stability against deg-
radation from nucleases. Phospho-
rothioates have signifi cant increased 
stability as compared to phosphodi-
esters. 2′ modifi cation of the ribose 
can also lead to more stable oligo-
deoxynucleotides. Degradation sites 
are as indicated
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that antisense oligonucleotides can work effectively 
in suppressing mRNA translation. After binding of 
oligodeoxynucleotide to target mRNA, the mRNA 
can be digested by ribonuclease H. Direct transla-
tion inhibition can also occur. In either case, the net 
result is a direct decrease in translation of mRNA 
and production of protein product.

Biodistribution of oligodeoxynucleotides in 
normal animals has been reported (Crooke 1995). 
Phosphorothioate oligonucleotides, for example, bind 
to serum proteins (~400 µM dissociation constant for 
albumin). The plasma disappearance is extremely 
rapid, and is well described by a two-compartment 
model. A large volume of distribution (~20 ml with 
a dose of 3.6 mg/kg) is observed for phosphorothio-
ates demonstrating a widespread distribution to 
many tissues in vivo. Peaks of blood activity occur 
within 2–4 h after bolus injection. The kidneys and 
liver have the greatest concentrations, with no sig-
nificant penetration across the blood–brain-barrier. 
Natural phosphodiester oligonucleotides are very 
rapidly degraded to monomers in vivo, and would 
probably have limited use for targeting gene expres-
sion. Animal whole-body autoradiography has also 
been used to assess the biodistribution of various 
radiolabeled oligodeoxynucleotides (see for exam-
ple: Phillips et al. 1997). Biodistribution studies 
based on noninvasive PET imaging of 18F and 68Ga 
labeled antisense oligonucleotides were published 
(Tavitian et al. 1998; Roivainen et al. 2004). How-
ever, biodistribution of oligonucleotides depends on 
the composition of the backbone and on the labeling 
method (Zhang et al. 2000). One cannot, thus, gen-
eralize findings from single biodistribution studies 
to the pharmacokinetics of other oligonucleotides.

Although much can be learned from the develop-
ment and use of antisense oligodeoxynucleotides 
as drugs, several distinctions must be kept in mind 
for using them as imaging probes. First, any isotope 
labeling modification to the oligodeoxynucleotide 
must not significantly decrease its stability as well 
as its cellular influx, efflux, specific interaction, or 
hybridization ability. Second, the relative rate of 
hybridization to target mRNA must exceed the net 
effect of the non-specific interactions and efflux 
rates. Also, the efflux rate must dominate if no 
target mRNA is expressed, so as to lead to minimal 
background signal. The isotope half-life, biological 
half-life, and specific activity of the RASON are also 
important parameters to consider when attempting 
to target a specific mRNA in vivo.

The first RASON probe to be developed specifi-
cally for nuclear imaging was an Indium-labeled 

oligodeoxynucleotide targeted against the amplified 
c-myc oncogene (Dewanjee et al. 1994). A 15-mer 
oligonucleotide sequence was synthesized, amino 
linked (sense and antisense phosphodiester and 
monothioester) and bound with diethylenetriamine 
pentaacetate (DTPA) containing 111In. Subsequently, 
oligodeoxynucleotides labeled with 99mTc (Hnato-
wich et al. 1995), 131I, 123I, 125I (Cammilleri et al. 
1996), 11C (Younes et al. 2002), and 76Br (Kuhnast 
et al. 2000), have been reported. Fluorine labeled 
oligodeoxynucleotides for use with PET (Pan et al. 
1998; Tavitian et al. 1998) have been synthesized. 
As described earlier, it is essential that high specific-
activity probes be developed for targeting the lowest 
possible levels of mRNA. 18F labeling may achieve 
high specific activities of 1,000–10,000 Ci/mmol, 
but has the disadvantage of a relatively short isotope 
half-life of 110 min. 68Ga labeling of oligonucleotides 
targeting activated human K-ras has been described 
(Roivainen et al. 2004). In this study, Roivainen et 
al. analyzed tracer pharmacokinetics in tumor and 
major organs non-invasively with PET and found 
considerable variations depending on the oligonu-
cleotide backbone employed.

18.4.4 
mRNA Imaging Based on Pre-mRNA Splicing

A novel alternative method of mRNA imaging 
involves pre-mRNA trans-splicing. This is a pre-
mRNA splicing process involving the spliceosome, 
which occurs naturally in trypanosomes, f latworms 
and nematodes. This process has been shown to 
be introducible into mammalian cells (Puttaraju 
et al. 1999). For review of the mechanism of pre 
mRNA trans-splicing, see Garcia-Blanco (2003). 
Briefly, short mRNA molecules are introduced into 
the cell, which contain the mRNA of an effector 
or reporter gene and an artificial intron sequence, 
which recognizes the intron of the gene of inter-
est. If the effector gene mRNA is desired 5’ of the 
mRNA of the target, an artificial intron would be 
designed which recognizes and binds to the intron 
of the target in the 5’ splice site region. At the 
same time, the artificial intron offers an alterna-
tive 5’ splice site to the spliceosome. During the 
splicing process, the reporter exon is spliced at its 
5’ splice site to the “natural” 3’ splice site of the 
target mRNA. The resulting mRNA is a hybrid of 
a 5’ effector, or reporter gene, and a 3’ target gene 
mRNA. Transcription of this mRNA will lead to a 
hybrid protein that may be used for imaging. There 
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are two major advantages in this technique. First, 
only a small but likely constant fraction of the pre-
mRNA will be trans-spliced. Thus, the danger of 
disturbing cellular function by mRNA imaging is 
comparatively low relative to conventional anti-
sense techniques. Second, the reporter mRNA can 
code for an enzyme, such as firefly Luciferase or 
HSV1-thymidine kinase (see below). In this case, 
every hybrid reporter protein is capable of produc-
ing multiple molecules of signaling reporter probe, 
resulting in a strong amplification with multiple 
signals per targeted mRNA molecule. This will be 
of special interest when targeting mRNA, which is 
transcribed at low levels and might not be detect-
able by conventional antisense oligonucleotides, 
which only produce one signal per targeted mRNA. 
This concept has recently been validated in vivo by 
bioluminescence imaging of renilla luciferase (see 
below) which was translated from a mRNA result-
ing from a trans splicing event (Bhaumik et al. 
2004). This proof-of-principle study did not image 
an endogenous mRNA, but imaged the repair of the 
renilla Luciferase reporter gene. However, it sets 
the way for true imaging of an endogenous mRNA 
through trans-splicing.

A second novel approach involves autocatalytic 
RNA, or so called group I introns. First discovered 
in the intron of the Tetrahymena large (26S) rRNA 
subunit I, this catalytic RNA, or ribozyme, was 
shown to catalyze a two step trans-esterification 
reaction resulting in joining of the two rRNA exons 
and release of the intron (Rossi 1998). Hasegawa 
et al. have used this principle in an interesting in 
vitro imaging application (Hasegawa et al. 2003). 
The reporter gene beta-lactamase was used to report 
splicing activity in single living cells and perform 
high-throughput screening with flow cytometry. By 
inserting the self-splicing Tetrahymena thermoph-
ila group I intron ribozyme into the open reading 
frame of the beta-lactamase mRNA, splicing activity 
in single living cells could be detected quantitatively 
and visualized. This was initially done with flow 
cytometry to screen for mutations with higher splic-
ing efficiency in vitro. However, while Tetrahymena 
ribozyme is cis-splicing, the same concept is appli-
cable to trans-splicing ribozymes as well, as was 
recently shown (Hasegawa et al. 2004). The method 
can likely be used for molecular imaging and poten-
tially a variety of other applications, including gene 
therapy.

While an entirely comprehensive description 
of the state of the art in antisense technologies is 
beyond the scope of this chapter, we recommend 

the following reviews for further reading: Crooke 
(2004) and Tavitian (2003).

18.4.5 
Oligodeoxynucleotide (Aptamer) Probes 
Targeted for Proteins

Small oligodeoxynucleotide probes can also be used 
to target proteins in addition to targeting RNA. In 
this case, the affinity between mRNA and the target 
molecule is mediated not by nucleotide base pairing, 
but by three-dimensional steric interactions between 
the partners. Dissociation constants are in the micro-
molar to low picomolar range, which is comparable 
to those of antibody-antigen interactions. In vitro 
selection, or systematic evolution of ligands by expo-
nential enrichment (SELEX), has been used both to 
characterize the interaction of natural nucleic acids 
with proteins and to generate novel nucleic acid-
binding species, or aptamers (Conrad et al. 1995; 
Buerger and Groner 2003; Tavitian 2003). Large 
libraries of potential aptamers can be screened in 
order to arrive at a high affinity probe targeted 
towards a specific protein of interest. Depending on 
the selection process, aptamers can recognize single 
or multiple intra- or extracellular targets, including 
specific proteins, small molecules, or even complex 
heterogeneous targets such as cells or tissues. Since 
many aptamers can in theory be transported into 
the cell, the products of many genes can potentially 
be targeted. The use of an aptamer targeted towards 
neutrophil elastase (a surface protein) for in vivo 
inflammation imaging with a gamma camera has 
been reported (Charlton et al. 1997). A rat reverse 
passive Arthus reaction model for inflammation 
was utilized. The aptamer achieved a peak target-to-
background ratio of ~4 in 2 h, with fast blood clear-
ance of the aptamer. More research in this impor-
tant arena may lead to other imaging applications in 
which proteins can be targeted with aptamers. This 
could allow for imaging endogenous gene expres-
sion, by developing aptamers targeted towards the 
protein of the gene of interest. Aptamers have been 
labeled with 99mTc for imaging purposes and to 
investigate aptamer pharmacokinetics (Hicke and 
Stephens 2000). In a recent study, these authors 
labeled an aptamer directed against Tenascin C, an 
extracellular stroma protein present in tumor and 
neovasculature, with different radiometal chelators 
and fluorescent reporters for in vivo imaging and 
biodistribution studies. Due to a long tumor half 
life and fast clearance from the rest of the body, 
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99mTc-labeled aptamers yielded a tumor to blood 
ratio of 50 at 3 h, and clearly imaged U251 and MDA-
MB-435 using a gamma camera (Hicke et al. 2005). 
The aptamer approach is a potentially exciting new 
avenue of research and other aptamers specific for 
targets of interest will now likely be imaged.

18.5 
Gene Delivery

For some applications a gene has to be introduced 
into the organism of interest. Prior to the introduc-
tion of any gene, a decision must be made as to what 
promoter to couple to the gene to drive its tran-
scription. As described in Sect. 18.2.1, the choices 
include constitutive or inducible promoters based 
on the intended application.

Ex vivo gene delivery in which target cells are 
first removed from the host, transfected with a spe-
cific gene, and then re-delivered to the host are one 
possible mechanism for some gene delivery applica-
tions. Alternatively, gene delivery can be preformed 
in vivo by using one of several vectors to deliver the 
gene into some specific tissue(s) of interest.

Introduction of genes into animals can be accom-
plished by one of two general methods. Transgenic 
animals can be made in which every cell in the 
animal carries the gene of interest (Haider et al. 
1998). The transgene can be driven by a constitutive 
or inducible promoter. Only certain tissues can be 
made to express this gene, depending on the type of 
promoter used. Alternatively, a wide variety of non-
viral (Rolland 1998) and viral vectors (Miller and 
Vile 1995) can be used to introduce a gene of inter-
est into target somatic tissue.

Delivery of genes into humans continues to 
remain a challenge for a wide variety of investiga-
tions, and is reviewed in detail elsewhere (Smith 
1995). Although not sufficient, a necessary condi-
tion for the success of gene therapy in humans will 
be efficient delivery of the gene(s) of interest into the 
appropriate target tissue(s). The use of a plasmid (an 
autonomously replicating DNA molecule) in vivo has 
been investigated, but is limited by a poor efficiency 
of transfer into cells. Plasmid vectors can also be 
delivered by the use of cationic liposomes or lipids, 
which enhance transfer of genetic material into the 
cell. The use of adenoviral vectors, retroviral vec-
tors, adeno-associated vectors, and most recently 
lentiviral vectors are all being pursued and are dis-
cussed in upcoming sections. For further reading on 

gene transfer and therapy, we recommend: De and 
Gambhir (2002) and Biswal and Gambhir (2004).

When two genes need to be introduced into the 
same tissue (e.g., a therapeutic gene and a reporter 
gene for monitoring human gene therapy), it is 
then preferable to have a system in which a fixed 
relationship holds between the expressions of both 
genes. Such fixed expression of two genes is pos-
sible through the use of an internal ribosomal entry 
site (IRES) (Gallardo et al. 1997; Levenson et al. 
1998). In this case a single mRNA containing both 
genes is transcribed (driven by a common promoter 
of choice), and translation produces both protein 
products from the same transcript because of the 
IRES (Fig. 18.5).

