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Understanding the basic pathophysiology of the disease processes is the core 
of diagnostic images interpretation, and it is of utmost importance that nuclear 
medicine physicians have this knowledge. Professor Abdelhamid H. Elgazzar 
is an internationally recognized nuclear medicine specialist, researcher, and 
highly productive author, whose analytic, incisive, and inquisitive mind gave 
early promise of an outstanding career. Prof Elgazzar and his international 
colleagues have provided us with 13 chapters that are coherent in the sys-
temic presentation of the pathophysiology in relation to disease processes and 
the impact on scintigraphic patterns. These chapters discuss cell structure and 
function, radiopharmaceutical localization, biologic effects of ionizing radia-
tion, and radionuclide therapy and provide very useful information alongside 
the clinical presentations.

The context of this extraordinary book is much needed for nuclear medi-
cine residents, physicians as well as researchers. These chapters contain a 
wealth of information that is clinically relevant. Since Professor Elgazzar is 
one of the pioneers in this field, he has now assured us that his knowledge has 
been passed down to the next generation of nuclear medicine physicians. He 
is generous enough to share his accumulated experience as a consultant to 
ensure that we have well-rounded molecular imaging specialists. His shared 
knowledge in this book is priceless.

We are most grateful to Prof. Elgazzar and his coauthors for updating this 
outstanding textbook and providing us with the latest diagnostic skills.

Abass Alavi
Department of Radiology

University of Pennsylvania, School of Medicine, 
Philadelphia, PA, USA
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Diagnostic imaging studies may be interpreted in one of two ways. The initial 
approach is that of the “imager,” dealing solely with pattern recognition. In 
this respect, the experienced observer will surely outperform the younger 
physician who possesses a more limited fund of such knowledge in his or her 
memory bank. The other means of interpreting images draws basic patho-
physiology and clinical knowledge of a disease entity into the interpretive 
process. Functional nuclear medicine imaging studies are exquisitely sensi-
tive but notoriously nonspecific. For this reason, nuclear medicine is most 
often used as a screening tool or as a monitor of changes in function when 
therapeutic interventions are performed.

The nonspecificity of radionuclide imaging studies makes it particularly 
important that nuclear medicine physicians have a broad, in-depth under-
standing of the basic pathophysiology of the disease processes which they are 
being asked to study. It is in this area that Dr. Abdelhamid H. Elgazzar and his 
many colleagues have excelled. In the following 22 chapters, they provide us 
with a lucid, systemic presentation of the pathophysiology associated with 
various disease processes and how this knowledge impacts on scintigraphic 
interpretations. In addition to the clinical presentations, chapters dealing with 
cell structure and function, radiopharmaceutical localization, biologic effects 
of ionizing radiation, and radionuclide therapy provide very useful informa-
tion. The format employed by this gifted international panel of authors pro-
vides us with an extraordinary text which differs from some of the other fine 
publications in our field. It remains true to the very essence of functional 
imaging which characterizes the field of nuclear medicine and distinguishes 
it from the more morphologically based radiologic imaging procedures.

Both residents and active practitioners of nuclear medicine will profit from 
the enormous amount of clinically relevant information provided herein. This 
volume will surely enhance our role as well-rounded nuclear medicine physi-
cians, as opposed to being more limited “imagers.” It is only in this manner 
that we can fulfill our obligation as true consultants and play a pivotal role in 
assisting patient management decisions.

We are most indebted to Dr. Elgazzar and his coauthors for enhancing our 
diagnostic skills with this extraordinary textbook.

New York, NY, USA Leonard M. Freeman

Foreword to the First Edition
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The fact that the understanding of the different clinical and basic features of 
diseases is crucial for all physicians practicing imaging cannot be overem-
phasized. Awareness of these basic features including anatomy, physiology, 
and pathophysiology of diseases to be diagnosed or treated by nuclear medi-
cine is of particular importance for those practicing nuclear medicine to 
increase diagnostic accuracy and to ensure optimal imaging, with the ulti-
mate goal of timely and appropriate intervention. This was behind the idea of 
this book which is now in its fourth edition.

The correlation of these basic disease aspects with the scintigraphic fea-
tures of various conditions is further emphasized in this updated edition. The 
imaging specialist must appreciate the patient’s clinical problem and the 
pathophysiologic changes to fully utilize nuclear images. Working from this 
clinical context, the specialist can then apply his/her understanding of the 
pathophysiologic basis of disease and the knowledge of how such pathology 
may translate into various imaging patterns. The difference between film 
reading dealing solely with pattern recognition and proper interpretation of a 
clinical scintigraphic image in the holistic approach integrating clinical, labo-
ratory, and pathophysiologic understanding should be appreciated to achieve 
proper clinical impact. My original interest in this concept came many years 
ago since I am trained in pathology and laboratory medicine in addition to 
nuclear medicine. I enjoyed trying to explain the scintigraphic features and 
the radiotracers behavior within normal and abnormal tissues.