18.5.1 
Transgenics

Animals in which a specific new or altered gene 
(driven by a promoter of choice) has been intro-
duced into every cell of the entire organism are 
referred to as transgenics. The recombinant gene 
(transgene) is introduced into the fertilized ovum 
of an animal at the two-cell stage of development. 
The fertilized ovum is reimplanted into a surro-
gate female (a pseudo-pregnant mouse primed for 
implantation), and animals that are born which 
contain the transgene can be identified. Green et 
al. (2000) indirectly showed albumin gene expres-
sion in transgenic mice, which expressed the herpes 

Fig. 18.5. Pre-mRNA tans-splicing. The pre-mRNA trans-splic-
ing molecule (PTM), a short mRNA fragment with a reporter 
gene and an artifi cial intron sequence recognizing the intron 
of the gene of interest, enters the cell. The artifi cial intron offers 
an alternative 5’ splice site to the spliceosome. The reporter 
exon is spliced at its 5’ splice site to the “natural” 3’ splice site 
of the target mRNA. Transcription of the hybrid mRNA leads 
to a hybrid protein which is used for imaging
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simplex virus-1 thymidine kinase (HSV1-TK, see 
below) PET reporter gene under the control of the 
albumin promoter. PET imaging showed uptake of 
the reporter probe, FHBG, in the liver, going from 
medium values to basically absent to high values as 
mice went through dietary phases of medium pro-
tein, no protein, and high protein diet. The mouse 
model has been the most frequently used in trans-
genics, but other animal models are also possible. 
More work is still needed to study other endogenous 
genes using transgenic models carrying one or more 
reporter genes. Quantitation issues of relating the 
endogenous gene expression to the reporter gene 
expression must be pursued in detail.

18.5.2 
Non-viral Vectors

DNA containing a gene of interest and its promoter 
can be injected directly into the blood stream, but 
as discussed in Sect. 18.4.3, breakdown of DNA 
by nucleases, immune response to certain DNA 
sequences, lack of delivery across cell membranes, 
and, once inside the cell, preferred transport into 
lysosomes and poor nuclear localization severely 
limit this approach. The use of a plasmid (an autono-
mously replicating DNA molecule) in vivo has been 
investigated, but is limited by the same factors. 
Plasmid vectors can also be delivered by the use of 
cationic liposomes, or lipids (Iyer et al. 2002). Like 
other cationic compounds such as polylysine, poly-
ethyleneimine (PEI), or PEGylated PEI, they enhance 
stability of the DNA in the extracellular compart-
ment and transfer of genetic material into the cell. 
Hildebrandt et al. (2003) showed that expression 
of a firefly luciferase reporter gene was significantly 
stronger in tumor as compared to normal organs 
after gene transfer with PEGylated PEI or a transfer-
rin targeted PEI than with PEI alone. Signal from in 
vivo imaging correlated well with ex vivo enzyme 
activity measurements (Hildebrandt et al. 2003). 
These vectors lead to only transient expression of 
the delivered gene, and are limited in their utility 
by several factors, as reviewed by Wiethoff and 
Middaugh (2003).

18.5.3 
Adenoviral Vectors

Adenoviral vectors are relatively large (38 Kb) DNA 
viral vectors. The wild-type adenovirus can be mod-

ified by deleting one or more early genes (e.g., E1a, 
E2, and E3), which are responsible for activation 
of other genes. Through deletion of one or more of 
these genes, one can incorporate a segment of DNA 
that can then be delivered into cells capable of being 
infected by the adenovirus. The E1a gene is needed 
for viral replication, but the E2 and E3 genes are not. 
Additional genes can also be deleted to increase the 
packaging capacity if needed.

Since the adenoviral vector with the E1a gene 
deleted cannot replicate, the isolation of high titers 
of adenovirus requires cells, which express the 
E1a gene. A total of 293 human kidney cell lines, 
which constitutively express the E1a protein, can be 
used to grow an adenovirus in which the E1a gene 
is replaced by a gene of interest. Standard purifica-
tion techniques can be used to isolate relatively high 
titers (1011 pfu/ml) of the desired adenoviral vector.

Adenoviral vectors like the wild-type adenovirus 
are capable of transducing both replicating and non-
dividing cells. These vectors can transfect a wide 
variety of cells, with respiratory airway epithelium 
being particularly susceptible. The adenoviral vec-
tors do not integrate their DNA into host DNA, but do 
lead to an immune response. The immune response 
can be particularly worsened by repeated adminis-
tration of the viral vector. Adenoviral vectors lead to 
a transient level of gene expression, primarily due to 
host response to viral proteins in transduced cells. 
Future research may lead to adenoviral vectors with 
a decreased immune response, and improved speci-
ficity for the tissue(s) of choice. So-called “gutless” 
adenoviruses (Hardy et al. 1997) have been devel-
oped which lack all viral coding regions. They can 
be used to transfer large amounts of message, up to 
35 kb, whereas the capacity of “normal” adenovi-
ruses is typically around 6–8 kb. While being highly 
efficient gene carriers, gutless adenoviruses also 
have low toxicity and immunogenicity (Sakhuja et 
al. 2003). These gutless systems incorporated with 
therapeutic and reporter genes may prove to be an 
active area of research for the molecular imaging 
community in the next several years.

18.5.4 
Retroviral Vectors

Retroviruses have a RNA genome, which is con-
verted into DNA in the infected cell followed by its 
integration into host DNA. Entry of the retrovirus 
into target cells is critically dependent on appropri-
ate receptors on the cell surface. Packaging cell lines 
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which are capable of generating retroviruses of a 
variety of host ranges have been used to combat this 
problem. Also, mitosis of the target cells is neces-
sary for proviral integration to occur. The retroviral 
genome is composed of three genes termed gag, pol, 
and env which are flanked by long terminal repeats 
(LTRs), and a packaging sequence (Ψ) which allows 
viral RNA to be distinguished from other RNAs in 
the cell. The LTRs serve to control expression of the 
viral genes, and also define the beginning and end 
of the viral genome. Viral genes can be replaced 
with a gene of interest (transgene) to deliver this 
gene into host cells. The transgene can be under the 
control of the LTRs or a promoter which is a part 
of the transgene. Packaging cells can be used that 
allow production of high titers of replication-defi-
cient recombinant virus. Retroviruses are primarily 
limited by their ability to integrate only into repli-
cating cells, and their relative lability as compared 
to other viruses.

18.5.5 
Adeno-associated Viral Vectors

Adeno-associated virus (AAV) is a single-stranded 
DNA virus that is capable of infecting non-repli-
cating cells. It can integrate into host genome at a 
specific site on chromosome 19. AAV is a small virus 
which is relatively difficult to propagate in vitro 
and can only be purified in low titers. AAV vectors 
have low packaging ability (4 Kb) because of their 
small size, but have the advantage of a decreased 
host immune response because of their structural 
similarity.

18.5.6 
Lentiviral Vectors

Lentiviruses belong to the retrovirus family and 
are capable of infecting both dividing and non-
dividing cells. The human immunodeficiency virus 
(HIV) is an example of a lentivirus. A disabled HIV 
virus has been developed and could be used for in 
vivo gene delivery. A portion of the viral genome 
which encodes for accessory proteins can be deleted 
without affecting production of the vector and effi-
ciency of infection. The lentiviral vectors have been 
produced in small scale (>109 virus particles per 
ml). Lentiviruses integrate themselves into the host 
genome, and consequently, transgene delivery into 
various rodent tissues shows sustained expression 

for up to 6 months. Furthermore, there seems to be 
little or no immune response with these vectors. In 
a recent study, a bicistronic lentivirus was used for 
transfer of two reporter genes, a mutant HSV1-TK 
(see below), and firefly luciferase (see below). Both 
genes were expressed in a highly correlated fashion, 
and imaging signal from optical and PET imaging 
also was well correlated (De et al. 2003). Reporter 
gene encoding lentiviruses have since been employed 
to image tumor-specific lymphocytic migration by 
both microPET scan and bioluminescence imaging 
(Kim et al. 2004), prostate specific gene expression 
(Iyer et al. 2004), and islet cell survival after trans-
plantation (Lu et al. 2004).These lentiviral vectors 
hold a lot of promise for in vivo gene delivery and 
are likely to play a greater role in future imaging and 
gene therapy applications.

18.6 
Reporter Gene Imaging

18.6.1 
Fundamental Principles of Reporter Genes

Molecular biologists have used reporter genes both 
in vitro and in vivo for over a decade to monitor 
gene expression. Reporter genes are used to study 
promoter/enhancer elements involved in gene 
expression, inducible promoters to investigate the 
induction of gene expression, and endogenous gene 
expression through the use of transgenes containing 
endogenous promoters fused to the reporter gene. 
In all of these cases transcription of the reporter 
gene can be tracked and therefore gene expression 
can be studied.

Specific examples of reporter genes include the 
bacterial gene chloramphenicol acetyl transferase 
(CAT), and the lacZ gene which codes for β-galacto-
sidase. Autoradiography of a chromatogram (when 
using CAT) or enzyme assay (when using lacZ) can 
then be used to assay cell extracts for the product 
of the reporter gene (Lewin 1994). For tissue speci-
mens, the same reporter genes can also be used, with 
the use of immuno-histochemistry or histochemical 
staining. In these types of studies, the introduction 
of a chimeric fusion gene (a gene coupled to some 
endogenous or exogenous promoter) into the target 
tissue has to be accomplished. A reporter gene (e.g., 
alkaline phosphatase) which can lead to a protein 
product secreted into the blood stream can also be 
used, thereby allowing monitoring in living animals 



324 M. L. Schipper and S. S. Gambhir

(Fig. 18.6). However, the location(s) of the reporter 
gene are not able to be determined in this case, 
because only the blood can easily be sampled.

Conventional reporter gene methods are relatively 
limited by their inability to determine the location(s) 
of gene expression in living animals. Approaches 
using light producing fluorescent green fluorescent 
protein (GFP) (Chalfie et al. 1994; Misteli and 

Spector 1997) and bioluminescent firefly or renilla 
luciferase (Jacobs et al. 1993; Bhaumik and Gamb-
hir 2002) as reporter genes whose products directly 
interact with light, allow for localization in small 
living animals. Animals that are transparent to light 
can be imaged with simple video cameras because of 
the ability of these reporter genes to produce prod-
ucts that interact with visible light. However, these 
imaging techniques are limited because of their lack 
of generalizability (e.g., GFP would not be trans-
ferable to humans, as tissue penetration of excita-
tion and emission light is in the range of 1–5 mm 
in mammalian tissues). Also, detailed tomographic 
resolution is currently lacking, despite advances 
towards imaging of deeper lying structures by fluo-
rescence-mediated tomography (Ntziachristos et 
al. 2003). In this approach, several light sources emit 
wave or pulsed light in an imaging chamber, whereas 
emitted light is captured by detectors arranged in a 
spatially defined order. However, the system is still 
in its infancy, requiring extensive mathematical 
validation prior to routine implementation. Radio-
nuclide imaging techniques offer the possibility of 
monitoring the location, magnitude, and persis-
tence of reporter gene expression (with potentially a 
very high sensitivity) for in vivo use in animals and 
humans. Figures 18.7 and 18.8 show approaches in 
which a reporter gene which encodes for a enzyme 
and receptor respectively can lead to trapping of 

Fig. 18.6. A bicistronic vector with an internal ribosomal entry 
site (IRES). In applications in which two genes (A and B) need 
to be jointly expressed through a common promoter, an IRES 
can be used. A single mRNA (containing both genes) is tran-
scribed, but translation of this single transcript leads to two 
distinct proteins. Ribosomes can enter at the IRES leading to 
only translation of message B, and production of protein B

Fig. 18.7. The reporter gene concept for in vivo applications. 
A reporter gene driven by a promoter of choice must fi rst be 
introduced into the cell(s) of interest. If the reporter gene is 
transcribed, a protein product is eventually made which can 
be secreted into the blood and therefore detected. Sampling 
the blood will not reveal the location(s) where the reporter 
gene is active, but it will reveal that it is being transcribed 
and translated. Changes in magnitude of protein product may 
also allow for the determination of the degree to which the 
promoter is actively driving the gene of interest

Fig. 18.8. An imaging reporter gene with enzyme mediated 
trapping of the imaging reporter probe. An imaging reporter 
gene driven by a promoter of choice must fi rst be introduced 
into the cell(s) of interest. If the reporter gene is transcribed, 
a enzyme product (spheres) is eventually made which can lead 
to the trapping (tetrahedrons) of the imaging reporter probe 
(cubes). The imaging reporter probe must be able to enter 
cells. Signal amplifi cation by accumulation of trapped imaging 
reporter probe leads to the ability to determine the location(s), 
magnitude, and persistence of reporter gene expression
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an imaging probe, thereby allowing the imaging of 
reporter gene expression.

18.6.2 
Properties of the Ideal Reporter Gene 
for Imaging

The ideal reporter gene/reporter probe imaging 
system would have the following characteristics: (a) 
The reporter gene should be present in mammalian 
cells, but not expressed (this will prevent an immune 
response). (b) When expressed, the reporter gene 
protein should produce specific reporter probe accu-
mulation only in those cells in which it is expressed. 
(c) When the reporter gene is not expressed, there 
should be no significant accumulation of reporter 
probe in cells. (d) There should be no significant 
immune reaction to the reporter gene product. (e) 
The reporter probe should be stable in vivo and not 
be converted to peripheral metabolites that compli-
cate the development of a quantitative assay. (f) The 
reporter probe should be rapidly cleared from the 
blood and non-specific sites in tissues, and prefer-
ably have an elimination route that does not inter-
fere with the detection of specific signal. (g) The 
reporter probe should be conveniently radiolabeled 
with a variety of radionuclides without significant 
change in its properties, and should be labeled with 
an appropriate specific activity. (h) The reporter 
probe or its metabolites should not be cytotoxic 
at the concentrations used. This is likely to be the 
case for most tracer applications, which are based on 
very low concentrations of tracer. (i) The size of the 
reporter gene and the promoter driving it should be 
small enough to fit in the delivery vehicle (e.g., for 
a conventional adenoviral vector the upper limit is 
~ 7 Kb). This requirement can be relaxed for animal 
applications such as transgenics in which a deliv-
ery vehicle is usually not needed. (j) The reporter 
probe must be able to reach the area(s) of interest 
without transport across membranes being a signifi-
cant limitation. (k) The reporter probe image signal 
should correlate well (over the range of concentra-
tion relevant to the study paradigm) with levels of 
reporter gene mRNA and protein in vivo. (l) The 
reporter gene assay should correlate well with levels 
of endogenous gene expression, if the reporter gene 
is being used to monitor endogenous gene expres-
sion. (m) A reporter gene working in any cellular 
compartment would be more versatile than reporter 
genes which are restricted to certain subcellular 
structures, e.g. receptor reporter genes are usually 

integral membrane proteins. (n) With view towards 
transferability to human uses, it is practical to work 
with reporter genes whose substrates are already 
approved by drug regulating agencies (e.g. in the 
case of octreotide, a commonly used nuclear medi-
cine imaging agent, which is the substrate of the 
somatostatin receptor 2 reporter gene. Obtaining 
approval for substrates is a process which otherwise 
can take years and is extraordinarily expensive. (o) 
The reporter gene signal should be amplifiable if the 
original event which is imaged is rare (e.g. in the 
case of low copy number transcript mRNA imag-
ing). (p) Imaging of signal should be possible with 
imaging modalities suitable both for in vitro and 
in vivo (large animal) imaging in order to stream-
line the development process. (q) Imaging should be 
cheap and convenient. (r) If events should be imaged 
in real time, the signal should occur quickly and 
disappear immediately after the event one is imag-
ing is over.

No single reporter gene/reporter probe system 
currently meets all these criteria. It is likely that each 
reporter gene/reporter probe system will only meet 
some of the above criteria, and therefore different 
reporter systems will have to be chosen based on the 
intended application. The development of multiple 
reporter gene/reporter probe systems will help to 
provide a choice, based on their application of inter-
est, for future investigators. Furthermore, by having 
multiple reporter gene assays, it should be possible 
to monitor the expression of more than one reporter 
gene in the same living animal or human.

18.6.3 
Cytosine Deaminase Reporter Gene

Cytosine deaminase (CD) was one of the first 
reporter genes to be studied for imaging reporter 
gene expression. CD is found primarily in yeasts 
and bacteria and its expression is responsible for the 
deamination of cytosine to form uracil. Mammalian 
cells lack CD and therefore cannot convert cytosine 
to uracil. In those cells expressing CD, 5-fluorocyto-
sine is converted to 5-fluorouracil which is cytotoxic. 
CD has been used in animal (Nishiyama et al. 1985) 
and human (Wallace et al. 1994) cancer therapy 
models with 5-fluorocytosine. The reporter probe 
6-[3H]-5-fluorocytosine has been studied in human 
glioblastoma cells stably transfected with the Esch-
erichia coli CD reporter gene, because of its ability 
to be converted to 6-[3H]-5-fluorouracil only in cells 
expressing CD (Haberkorn et al. 1996). Rapid cel-
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lular efflux of 6-[3H]-5-fluorouracil limits the utility 
of this reporter probe and further exploration of the 
CD reporter gene with 5-[18F]-fluorocytosine and 
PET. Furthermore, very slow uptake of [3H]-5-fluo-
rocytosine, in part attributable to different trans-
porters between prokaryotes and eukaryotes, is also 
a problem. Times of up to 48 h are needed to see 
differences in radioactivity accumulation between 
cells expressing CD and control cells. Alternative 
substrates for CD, which are rapidly transported, 
deaminated, and trapped intracellularly, may even-
tually allow the use of CD to develop an assay for 
imaging reporter gene expression.

18.6.4 
Herpes Simplex Virus Type-1 Thymidine Kinase 
Reporter Gene

There are two known mammalian thymidine kinases 
– a mitochondrial and a cytosolic enzyme (Arner 
and Eriksson 1995). These kinases are responsible 
for catalyzing the transfer of the γ-phosphate from 
ATP to the 5’-terminus of deoxythymidine to form 
deoxythymidine monophosphate (dTMP). When 
cells are infected with the Herpes simplex virus, 
the viral thymidine kinase is expressed. The viral 
thymidine kinase has relaxed substrate specificity 
as compared to the mammalian thymidine kinases, 
and is capable of phosphorylating pyrimidine and 
purine nucleoside derivatives (de Clercq 1993), as 
well as deoxythymidine. These compounds, when 
phosphorylated, are trapped intracellularly.

The discovery that acyclovir (9-(2-hydroxyetho
xymethyl)guanine) is specifically phosphorylated 
by the viral thymidine kinase resulted in one of 
the most successful approaches to the treatment of 
Herpes simplex virus infection (Elion 1993). Subse-
quent phosphorylation of acyclovir monophosphate 
by guanylate kinase to form acyclovir diphosphate, 
followed by phosphorylation by various cellular 
enzymes leads to the formation of acyclovir triphos-
phate. Acyclovir triphosphate leads to chain termi-
nation when it is incorporated into DNA, and acts as 
a more potent inhibitor of the viral DNA polymer-
ases than of cellular polymerases. The DNA poly-
merases of HSV1 and HSV2 also use acyclovir tri-
phosphate as a substrate and incorporate it into the 
DNA primer-template to a much greater extent than 
do the cellular enzymes. The viral DNA polymerase 
binds strongly to the acyclovir triphosphate-termi-
nated template, and is thereby inactivated (Elion 
1993). Multiple substrates for HSV1-TK including 

ganciclovir (9-[[2-hydroxy-1-(hydroxymethyl)etho
xy]methyl]guanine) and penciclovir (9-(4-hydroxy-
3-hydroxymethylbutyl)guanine) have subsequently 
been synthesized and reported in the literature as 
antiviral agents (Alrabiah and Sacks 1996). Note 
that HSV1-tk denotes the gene and HSV1-TK denotes 
the enzyme. We have reported the generation of 
a mutant HSV1-tk (HSV1-sr39tk) with enhanced 
ganciclovir phosphorylation capabilities and less 
undesired thymidine phosphorylation, thus yield-
ing higher and more specific signal (Gambhir et al. 
2000).

There are two main categories of substrates 
for HSV1-TK/HSVsr39TK; pyrimidine nucleoside 
derivatives (e.g., 5-Iodo-2’-fluoro-2’-deoxy-1-β-D-
arabinofuranosyl-5-iodouracil, FIAU), and acyclo-
guanosine derivatives [e.g., 8-[18F]-fluoroganciclovir 
([18F]FGCV) and 9-(4-fluoro-3-hydroxymethylbut
yl)guanine (FHBG)], which are utilized as reporter 
probes for imaging HSV1-tk/HSV1-sr39tk reporter 
gene expression. These reporter probes are trans-
ported into cells, and trapped as a result of phos-
phorylation by HSV1-TK. HSV1-tk has been used as 
a reporter gene in many applications, the most per-
tinent of which are discussed next.

Tjuvajev et al. (1995) used a recombinant repli-
cation-deficient STK retrovirus containing HSV1-tk 
to transduce RG2 glioma cells in vitro and in vivo. 
HSV1-tk gene expression was then imaged using 
quantitative autoradiography of 2-[14C]FIAU in an 
intracerebral tumor model in rats. Transduction of 
the RG2 tumor cells with the HSV1-tk gene in vivo 
resulted in tumors which accumulated 2-[14C]FIAU 
and produced good autoradiographic images of 
gene expression. Imaging relatively late, at 24 h after 
the injection of 2-[14C]FIAU, reduced the effects of 
background radioactivity by taking advantage of 
a long washout time. These authors also explored 
8-[3H]-ganciclovir in vitro, but it was not explored 
in vivo because it showed less accumulation in cell 
culture when compared to 2-[14C]FIAU. In a subse-
quent study, Tjuvajev et al. (1996) used [131I]FIAU 
and gamma camera/SPECT imaging. In this study, 
using rats, tumors were transduced in vitro with the 
HSV1-tk gene, and also in vivo using direct intra-
tumoral injection of retroviral vector-producer 
cells. Animals were imaged with a gamma camera/
SPECT 24-48 hours after injection of [131I]FIAU. The 
authors concluded that “clinically relevant” levels 
of HSV1-tk gene expression can be imaged with 
[131I]FIAU and gamma camera/SPECT. Studies with 
[124I]FIAU and PET have also been reported (Tju-
vajev et al. 1998) and demonstrate that tumors with 
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various levels of HSV1-tk expression can be distin-
guished by PET imaging at 30 h after injection of 
[124I]FIAU. Good correlations between sensitivity of 
the transduced tumors to ganciclovir (IC50) and the 
[124I]FIAU %ID/g, as well as the incorporation con-
stant (Ki) were shown.

Adenoviral-directed gene delivery has been 
used in which a replication-deficient adenovirus 
carrying the HSV1-tk reporter gene driven by the 
cytomegalovirus promoter delivers the HSV1-
tk reporter gene primarily to the murine liver 
(Fig. 18.9) (Gambhir et al. 1998). Peripheral intra-
venous injection of adenovirus causes a predomi-
nant infection of the mouse liver (Stratford-Per-
ricaudet et al. 1990; Herz and Gerard 1993). At 
48 h after tail-vein injection of either control virus 
or virus carrying HSV1-tk, mice were injected with 
8-[14C]-ganciclovir and imaged 1 h later. Digital 
whole-body autoradiography was used to evaluate 
the specificity and sensitivity of this assay. Corre-
lations in vivo between relative levels of HSV1-TK 
enzyme, HSV1-tk mRNA, and %ID/g, show the fea-
sibility of quantitatively relating the in vivo imag-
ing signal from the liver to the level of reporter 
gene expression. Preliminary microPET (Cherry 
et al. 1997) studies using the same murine model 
and [18F]FGCV also show encouraging results 
(Fig. 18.10) (Gambhir et al. 1998). Further stud-

ies validating the use of [18F]FGCV in vivo are 
currently being completed. 9-[(3-[18F]Fluoro-1-
hydroxy-2-propoxy)methyl]guanine [18F]FHPG 
has also been preliminarily studied in primates 
in order to demonstrate the absence of catabolism 
and relative uptake into transduced cells (Alaud-
din et al. 1997; Bading et al. 1997).

Multiple candidate tracers have been developed 
for use with the HSV1-tk reporter gene, which are 
grouped into pyrimidine nucleoside derivatives, 
such as FIAU, and acycloguanosine derivatives, 
e.g., FHBG. There has been an amount of contro-
versy concerning which tracer would be the most 
efficient for imaging purposes, and the answer 
depends on which type of thymidine kinase (mutant 
HSVsr39tk, or wild type HSV-tk) is being used, as 
well as which route of delivery (Adenoviral gene 
delivery vs. stable transfection) is being utilized for 
the transgene. Experiments performed in mamma-
lian cells which were stably transfected with wild 
type HSV1-tk showed higher specific accumula-
tion of FIAU than of the acycloguanosine deriva-
tives FHBG and FHPG in vivo and in vitro (Brust 
et al. 2001; Tjuvajev et al. 2002). Alternate acyclo-
guanosine derivative substrates, such as [18F]PCV 
(Iyer et al. 2001a) or [18F]FHBG, have been evalu-
ated in an attempt to improve sensitivity (Iyer et 
al. 2000). [18F]PCV resulted in a two- to three fold 

Fig. 18.9. An imaging reporter gene with receptor mediated 
trapping of the imaging reporter probe (a ligand). An imag-
ing reporter gene driven by a promoter of choice must fi rst be 
introduced into the cell(s) of interest. If the reporter gene is 
transcribed, a receptor protein (Y) is eventually made which 
leads to binding of the imaging reporter probe (cubes). Signal 
amplifi cation by receptor-ligand interaction leads to the abil-
ity to determine the location(s), magnitude, and persistence of 
reporter gene expression. The receptor protein can be intracel-
lular and/or at the cell surface. If the receptor protein is only 
intracellular, than the imaging reporter probe must be able 
to enter cells

Fig. 18.10. Adenoviral mediated delivery of the Herpes simple 
type 1 virus thymidine kinase (HSV1-tk) reporter gene fol-
lowed by subsequent 8-[18F]-fl uoroganciclovir ([18F]FGCV) 
PET reporter probe trapping. An adenovirus carrying the 
HSV1-tk reporter gene has been used to deliver the HSV1-
tk reporter gene [driven by a constitutive cytomegalovirus 
(CMV) promoter]. Transcription and translation of HSV1-tk 
lead to production of HSV1-TK enzyme which can phosphory-
late and trap [18F]FGCV. PET imaging can thereby detect the 
location(s), magnitude, and persistence of HSV1-tk reporter 
gene expression
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greater sensitivity for detection of HSV1-tk expres-
sion compared with [18F]GCV in cell culture and 
in vivo (Iyer et al. 2001a). In more recent studies, 
[18F]FHBG and [14C]FIAU were found to be superior 
to FPCV as reporter probes for monitoring HSV1-
tk expression, and [18F]FHBG may have an added 
advantage over [14C]FIAU because of its signifi-
cantly lower accumulation in cells not expressing 
HSV1-tk, resulting in a better target to background 
ratio (Iyer et al. 2000). Both FHBG and FIAU are 
all the more interesting as tracers since they were 
granted investigational new drug (IND) status by 
the US Federal Drug Administration, making them 
potential tracers for clinical studies. A mutant 
reporter gene, HSV1-sr39tk, with improved affinity 
for acycloguanosines and decreased affinity for the 
native substrate thymidine, has also been evalu-
ated. Using FPCV as a reporter probe enhanced 
sensitivity by a factor of 2–4 (Gambhir et al. 2000). 
It was also observed that in cells infected with ade-
novirus encoding HSV1-tk, FHBG is a better probe 
than FIAU. One study compared the uptake char-
acteristics of [18F]FHBG, [3H]PCV, and [14C]FIAU 
in cell culture and in vivo using an adenoviral 
mediated gene transfer model and a stable tumor 
xenograft model. Further, the uptake of [18F]FHBG, 
[3H]PCV, and [14C]FIAU in an HSV1-tk and HSV1-
sr39tk expressing model were compared to assess 
the optimal reporter probe/reporter gene com-
bination (Min et al. 2003). Results indicated that 
the mechanism of reporter gene introduction is 
an important variable for determining the opti-
mal reporter gene/reporter probe combination. In 
HSV1-tk stably transfected cells, [14C]FIAU accu-
mulation was greater than that of [3H]PCV and 
[18F]FHBG (p<0.001), corroborating earlier results. 
However, after adenoviral gene transfer, [18F]FHBG 
and [3H]PCV accumulation was significantly 
greater than that of [14C]FIAU (p<0.01). When the 
mutant HSV1-sr39-tk was used, [18F]FHBG and 
[3H]PCV accumulated to a significantly greater 
extent than [14C]FIAU in C6 cells (p<0.001). These 
results were found similarly in the in vivo models. 
For adenoviral studies, the [18F]FHBG/HSV1-sr39tk 
combination is more sensitive than the [14C]FIAU/
HSV1-tk combination, while for stable transfection 
experiments, the [14C]FIAU/HSV1-tk combination 
appears to be ideal (Min et al. 2003). New studies 
which have also explored FEAU show it may have 
advantages over both FHBG and FIAU for both 
HSV1-tk and HSV1-sr39tk and needs further inves-
tigation (Alauddin et al. 2002; Buursma et al. 
2003; Kang et al. 2005).

18.6.5 
Dopamine 2 Receptor Reporter Gene

The dopamine 2 receptor (D2R) is primarily 
expressed in the brain striatum and in the pituitary 
glands. The D2R is a 415 amino acid protein with 
seven transmembrane domain topology (Bunzow 
et al. 1988). Ligand-activated D2R interacts with 
G proteins to inhibit adenylate cyclase (Strange 
1990). Several PET D2R ligands (labeled with either 
11C and 18F) for the D2R reporter gene have been 
well validated in animal and human applications 
(Wagner et al. 1983; Ehrin et al. 1985). 3-(2’-[18F]-
Fluoroethyl)spiperone ([18F]FESP), a D2R antago-
nist is one of these ligands (Barrio et al. 1989). 
[123I]Iodobenzamine is also potentially useful for 
imaging D2R expression with SPECT (Kessler et 
al. 1991).

A PET reporter gene/PET reporter probe assay 
based on D2R/[18F]FESP has been developed by the 
UCLA Gene Imaging Consortium and investigated 
in nude mice using both an adenoviral-directed 
hepatic gene delivery system, and in tumors trans-
fected with D2R ex vivo, then implanted in nude 
mice (MacLaren et al. 1999). The D2R reporter gene 
when expressed, leads to accumulation of [18F]FESP 
by direct binding to D2R (cell membrane and intra-
cellular). Good correlations (r2 > 0.88) with PET 
image signal in vivo, and with GAPDH normalized 
levels of D2R mRNA and receptor concentrations, as 
quantified from tissue extracts in vitro were dem-
onstrated.

Dopamine binding to the D2R can modulate 
cyclic AMP levels, potentially compromising the 
usefulness of the D2R as a reporter gene in vivo. To 
uncouple ligand-binding from G-protein-mediated 
inhibition of cAMP production, a mutant D2R was 
generated. A D2R80A mutation completely elimi-
nated the ability of the D2R to suppress forskolin-
stimulated cAMP accumulation in response to dopa-
mine, while maintaining equivalent [3H]spiperone 
binding activity. Moreover, hepatic FESP sequestra-
tion is equivalent, following intravenous injection of 
adenoviruses expressing D2R and D2R80A (Liang 
et al. 2001). The usefulness of D2R80A as a “pure” 
reporter gene without physiological function has 
recently been demonstrated in gene transfer experi-
ments. To monitor activity of a therapeutic gene, 
D2R80R was expressed from a bicistronic adenovi-
ral vector (Ad-CMV-D2R80a-IRES-HSV1-sr39tk) in 
which two reporter genes were linked by an inter-
nal ribosomal entry site (IRES). Both in vitro and 
in vivo, expression of the two genes was highly cor-
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related, emphasizing that D2R80A is an ideal can-
didate reporter gene for monitoring gene therapy 
without having intrinsic physiologic actions itself 
(Liang et al. 2002; Chen et al. 2004).

18.6.6 
Somatostatin 2 Receptor Reporter Gene

The somatostatin 2 receptor (SSTR2) is one of five 
known subtypes of human somatostatin receptors, 
G-protein coupled, internalizing 7 transmembrane 
domain receptors. It is physiologically expressed 
in pancreatic islets, spleen, germinal centers of 
the lymphoid tissues, and anterior hypopituitary 
gland (Reubi et al. 2001). SSTR2 is overexpressed 
in a number of human tumors of neuroendocrine 
origin, such as neuroendocrine gastroenteropancre-
atic (GEP) tumors, pheochromocytoma, medullary 
thyroid carcinoma, and small cell carcinoma of the 
lung, lymphoma, meningioma, and breast cancer. 
Tumors may be imaged using radiolabeled ana-
logs of the peptide hormone somatostatin, such as 
111In-DTPA-D-Phe Octreotide. Radioligand therapy 
has been conducted in experimental studies with 
considerable success. Imaging employing physi-
ologically expressed SSTR2 is covered in Chap. 10 
of this book in more detail. The SSTR2 gene has 
been employed as a reporter gene to image tumors 
such as non small lung cancer and ovarian cancer in 
gamma cameras using 99mTc, 111In, and 188Re labeled 
somatostatin analogs (Rogers et al. 1999; Zinn et al. 
2000; Chaudhuri et al. 2001). The major advantage 
of using the SSTR2 as an imaging reporter gene is 
that it has been used for imaging in its physiologic 
form for many years. Imaging of SSTR2 overex-
pressing malignancies is a standard procedure in 
nuclear medicine departments around the world, 
and different tracers have been developed, tested 
and approved for human use by the respective 
authorities. Since approval for human use is a key 
step in drug or imaging probe development, which 
takes enormous financial and time investments, this 
is a very important advantage. A second advantage 
of the SSTR2 is that no immune response is to be 
expected, since it is a human gene. However, there 
is some concern about whether SSTR2 gene transfer 
and imaging might result in unwanted activation of 
physiologic signal transduction pathways. To cir-
cumvent this problem, an epitope-tagged receptor 
was recently constructed in which the hemaggluti-
nin (HA) sequence is fused to the extracellular N-
terminus of the SSTR2 gene. FITC-labeled anti-HA 

antibody confirmed surface expression and absence 
of internalization in vitro. In a mouse tumor model, 
imaging detected increased tumor uptake of 99mTc-
anti-HA after intratumoral injection of an adenovi-
rus encoding the fusion gene as compared to tumors 
injected with the SSTR2 gene alone (Rogers et al. 
2003). A second elegant method to uncouple SSTR2 
receptor binding from signal transduction would be 
to mutate the transactivating domain as previously 
shown for the D2R (Liang et al. 2001). Since work 
has been carried out characterizing signal trans-
ducing and internalizing domains of the protein 
(Oomen et al. 2001), progress in this field may be 
expected.

An interesting study combined imaging of the 
SSTR2 with those of the HSV1-TK gene (Verwi-
jnen et al. 2004). Glioma cell lines were transfected 
with an adenovirus carrying both genes. Uptake 
of 1-(2-fluoro-2-deoxy-b-D-ribofuranosyl)-5-[125I]
iodouracil (FIRU), a HSV1-TK substrate, and the 
somatostatin analog 111In-DOTA-Tyr3-octreotate, 
which binds to the SSTR2, increased with time, with 
uptake of 111In-DOTATyr3-octreotate being higher 
than that of 125I-FIRU. Both genes may be used in a 
therapeutic as well as in an imaging approach, using 
DOTA-Tyr3-octreotate radiolabeled with 177Lu or 
90Y for the SSTR2, and 131I-FIRU or the prodrug gan-
ciclovir for HSV1-TK.

18.6.7 
Sodium Iodide Symporter Reporter Gene

The human sodium iodide symporter (NIS) is a 
643 amino acid protein expressed mainly in thyroid, 
stomach, and salivary glands. It concentrates iodide 
and other negatively charged ions within cells in an 
energy dependent process which uses the Na+ con-
centration gradient upheld by the Na+/K+-ATPase 
(see Dohan et al. 2003). NIS mediated radioisotope 
uptake has been used clinically for five decades in the 
diagnosis and therapy of thyroid disease (Eichler et 
al. 1951; Horst 1951; Klain et al. 2002; Lind 2002; 
Manders and Corstens 2002; Reiners and Sch-
neider 2002; Dohan et al. 2003). The cloning of its 
cDNA has initiated efforts to employ NIS as a tool for 
gene therapy of a large variety of tumors, including 
hepatic (Faivre et al. 2004), prostate (Spitzweg et al. 
1999), glioma (Carlin et al. 2000), lung (Boland et 
al. 2000), and as an imaging reporter gene for gamma 
camera imaging, SPECT, and PET. NIS gene transfer 
was mostly achieved by adenoviral transfection, and 
driven by the CMV promoter. Approaches towards 
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tissue- and tumor-targeted expression have success-
fully been taken. Among other examples, expression 
was targeted to neuroendocrine tumors by using the 
Chromogranin A promoter (Schipper et al. 2003), 
or to tumors in general by using the Glut1-Promoter 
(Sieger et al. 2004) and human telomerase RNA/
reverse transcriptase promoter fragments (Groot-
Wassink et al. 2004). Use of NIS as a reporter and 
gene therapeutic gene offers several advantages. As 
it is a human gene, there is no immune response 
to the gene product. Biodistribution, metabolism, 
and toxicity data of the most likely radiotracers, 
Iodide and Tc-pertechnetate, are well known from 
decades of clinical experience. In addition, NIS 
transports a wide range of other isotopes, which may 
be employed for many diagnostic and therapeutic 
purposes, including 123/124/131I, 99mTc, 188/186Re, and 
211At. It may be imaged using either PET (Groot-
Wassink et al. 2002) (Groot-Wassink et al. 2004) or 
SPECT (Haberkorn 2001; Haberkorn et al. 2001). 
Despite lack of organification and fast externaliza-
tion of radionuclides in monolayer cell culture, half 
lives in three dimensional systems as tumors in vivo 
are much longer owing to reuptake of externalized 
iodide (Schipper et al. 2003). This was recently con-
firmed by a study showing an effective half life of 
131I of 2.2 days in NIS transfected livers. When the 
competitive NIS inhibitor Sodium Perchlorate was 
administered, activity disappeared from the liver 
within 6 min (Faivre et al. 2004). Since NIS is both 
a therapeutic and an imaging reporter gene, it can be 
used to directly image therapeutic gene expression 
in therapy, thereby sidestepping potential problems 
which would be encountered when using a separate 
reporter gene, e.g. correlation of expression of the 
two genes. However, the combination of NIS as part 
of multimodality fusion reporters and combined 
therapeutic/reporter constructs has been reported, 
such as NIS in combination with a HSV1-tk-cytosin 
deaminase fusion gene (Barton et al. 2004), and a 
dual reporter in which NIS and fLuc were joined by 
an IRES (Shin et al. 2004). Since NIS is an integral 
membrane protein and is nonfunctional when in the 
cytoplasm, NIS fusion genes will function only if 
the second gene is selected so that this fact does not 
impair its activity.

18.6.8 
Miscellaneous Reporter Genes

Like the sodium iodide transporter, the human 
norepinephrine transporter (NET) has been used 

in clinical nuclear medicine imaging for decades 
due to its ability to transport 131I Meta-iodo-benzyl-
guanidine (MIBG). NET rapidly removes Norepi-
nephrine from the synaptic cleft after release from 
the presynaptic adrenergic neuron and is physi-
ologically expressed in many tissues with adrener-
gic innervation, such as salivary glands and heart. 
It is used for imaging and treatment of tumors 
originating from the sympathetic nervous system, 
such as medulloblastoma and pheochromocytoma. 
As a molecular imaging reporter gene, the norepi-
nephrine transporter gene has been used to image 
hepatoma and other tumors with 131I MIBG (Alt-
mann et al. 2003). Advantages of the NET as a 
reporter gene are the availability of clinically used 
radiotracers, PET radiotracers, and a favorable bio-
distribution with a long intratumoral retention of 
MIBG (Anton et al. 2004).

The dopamine transporter (DAT) gene is also 
physiologically expressed in the adrenergic cen-
tral nervous system. It may be imaged using 
[99mTc]TRODAT-1, and has been used as a reporter 
gene in murine muscle (Anton et al. 2004). One of 
the advantages of both NET and DAT is that in addi-
tion to being human genes (and therefore, nonim-
munogenic), high level expression is absent outside 
of the CNS, decreasing the likelihood of confusing 
reporter gene expression with physiologic expres-
sion.

The aromatic L-amino acid decarboxylase 
(AADC) has been used in a gene therapy and imag-
ing setting with immediate clinical relevance. In 
Parkinson’s disease, striatal levels of dopamine are 
decreased due to the degeneration of neurons which 
produce the neurotransmitter dopamine from its 
precursors. Administering the precursor L-Dopa 
decreases symptoms, but high systemic levels of the 
drug lead to unwanted side effects. In recent work 
(Bankiewicz et al. 2000; Eberling et al. 2003), 
Macaca mulatta monkeys with pharmacologically 
induced parkinsonian syndrome received local 
intracerebral infusions of an adenovirus expressing 
the AADC gene. Uptake of the AADC PET reporter 
probe 6-[18F]fluoro-L-m-Tyrosine (FMT) was sub-
stantially increased as compared to before gene 
transfer, correlating well with immunohistochemi-
cal expression of the therapeutic/imaging gene and 
a marked clinical improvement of symptoms due to 
increased local conversion of L-Dopa to dopamine 
by the AADC.

A new approach to the design of reporter/probe 
pairs has been proposed in which theoretically any 
immunogenic low molecular weight probe can be 
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detected. The reporter is a cell surface-expressed 
single chain antibody variable fragment directed 
against the low molecular weight imaging probe. 
In this way, a probe with optimized pharmacoki-
netic properties can be chosen. In the initial study, 
a single chain antibody variable fragment directed 
against fluorescein and an imaging probe consist-
ing of fluorescein isothiocyanate coupled to the che-
lator diethylene triamine penta-acetic acid labeled 
with the gamma-emitter 111In were chosen. Specific 
uptake of the probe by tumors in vitro and imag-
ing of tumors expressing the reporter in vivo were 
shown (Northrop et al. 2003).

18.6.9 
Reporter Genes for Use with Magnetic 
Resonance Imaging

In order to be useful with MRI, a reporter gene would 
have to lead to a change in relaxivity of cells in which 
the reporter gene is expressed. Intrinsically, MRI 
has a sensitivity of ~10-4–10-5 M, and does not com-
pete well with PET where the sensitivity is ~10–10 M. 
Therefore a PET based approach would need much 
less accumulation of a reporter probe than would 
an MRI based approach for a given level of gene 
expression. However, an MRI based approach might 
have an advantage of improved spatial and temporal 
resolution which in part is based on signal strength. 
Reporter genes for use with MRI have been stud-
ied in vivo. An example of this approach is the use 
of the β-galactosidase reporter gene which when 
expressed can lead to the hydrolysis of a compound 
complexed with gadolinium ((1-(2-(b-galactopy
ranosyloxy)propyl)-4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane)gadolinium (III), or 
EgadMe). When cleaved, water protons can interact 
with the chelated paramagnetic ion, which enhances 
MRI signal (Louie et al. 2000). Other approaches 
use the tyrosinase reporter gene leading to greater 
production of melanin, and subsequent trapping of 
heavy metals by melanin binding thereby chang-
ing cell relaxivity (Weissleder et al. 1997). Lastly, 
an engineered transferring receptor (ETR) has 
been used as a reporter gene which internalizes 
(super)paramagnetic TF-monocrystalline iron oxide 
nanoparticles (or MIONs) into cells and thereby 
increases MRI signal, to image gliosarcoma xeno-
grafts (Weissleder et al. 2000). Remarkably, the 
transferrin receptor is a recyclable receptor. Upon 
ligand binding, receptor mediated internalization is 
initiated. After release of the ligand from the endo-

some, the endosome containing the receptor travels 
back to the cell membrane and fuses with it. By mul-
tiple repetitions of this cycle, the amount of trapped 
probe inside the cell per molecule of reporter gene 
increases proportionally. While an extensive discus-
sion of MRI reporter genes is beyond the scope of 
this chapter, more detailed reviews can be found 
in: Weissleder (2002); Massoud and Gambhir 
(2003).

18.6.10 
Reporter Genes for Use with Optical Imaging

Optical reporter gene imaging is not fully general-
izable in large animals or humans due to the lim-
ited tissue penetration of light. Its use is limited to 
areas near the surface or areas which can be reached 
by endoscopic imaging. However, optical reporter 
genes may be used to study gene expression in small 
animals in a convenient and economic way. In flu-
orescence imaging, a fluorescent protein such as 
Aequorea victoria green fluorescent protein GFP, or 
Discosoma red fluorescent protein (dsRED), is excited 
by external light of an appropriate wavelength. As it 
returns to its ground energy level, a photon of char-
acteristic longer wavelength is emitted and can be 
detected at close to “real-time”. Drawbacks include 
limited tissue penetration of light due to absorption 
by intrinsic chromophores such as hemoglobin and 
deoxyhemoglobin, melanin, and myoglobin, and 
autofluorescence of mammalian tissues. Autofluo-
rescence is caused by intrinsic fluorophores in tis-
sues, such as the aromatic amino acids tryptophan, 
tyrosine, and phenylalanine, crosslinking amino 
acids contained in collagen and elastin, such as lysyl 
pyridinoline and hydroxylysyl pyridinoline, NADH, 
FAD, heme precursors, such as protoporphyrin, pyr-
idoxine and its metabolites, eosinophilic granules 
in eosinophils, and fluorescent lipopigments, such 
as lipofuscin and ceroid, which are associated with 
ageing and many pathologic processes (Richards-
Kortum and Sevick-Muraca 1996). Depending on 
tissue content of any of these intrinsic fluorophores, 
there will be a degree of background fluorescence, 
which may lead to low signal to noise ratios in vivo. 
Red- or near infrared shifted fluorescent proteins 
with increased tissue penetration have been inves-
tigated (Ntziachristos et al. 2003).

Firefly luciferase is the most widely employed 
reporter gene for bioluminescence imaging. It cata-
lyzes oxyluciferin from D-luciferin, leading to light 
production in the presence of oxygen, ATP, cofac-
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tors, and Mg++ with a peak measurable at 562 nm 
wavelength. Renilla luciferase generates a 482 nm 
peak of light by oxidation of its substrate coelen-
terazine in an ATP independent process (Bhaumik 
and Gambhir 2002). Bioluminescence imaging has 
only minimal background signal, as there is no 
physiologic expression of bioluminescent proteins 
in mammals, resulting in superior signal to noise 
ratios when compared to fluorescence imaging. As 
a full discussion of optical imaging is beyond the 
scope of this chapter, we recommend the following 
for further reading: Bremer et al. (2003); Massoud 
and Gambhir (2003); Min and Gambhir (2004).

18.7 
Signal Amplification for Imaging Gene 
Expression

Signal amplification is a key issue in imaging gene 
expression. Higher levels of imaging signal per 
unit level of gene expression lead to a higher sen-
sitivity for any particular gene imaging assay. The 
antisense approach has the lowest concentration of 
the target (mRNA), and is the most challenging of 
the methods discussed in this respect. The receptor 
based reporter gene approach is better because one 
mRNA leads to many receptor proteins. The enzyme 
based reporter gene approach has the greatest signal 
amplification, because one mRNA leads to many 
enzyme molecules, and each enzyme molecule can 
lead to the trapping of a large number of reporter 
probe molecules. These differences must be kept in 
mind based on the imaging application desired prior 
to selecting an optimal approach.

18.8 
Imaging Endogenous Gene Expression

18.8.1 
Imaging Endogenous Gene Expression with 
Antisense Probes

In vivo imaging applications with antisense probes 
have been limited to date. Dewanjee et al. (1994) 
were the first to demonstrate the targeting of endog-
enous gene expression with antisense probes and 
gamma camera imaging using a tumor bearing 
model in mice. This study demonstrated rapid tar-
geting to a tumor expressing the c-myc oncogene 

as compared to a control tumor with imaging per-
formed at 2 h after injection. Control probes were 
used, but sequential mismatch probes were not stud-
ied. No subsequent applications have been reported, 
and no other laboratories have reported verifica-
tion of these preliminary, but encouraging results. 
Tavitian et al. (1998) reported the biodistribution 
of antisense probes in baboons in vivo, using PET. 
18-mer oligodeoxynucleotides labeled at the 3’ end 
with 18F (specific activity 1000-2000 Ci/mmol) were 
studied. Phosphodiester, phosphorothioate, and 2’-
O-methyl oligodeoxynucleotides were each studied. 
The 18-mer sequence chosen was complementary to 
a murine virus with computer database verified lack 
of matches to any mammalian mRNA target. This 
study demonstrated that each of the three types of 
fluorine-18 labeled oligodeoxynucleotides studied 
behaved very differently in vivo (as expected), that 
the 3’ labeling with 18F did not affect the biodistribu-
tion of each probe, and that PET could be used to 
quantitate the biodistribution of oligodeoxynucleo-
tides. This study focused on the in vivo pharma-
cokinetics of the RASONs, and did not attempt to 
target any particular mRNA, as would be needed 
for eventual application of imaging gene expression. 
In an application involving peptide nucleic acids, 
PNAs that were antisense to caveolin-1alpha (CAV) 
mRNA were labeled with 111In with the help of a 
DTPA chelator and targeted with a biotin-streptavi-
din attached murine OX26 monoclonal antibody to 
the rat transferrin receptor. Brain glial tumors were 
selectively imaged ex vivo with the 111In-CAV-PNA 
conjugated to SA-OX26 owing to upregulation of 
CAV gene expression in brain cancer (Suzuki et al. 
2004). While most antisense imaging applications 
to date have been preliminary, Tc labeled aptamers 
directed against Tenascin C, were shown to clearly 
image U251 and MDA-MB-435 tumor xenografts in 
vivo using a gamma camera (Hicke et al. 2005). 
With further validation and continued exploration, 
antisense imaging applications should lead to repro-
ducible assays for imaging gene expression.

18.8.2 
Imaging Endogenous Gene Expression with a 
Reporter Gene

In most imaging applications to date, reporter 
genes driven by a constitutive promoter such as 
the CMV promoter have been used (Gambhir et 
al. 1998). This allows for continued transcription of 
the reporter gene (up to the cellular life-time of the 
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reporter gene), but does not allow for tracking of 
endogenous gene expression. Through the creation 
of a chimeric fusion gene, in which the promoter 
of an endogenous gene is coupled to the reporter 
gene, endogenous gene expression can be monitored 
(Fig. 18.11).

A reporter gene assay to specifically moni-
tor endogenous gene expression in living animals 
through the use of a radiotracer imaging technique 
has not yet been reported. Because methods to 
image a reporter gene with a constitutive promoter 
have been demonstrated (see previous section), it 
should soon be possible to image endogenous gene 
expression while utilizing a reporter gene. This 
should allow for many new questions to be asked 
and answered in which repeated, noninvasive, 
imaging of endogenous gene expression is needed 
to monitor the location(s), magnitude, and persis-
tence of endogenous gene expression. In order to 
use reporter methods for monitoring endogenous 
gene expression, levels of endogenous mRNA and 
reporter mRNA should be independently assayed 
in order to verify that reporter gene expression cor-
relates with endogenous gene expression. There 
need not be a linear relationship between levels of 
reporter and endogenous gene mRNA if a reporter 
gene approach is used. This potential lack of linear-
ity must be kept in mind, as one seeks to interpret 
and quantify assays for measuring endogenous gene 
expression.

18.8.3 
Signal Amplification for Imaging Endogenous 
Gene Expression with a Reporter Gene

For both imaging and gene therapeutic purposes, 
research efforts aim at amplifying gene expression 
from weak endogenous promoters. Significant prog-
ress has been made employing a two step transcrip-
tional amplification (TSTA) strategy (Iyer et al. 
2001b; Zhang et al. 2002). In this approach, a weak, 
endogenous, tissue specific promoter (the PSE, or 
prostate specific antigen promoter) does not drive 
expression of the imaging gene directly. Instead, it 
is used to drive expression of a fusion gene in which 
the DNA binding domain of the yeast GAL4 gene 
is fused to the strong HSV1 VP16 transcriptional 
transactivation domain (GAL4VP16) (first step). In 
the second step, this fusion protein then binds to 
GAL4 binding sites upstream of the actual reporter 
gene, and promotes expression of the true reporter 
(or, if desired, the therapeutic) gene. The TSTA 

system amplifies expression to up to 20-fold of the 
cytomegalovirus (CMV) enhancer, and could be 
varied over an 800-fold range, while retaining the 
tissue specificity and androgen inducibility of the 
original promoter. It has been used in a two plasmid 
version, where each of the two steps is encoded by a 
separate plasmid, or as a combined single plasmid 
version. It is a generalizable system, i.e. it may be 
used in any other investigation by merely exchang-
ing the weak endogenous tissue specific promoter.

Secondly, the site specific recombination by 
the bacteriophage P1 encoded Cre-LoxP system 
has been adapted as a method to amplify imaging 
reporter signal from weak promoters. Cre-recombi-
nase forms a DNA-protein complex at the specific 
recognition site loxP. When two loxP sites are on 
the same linear DNA molecule, Cre binds the two 
sites together to form a circular protein–DNA com-
plex. It then unites the two loxP sites to form a single 
DNA strand lacking the part which was previously 
between the two loxP sites (site-specific recombina-
tion) (Hamilton and Abremski 1984). Lyons et al. 
(2003) have constructed a transgenic mouse line in 
which the fLuc gene is driven by the beta-actin pro-
moter, a ubiquitous promoter. However, transcrip-
tion is prevented by the insertion of an interfering 

Fig. 18.11. Coronal microPET images from a mouse injected 
with control adenovirus (left) and adenovirus carrying the 
HSV1-tk gene (right). Each viral vector was injected 48 h prior 
to imaging. The images were obtained 1 h after the injection of 
150 µCi of [18F-]FGCV using eight bed positions and 8 min/bed. 
Each image is normalized to a common global maximum with 
thresholding and represents approximately 1 mm depth and an 
in-plane resolution of approximately 3 mm. The color white 
representing maximum counts. L, liver; I, intestine; BL, bladder. 
[Reproduced with permission from Gambhir et al. (1998)]
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sequence between promoter and reporter gene, 
which is flanked by two loxP sites. By crossing these 
mice with transgenics which express Cre recombi-
nase in a tissue or tumor specific way driven by an 
endogenous, specific promoter, fLuc expression can 
be selectively switched on in any organ or tumor of 
choice, as shown by the authors in a NSCLC model 
(Lyons et al. 2003). A similar transgenic strain was 
reported by Safran et al. (2003). As the generation 
of transgenic mice is a tedious, time consuming and 
expensive process, Sundaresan et al. (2004) have 
recently shown that Cre-loxP can be used with in 
vivo gene transfer. Mice with hepatic Cre expression 
were tail vein injected with an adenovirus carrying 
a loxP “silenced” HSV1-tk reporter. Upon recom-
bination, strong signal was demonstrated in the 
liver using MicroPET, whereas control mice without 
hepatic Cre expression did not transcribe the gene.

18.9 
Imaging Protein–Protein Interactions

To image protein–protein interactions in vivo, two 
major strategies have been devised. The first is 
an adaptation of the well known yeast two-hybrid 
system, and the second employs split reporter genes. 
The two-hybrid system was adapted for mamma-
lian cells by Ray et al. (2002) and modified to be 
inducible. The NF-kappaB promoter, which may be 
modulated through TNF-alpha, drove expression 
of two fusion proteins, VP16-MyoD and GAL4-Id. 
The interaction of MyoD and Id led to transcrip-
tional activation of Fluc reporter gene expression as 
described earlier for the TSTA amplification system. 
Protein–protein interaction in transiently trans-
fected cells was shown in cell culture and imaged 
it in living mice. A similar strategy by Luker et 
al. (2002) involved interactions between the p53 tu-
mor suppressor and the large T antigen of simian 
virus 40. This visualized tumor xenografts of stably 
transfected HeLa cells.

Compared to the yeast two-hybrid approach, the 
split reporter approach has the advantage that it 
may be used in any cellular compartment, whereas 
the two-hybrid system is restricted to the nucleus. 
Paulmurugan et al. (2002) and Paulmurugan and 
Gambhir (2003) showed that both complementation 
and intein-mediated reconstitution of fLuc and rLuc 
can be used to image protein–protein interactions 
in living mice. The system has been established for 
imaging of drug modulated protein–protein inter-

actions, and for studying the interaction of homodi-
meric proteins (Massoud and Ramasamy 2004; 
Paulmurugan et al. 2004). Imaging interacting 
protein partners in living subjects may be a tool to 
investigate functional proteomics in whole animals 
and study new pharmaceuticals targeted to modu-
late protein–protein interactions.

18.10 
Multi-modality Imaging

One of the most exciting areas evolving in molecular 
imaging is the use of several different reporter genes 
to answer more complex questions. Several tech-
niques have been developed, the most simple being 
co-transfection. In this approach, two (or more) genes 
are encoded by different plasmids, but driven by iden-
tical promoters. Yaghoubi et al. (2001) demonstrated 
very good correlation in vitro and in vivo between 
two reporter genes using this method. In the dual 
promoter approach, two genes will be located on the 
same plasmid, but driven by two identical promot-
ers. Bicistronic vectors contain only one vector, but 
two genes separated by an internal ribosomal entry 
site (IRES) derived from polio- or encephalomyelitis 
viruses (Jang et al. 1990). A single mRNA results 
from which two separate proteins are translated. 
Imaging signal of both genes correlates well, although 
the gene downstream of the IRES is often translated 
to a lesser degree than the one upstream (Liang et 
al. 2002). An early and widely used method is the use 
of fusion genes, in which different reporter genes are 
joined by linker amino acid sequences and expressed 
as a single protein from one promoter. Examples of 
the many different combinations published include 
HSV1-TK-GFP (Loimas et al. 1998), and fLuc-GFP-
betaGal (Strathdee et al. 2000). While fusion 
reporter proteins must always translate the report-
ers at the same frequency, signal attenuation due to 
steric interactions between the partners remains a 
challenge to be solved. Also, several commonly used 
reporter genes are obligate dimers (e.g. HSV1-TK) or 
multimers (RFP), which further complicates mat-
ters. In addition, to localize fusion proteins to the 
desired cellular compartment, existing localization 
sequences may have to be interfered with or new ones 
introduced. An interesting new approach is the use 
of bidirectional transcription. In this system, a pro-
moter of choice drives expression of a fusion protein 
containing a transactivation domain (VP16) and a 
DNA binding domain (rtetR). The fusion protein then 
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binds to a specific tetracycline responsive element 
(TRE) sequence, from which it enhances transcrip-
tion of the two bidirectional reporter genes via two 
minimal CMV promoter elements (Sun et al. 2001).

The introduction of several reporter genes into a 
living organism by any of the methods mentioned 
may help to image expression of a given gene by dif-
ferent imaging modalities. This will greatly simplify 
and speed up the development of new models, as 
some reporter genes may be used to quickly assess 
gene expression in cell culture (e.g., using fluores-
cence), while others may serve better in the three 
dimensional imaging of gene expression in animals 
(or even humans) in vivo (e.g., using PET). Ray et 
al. (2004) recently reported the development of eight 
different trifusion reporter genes combining sets of 
three different reporter genes each, including HSV1-
sr39tk, HSV1-tk, rLuc, fLuc, RFP, and eGFP, and their 
imaging in vivo. Trifusion reporters such as these 
may prove to be useful, generalizable, and highly ver-
satile investigative tools for molecular imaging.

18.11 
Human Gene Therapy Imaging

In human gene therapy trials physicians delivered 
a therapeutic, or a suicide, gene (a gene which can 
inhibit tumors such as the HSV1-tk gene). For the 

first time, imaging of the expression of either thera-
peutic or suicide genes has been reported (Voges 
et al. 2003).

18.11.1 
Suicide Gene Therapy and Imaging

A suicide gene is a gene that, when delivered to 
cells, renders the cell susceptible to an administered 
pro-drug. Moolten (1986) first demonstrated the 
transfer of the HSV1-tk suicide gene into neoplasms. 
Subsequent systemic treatment with the pro-drug 
ganciclovir resulted in neoplasm reduction. The 
mechanism of ganciclovir trapping was described 
in Sect. 18.6.4. Cancer cells are unable to replicate 
leading to a decrease in tumor burden and tumor 
cell death. Multiple clinical trials in which the HSV1-
tk suicide gene is being used are underway. Retro-
viral vector producer cells, adenoviral vectors, and 
convection enhanced stereotactic delivery of liposo-
mal formulations directly into the tumor are being 
used. Most gene therapy trials using the suicide gene 
approach have employed the HSV1-tk gene. Brain 
tumors have been a preferred target of experimental 
gene therapy trials, as their prognosis is extremely 
poor and no satisfactory therapeutic option cur-
rently exists. Two studies have shown some effect 
of HSV1-tk therapy in brain tumors after admin-
istration of virus producing cells. Ram et al. (1997) 

Fig. 18.12. Monitoring of endogenous gene expression through the use of a reporter gene. The endogenous gene and the reporter 
gene share the same promoter. If the endogenous gene is not transcribed, then the reporter gene is not transcribed, and there 
is no accumulation of the imaging reporter probe (cubes) (upper left panel). If the endogenous gene is transcribed, leading 
to transcription of the imaging reporter gene, then imaging reporter probe (cubes) is accumulated (lower right panel). The 
interaction of reporter gene protein and imaging reporter probe can be enzyme based or receptor-ligand based. Accumulation 
of imaging reporter probe allows for the potential indirect monitoring of the endogenous gene expression in vivo
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injected cells stereotactically, and showed reduction 
of tumor volume in five of 18 patients despite low 
transduction efficiency (<0.17% of the tumor cells). 
Klatzmann et al. (1998) observed a median sur-
vival of 206 days, with 25% of patients surviving 
longer than 12 months following injection of virus 
producing cells into the surgical cavity margins after 
debulking. In order to investigate in vivo how fac-
tors such as distribution and expression of the thera-
peutic gene in vivo, or blood brain barrier (BBB) 
influence HSV1-tk suicide gene therapy, imaging of 
HSV1-tk in gene therapy will be of great value. A 
study by Yaghoubi et al. (2001) indicated that 18F-
FHBG should be a good reporter probe for HSV1-tk 
due to its high stability, fast blood clearance, low 
background, biosafety, and acceptable dosimetry, 
despite limited crossing of the BBB. Imaging of this 
gene with PET in humans using 124I-FIAU has been 
reported in a trial treating glioblastoma multiforme 
with ganciclovir 4 days after convection enhanced 
liposomal delivery of HSV1-TK through a stereo-
tactically implanted intratumoral catheter (Voges 
et al. 2003). However, FIAU uptake was only demon-
strated in one of eight patients. The same authors had 
previously shown that 124I-FIAU does not cross the 

BBB unless it is disrupted (Jacobs et al. 2001), and 
hypothesized that lack of specific 124I-FIAU uptake 
in all but one patient was due to below threshold 
expression levels of HSV1-tk, since patients with-
out uptake showed lower numbers of proliferating 
tumor cells in histology (Jacobs et al. 2001). These 
efforts recognize the need to determine the suc-
cessful delivery and distribution of the therapeutic 
gene and optimal start time for ganciclovir therapy. 
Tumor metabolism in the glioblastoma therapy trial 
was monitored with PET using 18F-FDG and 11C-
methionine, showing 18F-FIAU uptake in an area 
of decreased 11C-methionine uptake 8 weeks after 
therapy. During treatment with ganciclovir, the use 
of a reporter gene distinct from HSV1-tk would be 
useful because of the potential pharmacologic com-
petition of ganciclovir with the PET reporter probe. 
It should be possible to use a construct in which both 
HSV1-tk (as a suicide gene) and a second gene (e.g., 
the D2R gene) serving as a reporter gene (through 
the use of an IRES) for imaging suicide gene expres-
sion. Jacobs et al. (2003) have investigated the use 
of HSV1-tk (as an imaging gene) in combination 
with CD (as a therapeutic gene), and GFP (for proof 
of principle and fast in vitro assay) either linked 

Fig. 18.13. An ion transporter type imaging reporter gene. 
The ion transporter type imaging reporter gene driven by a 
promoter of choice is introduced into the cell(s) of interest. 
An ion transporter, e.g. the sodium iodide symporter (NIS) is 
transcribed and targeted to the cell membrane. The imaging 
reporter probe (cubes) is concentrated inside the cell along 
an electrochemical gradient (Na ion, spheres), which is main-
tained by a separate process (Na/K ATPase). At the same time, 
the imaging reporter probe passively diffuses from the cell. 
Eventually, an equilibrium between uptake and externaliza-
tion of the probe is reached. Signal intensity is thus dependent 
not only on the amount of reporter gene expression, but also 
on the rate of externalization from the cell, and factors infl u-
encing the electrochemical gradient and imaging reporter 
probe availability

Fig. 18.14. An imaging reporter gene with trapping of imag-
ing reporter probe by a recyclable cell surface receptor. Fol-
lowing the introduction of the imaging reporter gene and 
the promoter of choice into the cell, the gene coding for the 
recyclable cell surface receptor, e.g. the transferrin receptor, is 
transcribed, translated, and targeted to the cell surface. Upon 
binding of imaging reporter probe (“Tf-MION”), several 
receptors internalize by endosome formation. Once inside the 
cell, the reporter probe leaves the endosome by an unknown 
mechanism, thereby changing the relaxivity of the cell, and 
the endosome with the remaining empty recyclable receptor 
returns to the cell surface. The recycling process, and repeated 
cycles of imaging reporter probe deposition in the cell, results 
in an amplifi cation of signal per reporter gene molecule tran-
scribed
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by an IRES, or as fusion proteins. In general, how-
ever, the success of suicide gene therapy, foremost 
in glioma patients, has been less encouraging than 
initially expected. Issues related to delivery across 
the blood–brain barrier (BBB) (for brain tumors) 
will need to be investigated further.

In another study, PET imaging using [18F]FHBG 
was employed to monitor the expression of Herpes 
simplex virus thymidine kinase (HSV1-tk) in 
patients with hepatocellular carcinoma after intra-
tumoral injection of a first generation recombinant 
adenoviral vector encoding this enzyme (AdC-
MVtk) (Penuelas et al. 2005). After the PET study 
the patients were placed on oral valganciclovir. 
Interestingly, all patients who had received 1012 viral 
particles or more showed [18F]FHBG uptake in the 
treated lesions and no tumor progression at day 30, 
whereas all patients receiving lower doses showed 
no uptake and had progressive disease. This study 
of human imaging of gene therapy with AdCMVtk 
is very encouraging, as both patient response and 
tracer uptake in treated lesions are more common 
than in the brain tumor study and, above all, may 
correlate. Whether [18F]FHBG-PET imaging reflects 
the transduction efficiency of the vector, and can be 
used as a non-invasive tool to predict the efficacy 
of gene therapy strategies, awaits confirmation in 
future trials.

18.11.2 
Therapeutic Gene Therapy and Imaging

Currently, therapeutic gene therapy is being aimed 
only at somatic (non-reproductive) cells (Knoell 
and Yiu 1998). Specifically, hematopoietic stem 
cells are potentially an optimal target because 
transduction and transplantation of these cells 
would hopefully lead to continuous expression of 
the transgene during the life-time of the patient. 
The β-globin gene for β thalassemia and sickle cell 
anemia has been used for stem cell transduction 
with limited results. Therapeutic genes such as 
the low density lipoprotein receptor (LDL-R) tar-
geted for expression in hepatocytes, and the cystic 
fibrosis transmembrane conductance regulator 
(CFTR) have also been investigated (Rosenfeld 
et al. 1992). In the case of human gene therapy 
with therapeutic genes (e.g., for treating cystic 
fibrosis), the use of a bicistronic vector with an 
IRES should make monitoring of the therapeutic 
gene through the use of an imaging reporter gene 
possible. Monitoring of the delivery of the thera-

peutic gene and the magnitude of its expression 
over time should help to determine the reasons 
why gene therapy is effective or not. It should also 
be possible to directly target the therapeutic gene 
mRNA through the use of antisense probes (see 
Sect. 18.4.3), thereby circumventing the need to 
introduce a reporter gene.

18.12 
Future Outlook

Since the emergence of molecular imaging, signifi-
cant progress has been made in developing assays 
for imaging gene expression in vivo. However, 
much work remains to be done in the development 
of practical, highly sensitive, and specific quantita-
tive assays for in vivo applications. For antisense 
based imaging approaches researchers will need to 
resolve key issues including those related to stability 
of probes, minimization of non-specific interaction, 
and sufficient efflux of probes for minimizing the 
background. It is thus likely that these antisense 
based approaches will lag behind the reporter gene 
approaches. However, when successful (both for the 
pharmaceutical industry and for imaging applica-
tions) the antisense approach will provide a more 
general method to imaging gene expression, as well 
as to be able to identify the early changes in gene 
expression signaling the transformation of normal 
cellular function to that of an altered state of dis-
ease. Reporter approaches are currently one step 
ahead, having proven themselves in many prelimi-
nary animal applications and pilot human studies. 
Studies with transgenic animals, in vivo inducible 
expression, bicistronic vectors, and the monitor-
ing of endogenous gene expression with a reporter 
gene, are all actively investigated and have pro-
duced interesting first results. Amplification of gene 
expression from weak endogenous promoters may 
open new approaches to imaging and gene therapy. 
Multimodality reporters and generalizable report-
ers/probes will enable researchers to greatly speed 
up and simplify the process from in vitro to in vivo 
and ultimately human studies and allow them to 
study more complex biological processes. There are 
exciting developments in human studies, especially 
in the imaging of gene therapy and cancer therapy, 
and we will hopefully see further development of 
these evolving technologies so that they may be har-
nessed to help the fight against human disease and 
suffering.
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This book presents the status of nuclear medicine in 
the new millennium from the clinical, technical and 
gene imaging point of view. An update was provided 
of the progress in the last decade. Promising devel-
opments in receptor and metabolic imaging turned 
out to be important clinically, and attest that these 
radiopharmaceutical and technical developments 
are here to stay. The introduction of dual modality 
imaging with PET/CT caught on in record time, and 
over 90% of new equipment sold in 2004 was PET/
CT. Applications in oncology were the main driv-
ing force behind this development. A few dedicated 
PET scanners of high resolution were installed for 
neuro-imaging.

Image quality improved due to complete digiti-
zation of cameras, multi-head detectors, and faster 
computers with advanced processing and recon-
struction techniques. Adaptation of existing tests 
and imaging protocols by adding pharmacological 
interventions, common in nuclear cardiology, that 
were proposed for renal and hepatobiliary imaging, 
are now routine in the nuclear medicine clinic. A 
small number of new 99mTc-based radiopharmaceu-
ticals was approved.

Metabolic imaging with FDG, introduced as the 
“new kid on the block” in the 1990s, is now com-
monplace and has propelled diagnostic imaging in 
oncology. FDG is still the most frequently used PET 
pharmaceutical. Networks have been set up both 
in the US and EU for the distribution of FDG over 
densely populated areas. The once heralded develop-
ment of hybrid gamma camera systems (with coinci-
dence detection) has stalled and no new applications 
were approved. Hybrid imaging now refers to dual-
modality imaging with a multi-slice CT system and 
a whole-body PET system. 

The future of nuclear medicine imaging is con-
tinuously being discussed and opinions encompass 
the whole spectrum from negative to positive. The 
demise of the field has been predicted on many an 
occasion, but every time nuclear medicine appears 
extremely adaptive. New radiopharmaceuticals and 
imaging systems lead to new tests, and the term 
“molecular imaging” is used more and more for 
our field. From the clinical section in this book, 
the progress in certain fields is obvious, and dual 
modality imaging with both PET/CT and SPECT/CT, 
has a bright future (Chaps. 11–13 and 16). Oncology 
is currently the main engine for this image integra-
tion, and will be followed by cardiac applications 
once the resolution of the multi-slice CT component 
of PET/CT is sufficiently high, both in the spatial and 
temporal domain. One of the great advantages of 
multimodality imaging is the ease of localization of 
lesions and abnormalities. The lack of landmarks or 
reference points in routine nuclear medicine images 
is thus circumvented. This allows for the develop-
ment of very specific tracers, which disclose only 
those tissues that take up the radiopharmaceutical, 
whereas the anatomic modality provides the refer-
ence framework for localization of the lesions. Soon, 
multi-slice CT will provide sub-millimeter spatial 
resolution. Functional imaging is not up there, yet. 
Currently, the high-resolution neuro-PET scanners 
have a spatial resolution of 2.5 mm in the center of 
the field of view. The situation for SPECT is different 
and these devices still trail PET by a factor of three. 
Standard systems currently available (i.e. parallel 
hole collimators of ultra high resolution) yield a spa-
tial resolution approaching 1 cm. To detect smaller 
lesions, specialized and dedicated equipment is 
necessary. Innovative designs are needed to bring 
SPECT within the same range of resolution as PET. 
This will be especially relevant for receptor imag-
ing, which is highly specific but still suffers from 
low uptakes. The anatomic modality CT will again 
provide the reference frame for localization. 

Presentation of multimodality images has great 
influence, not only on imaging specialists, but also 
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at hospital tumor boards, where surgical, medical, 
and radiation oncologists can directly appreciate 
anatomic and functional assessment of tumors and 
tissues. In joint discussion, they decide which ther-
apy is best for the individual cancer patient. This 
approach appears effective and provides the patient 
with the optimal treatment plan available in a par-
ticular institution.

Merger and fusion are frequently encountered 
entities in our society. Mergers have happened 
between hospitals, health care organizations, tele-
communication industries, media networks and 
other businesses. Academic disciplines are now 
doing the same. Nuclear medicine as a relatively 
small specialty will have to follow. At our own 
institution, UCLA, the integration of nuclear medi-
cine with medical and molecular pharmacology is 
another example of bringing together basic science 
with clinical applications. The intention is to develop 
new diagnostic imaging products and manufacture 
new radiopharmaceuticals as well as equipment. 
Instruments such as micro-PET and micro-CT, com-
bined CT-PET and MR-PET scanners, and optical 
imaging systems, are continuously being improved. 
These innovations will keep NM in the forefront of 
the imaging field and will result in new diagnostic 
strategies for work-up of patients. 

Cost-effectiveness of diagnostic tests and combi-
nation of imaging modalities to arrive at the diagno-
sis in the shortest amount of time with an adequate 
balance between tests performed and costs incurred, 
was mentioned only sporadically. In the present envi-
ronment of managed care and budget shortfalls, there 
is a need for objective assessment and evaluation of 
imaging strategies for specific clinical problems. At 
UCLA, a method based on decision tree analysis was 
used to evaluate such strategies. Models have been 
designed for staging of lung cancer (GAMBHIR 1996, 
SCOTT 1998), and management of solitary pulmo-
nary nodules (GAMBHIR 1998). A combined model for 

detection and staging of lung lesions has also been 
proposed (SHEPHERD 1999). A decision model for the 
workup and staging of recurrent colorectal cancer 
was reported by PARK (2001).

NM as a biological imaging modality will keep 
expanding and continuously evolving. NM as a 
molecular imaging modality is an active field, 
despite reservations in the eye of some beholders 
that it is an appendix of radiology. It has shown to 
be an adaptive imaging field, with enthusiastic clini-
cians, scientists, and scholars. The continuous input 
from scientists and interested clinicians from other 
fields is mandatory for progress. In addition, new 
ways of inter-disciplinary collaboration need to be 
explored to assemble the best team of experts that 
will arrive at the diagnosis in the shortest amount 
of time and provide the best treatment plan, with-
out prohibitive costs of health care to society. In this 
way, the patient will benefit by being provided with 
optimum care. 
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Accuracy probability that a test will yield the correct diagnosis

ACEI angiotensin-converting enzyme inhibitor

AD Alzheimer’s dementia

ADHD attention deficit hyperactivity disorder

Anion electro negative ion, element or molecule

Antisense in molecular genetics: strand of DNA having set of nucleotides complement-
ary to the sense strand

Apoptosis programmed cell death, suicidal pathway of cell stored in the genes

Aptamer novel nucleic acid-binding species

BGO bismuth germanate

Cation electro positive ion, element or molecule

Chelate chemical compound that sequesters and firmly binds a metallic ion into a 
ring, thus shielding the chemical effects of the metal

Chemotaxis orientation of a cell along a chemical gradient, or movement in the direction 
of the gradient

Compartmental analysis method of analyzing the data, in which the organ or system under study is 
represented as a set of compartments, e.g. intra-vascular, extra-cellular fluid 
(ECF), intra-cellular, and excretion compartments.

DAS dynamic antral scintigraphy

DAT Dopamine transporter

Deconvolution analysis mathematical technique to reconstruct a function at time T from measure-
ments at a later time.

DLBD diffuse Lewy body disease

Dose, absorbed radiation energy absorbed in the body, expressed in mSv (milli Sievert); 
1 Sievert = 1 Gray · Q (Q is quality factor, which equals 1 for gamma and beta 
radiation); 1 Gray = 1 Joule/kilogram 

Dose, administered amount of radioactivity, e.g. mCi – (milli Curie), or Bq (Becquerel; 1 Bq is 
1 disintegration per second); the prefix indicates the power of 10, e.g. M is 
mega for 106 and T is for tera or 1012; 1 mCi = 3.7 · 107 Bq

Dose, exposed amount of radiation emitted to the organ or system or body under study, 
expressed in Coulombs/kilogram in the current SI system, or mR (milli 
Roentgen) in the old system: 1 Roentgen = 2.58 · 10-4 Coulombs/kilogram

Eluate product of elution, i.e. separation by washing, such as freeing an enzyme 
from its absorbent

EOB end of bombardment, i.e. of the target in a cyclotron

Epitope antigenic determinant

ER estrogen receptor (in breast cancer)

Glossar
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ETT esophageal transit time, (in gastro-enterology); or exercise treadmill test 
(in cardiology)

FBP filtered back-projection; reconstruction algorithm for tomography

FNA fine- needle aspiration

FWHM full width at half maximum

FWTM full width at one tenth of the maximum

GB gallbladder

GBEF gallbladder ejection fraction

Genome the full set of genes of an individual

GEP tumor gastro-entero-pancreatic tumor

GFR glomerular filtration rate

Glucose clamp method to keep serum glucose within a specific range by infusing insulin and 
glucose simultaneously: originally developed for arterial glucose levels (inva-
sive), but in most PET centers applied to keep venous glucose levels constant 
in myocardial metabolism studies

GLUT glucose transporter: subtypes are indicated with an Arabic numeral

Glycolysis breaking down of sugars into simpler compounds; specifically, the metabolic 
degradation path of glucose

Glycoprotein conjugated protein, having protein(s) with a carbohydrate group

HAMA human anti-mouse antibody

HPLC high- pressure liquid chromatography

hSSTR human somatostatin receptor

HSV1-tk herpes simplex virus-1 thymidine kinase (gene)

HSV1-TK  herpes simplex virus-1 thymidine kinase (enzyme)

HU Hounsfield unit, used for CT density

hVIPR human vasoactive intestinal peptide receptor

Hydrophilic having affinity for water

Hygroscopic material that attract water or water vapors

IBD inflammatory bowel disease

ICAM  intercellular adhesion molecule

IRES internal ribosomal entry site

Ka association constant of a chemical reaction, e.g. binding of an agonist or anti-
body to its receptor on the cell membrane

Kd  dissociation constant of a chemical reaction

keV kilo electron Volt: energy an electron accumulates after acceleration over 
1000 Volts

Ligand molecule or compound active in biological processes, usually a small molecu-
le that binds specifically to a larger one, e.g. antibody binding to an antigen, 
hormone or neurotransmitter binding to a receptor, substrate binding to an 
enzyme

Lipophilic having affinity for fat

LSO luthetium oxy-orthosilicate

LSO(Ce) cerium- activated lutetium oxy-orthosilicate; high energy scintillator

LVEF left ventricular ejection fraction

MDR multidrug resistance
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Micturition voiding of bladder

MIRD medical internal radiation dossimetry

MLEM maximum-likelihood expectation -maximization

MoAB, MAB monoclonal antibody

MSA multi-system atrophy

NET norepinephrine transporter

NIS sodium iodide symporter

Normoxic  having normal oxygen tension

NPV negative predictive value, likelihood that a negative test result indicates ab-
sence of disease

NSCLC non-small- cell lung cancer

OCD obsessive compulsive disorder

Oncogene gene with properties for inducing cancer

Oncogenesis the formation of cancer cells

OSEM ordered subsets maximum-likelihood expectation -maximization; iterative 
reconstruction algorithm

PCR polymerase chain reaction

PET positron emission tomography: the term ET for emission tomography, com-
bining both SPECT and PET, has not been generally accepted

Pgp P-glycoprotein

PIOPED Prospective Investigation of Pulmonary Embolism Diagnosis (study)

Plasmid an autonomously replicating DNA molecule

PMT photomultiplier tube

PNA polypeptide nucleic acid

PPV positive predictive value; likelihood that a positive test result indicates pres-
ence of disease

PR progesterone receptor (of tumors)

PTCA percutaneous transluminal coronary angioplasty

Radiolysis decomposition of a radio-labeled compound by the radiation emitted by its 
own radioactive nuclide

Radionuclide radio-active element:, formerly isotope

Radiopharmaceutical biological compound or pharmaceutical labeled with a radioactive element to 
trace its pathway; used for diagnostic or therapeutic purposes

RASON  radiolabeled antisense oligodeoxynucleotide

RBF renal blood flow

rCBF regional cerebral blood flow

rCMR-Xx regional cerebral metabolic rate of substance Xx

Rebinning regrouping of data, for faster processing by computer algorithms

ROI region of interest

Scintillator substance that emits light after interaction with high- energy photons

Sensitivity probability that a test will detect presence of disease

Specificity probability that a test will determine absence of disease

SPECT (or SPET in Europe) single photon emission computed tomography

SPM statistical parametric mapping



348  Glossary

SPN solitary pulmonary nodule

SSTR somatostatin receptor

SUV standardized uptake value: ratio of measured activity in a certain area to the 
expected activity if the radioactivity were homogeneously distributed 
through the body

TCA cycle tricarboxylic acid cycle

TER tubular extraction rate

Transduction transfer of DNA via a bacteriophage to another cell, thereby changing the 
constitution of the second organism, also called genetic recombination

Transfection artificial infection of cells by nucleic acid isolated from virus or bacteriopha-
ge, resulting in production of mature virus or phage particles

Transgenic animal  animal in which every cell carries a specific new or altered gene of interest

TTNA trans-thoracic needle aspiration

USP United States Pharmacopoeia

YSO yttrium oxy-orthosilicate; high- energy scintillator
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Subject Index

Cerebral metabolism 9, 15
– Regional cerebral metabolic rate of glucose 

(rCMRGluc) 7, 20
– Regional cerebral metabolic rate of oxygen 

(rCMRO2) 20, 235
Cerebral palsy 236
Cerebro-vascular accident (CVA) 20
Cerebro-vascular reserve 236
Cholecystitis, acute (ACC) 140
Cholecscintigraphy
– Cholecystokinin (CCK) augmented 137-139
– Morphine augmented 140
Coincidence events 278
Collimator 277
Compartments 11, 131
Compression ultrasound 73
Compton scattering 278, 302
Condensed image (GI-scintigraphy) 128
Connective tissue disorder 128
Constipation, idiopathic 132
Crohn’s disease (CD) 122, 232
CT (computed tomography),
– Angiography 74
– Attenuation correction 284
– Contrast enhancement,
– – Intra-venous 205, 216
– – Oral 217
– Multi-slice (MSCT) 205
– Pulmonary angiography (CTPA) 74

D

D-dimer test 72
Deep venous thrombosis (DVT) 63, 73, 257
Diabetic gastroparesis 131
Diaschisis 21
Diffuse Lewy body disease (DLBD) 16
Diuresis renography 92
DNA 315
Duodenal ulcer 229
Dyspepsia 130

E

Effective dose equivalent (EDE) 103
Effective renal plasma fl ow (ERPF) 83
Epilepsy,
– Temporal lobe 23
– Partial complex 24

A

Achalasia 128
Acute tubular necrosis (ATN) 87
Alzheimer’s disease (AD) 16
Ambulatory renal monitor (ARM) 85
Angiotensin converting enzyme (ACE) 86
Annihilation 278
Antibodies,
– Anti-granulocytes 116
– Approach 315
– Monoclonal 27
Anticoagulation 62
Attention defi cit hyperactivity disorder (ADHD) 239
Attenuation,
– Correction 187, 206, 216, 284, 299
– Map 205, 285
Autism 240

B

Bayes’ theorem 79
Brain,
– AIDS 28
– Death 237
– Development 235
– Energy metabolism 9
– Lymphoma 28
Biliary atresia 146
Binding potential (BP) brain receptors 12
Blood-brain-barrier (BBB) 9

C

Cancer
– Breast 166, 192, 218
– Colorectal 160, 194, 220
– Esophageal 195, 220
– Head and Neck 190, 210
– Lung 165, 191, 206
– Ovarian 222
– Pancreatic 162, 221
– Prostate 172, 195
– Renal cell cancer (RCC) 196
– Testicular 197
– Thyroid 170, 190
Captopril test 89
Cerebral blood fl ow (CBF) 9, 15, 235
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F

Factor analysis 102, 306
Fever of unknown origin (FUO) 115, 119
Filtered backprojection (FBP) 292
Flow / Metabolism mismatch 21, 49
Focal nodular hyperplasia (FNH) 138

G

Gallbladder dyskinesia 141
Gastrointestinal (GI) bleeding 132
Gene,
– Delivery 321
– Multi-drug resistance (MDR) 249
– Signal amplifi cation 332
– Suicide 335
– Therapy 337
Glomerular fi ltration rate (GFR) 85
Grading of tumors 190

H

Head injury 239
Helicobacter pylori 228
Hepato-biliary scintigraphy (HBS) 136
Hexokinase enzyme 186
High-pressure liquid chromatography (HPLC) 248
Hydronephrosis 92, 95

I

Immunology 1
Immunoscintigraphy 116
Imaging,
– Biological 1, 314, 344
– Dual-modality 188, 205, 301, 334
– Gene expression 315
– Hybrid 3, 277, 343
– Metabolic 185, 314
– Molecular 185, 343
– Optical 331
– Positron 102
– Reporter gene 325
– Single photon 102
Infl ux rate 105
Infl ammatory bowel disease (IBD) 141, 232
Interleukin 122
Internal ribosomal entry site (IRES) 324

K

Kinetic model 11, 187

L

Lag phase 129
Landau-Kleffner syndrome 237

Legg-Calve-Perthes disease 108
Likelihood ratio 78
Luxury perfusion 21
Lymphoma,
– Hodgkin’s 197, 221
– Non-Hodgkin 197, 221

M

Maximum a posteriori (MAP) reconstruction 298
Mammography (MX) 194
Match and mismatch patterns,
– Heart 48
– Lung 69
Meckel’s diverticulum 230
Medical decision making 63, 76
Melanoma 172, 199
MicroPET 314
Maximum likelihood expectation maximization 

(MLEM) 291
Molecular biology 313
Motion artifacts 304
Multidrug resistance (MDR) gene 249
Multi-modality imaging,
– PET/CT 188, 206, 215
– SPECT/CT 284
Myocardium,
– Dysfunctional 40
– Hibernating 40
– Stunned 39

N

NaI(Tl) thallium activated sodium iodide crystal 276
Neuro-psychiatric disorders
– Adult 14
– Childhood 239
Neurotransmission 9
Neuroreceptor 9
Northern blotting 173

O

Obsessive-compulsive disorder (OCD) 240
Obstructive uropathy 92
Ordered subset expectation maximization (OSEM) 295
Osteomyelitis 108, 119
Osteonecrosis 108
Osteoporosis 105

P

P-glycoprotein 249
Paget’s disease 98
Pancreatitis 195
Parkinson’s disease (PD) 17
Phenotype 314
Pick’s disease 15
PIOPED 63, 68
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Platelet activation factor 121
Probability notation 76
Probes,
– Antibody 315
– Antisense 315, 332
– Aptamer 230
– Protein 315
Prosthesis,
– Infection 108, 118
– Loosening 108, 118

Q

Quality control, equipment 285

R

Radiation necrosis 188
Radiation safety,
– Dosimetry 103, 135
– Pediatric 228
Radiation risks 234
Radiopharmaceuticals,
– Acetate 46
– Aerosols 67
– Ammonia 48
– Annexin-V 258
– ATSM 255
– Bibabcitide 257
– BMIPP 46
– Carfentanil 26
– β-CIT 9, 13, 19
– DISIDA 135
– DMSA 95
– EC 84
– ECD 84, 234, 250
– FMAU 254
– Fluoride 104
– Fluoro-deoxy-glucose (FDG) 24, 117, 167, 186, 234, 252
– FDOPA 18, 190
– FESP 315
– FET 253
– FLT 254
– Flumazenil 15, 26, 260
– FMISO 255
– Gallium 108, 114, 197
– Hippuran (OIH) 84
– HMPAO 24, 234, 250
– HIPDM 24
– IBZM 20
– IDA 135
– Interleukin (IL) 121,122
– Iodobenzamide 13
– Iomazenil 15, 260
– IMT 253
– IPPA 46
– Krypton 67
– Labeled WBC 115, 268
– Labeled RBC 133, 267
– MAA 67
– MAG3 84

– MIBI 27, 167, 248
– Octreotide 28, 156, 255
– Oxine 115
– Polyphosphonates (MDP, HDP) 101-102
– QNB 9
– Raclopride 19
– Sulfur colloid 108, 118, 127
– Technegas 252
– Tetrofosmin 167, 248
– Thallium 27
– Tyrosine 27, 41, 190
– VIP 158
– Water 12, 47
– Xenon 67, 251
Receiver-operating-characteristic (ROC) 77
Receptors,
– Affi nity (KD) 11
– Density (Bmax) 11
– Types,
– – Benzodiazepine 11, 22, 260
– – Cholinergic 11
– – Dopaminergic 11, 15, 262
– – GABA-ergic 11, 15
– – Estrogen 167
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