The developments in the field of nuclear medicine and its expansion con-
tinue to occur at a rapid pace. Additionally unraveling new facts on the patho-
physiology of diseases is also continuing. To continue the efforts to 
accommodate these continuing developments and be in line with the future 
direction of nuclear medicine and molecular imaging, the fourth edition of 
The Pathophysiologic Basis of Nuclear Medicine was developed.

This edition reflects the significant new developments in the area of 
molecular imaging with more emphasis given to the basis and application of 
PET/CT.

Based on the readers’ feedback and reviews, the chapters of this book have 
been changed and consolidated into 13 chapters. The edition starts with a 
chapter on the principles of pathophysiology followed by biologic effects of 
ionizing radiation and the relevant cell biology and basis of  radiopharmaceutical 
distribution and mechanisms of uptake. The following chapters are on patho-
physiologic basis and correlated applications on inflammation, musculoskel-

Preface to the Fourth Edition
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etal, endocrine, genitourinary, respiratory, circulatory including cardiovascular 
and lymphatic, and central nervous systems. The chapter on tumor scintigra-
phy starts with basic tumor features and then clinical utilization. This chapter 
details PET/CT management of individual tumors. Furthermore the radio-
pharmaceuticals for PET imaging have been updated with more details and 
correlation with pathophysiologic changes such as hypoxia, angiogenesis, 
and proliferation. The last chapter is devoted to the basis of the use of radio-
nuclides in the therapy treatment and is updated to accommodate recent 
advances including prostate cancer treatment. Additional information about 
clinical and imaging correlation makes this text a very useful companion to 
those who are being trained in nuclear medicine technology and clinical 
nuclear medicine and radiology.

This updated volume should hopefully help medical professionals to fur-
ther understand what nuclear medicine technology can offer for the diagnosis 
and treatment of disease. Further in-depth understanding of the scientific and 
clinical basis of the new directions in medical imaging will certainly lead to 
further improvements in effective utilization and interpretation. The new edi-
tion is more simplified and easier to read although it includes the most up-to- 
date essential information needed for an in-depth understanding of the field.

Kuwait City, Kuwait Abdelhamid H. Elgazzar   
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Awareness of the impact of pathophysiology in particular on imaging studies 
is critical to the proper practice of nuclear medicine. The correlation of these 
basic aspects with the scintigraphic features of various diseases is further 
emphasized in this edition. The imaging specialist must appreciate the 
patient’s clinical problem and the pathophysiologic changes to fully utilize 
nuclear images. Working from this clinical context, the specialist can then 
apply his/her understanding of the pathophysiologic basis of disease and the 
knowledge of how such pathology may translate into various imaging pat-
terns. The difference between film reading dealing solely with pattern recog-
nition and proper interpretation of a clinical scintigraphic image in the holistic 
approach integrating clinical, laboratory, and pathophysiologic understand-
ing should be appreciated to achieve proper clinical impact. New develop-
ments in molecular biology, radiopharmaceuticals, and hybrid imaging have 
continued to contribute to the rapid change in the field of nuclear medicine 
and molecular imaging. To continue the efforts to accommodate these changes 
and be in line with the future direction of nuclear medicine and molecular 
imaging, the third edition of The Pathophysiologic Basis of Nuclear Medicine 
was developed.

This edition reflects new developments in the area of molecular imaging 
with more emphasis given to the basis and application of PET/CT. The chap-
ter on tumor scintigraphy details PET/CT management of individual tumors. 
Furthermore the radiopharmaceuticals for PET imaging have been updated 
with more details and correlation with pathophysiologic changes such as 
hypoxia, angiogenesis, and proliferation. The additional information about 
clinical and imaging correlation makes this text a very useful companion to 
those who are being trained in nuclear medicine technology and clinical 
nuclear medicine.

It is my hope that this book will help medical professionals to further 
understand what nuclear medicine technology can offer for the diagnosis and 
treatment of disease. Deep understanding of the scientific and clinical basis 
of the new directions in medical imaging will certainly lead to further 
improvements and innovations in this important field of medicine. This 
updated edition will hopefully help in the understanding of the field of nuclear 
medicine in depth and further advance and improve current diagnostic and 
therapeutic modalities in the treatment of disease.

Kuwait City, Kuwait Abdelhamid H. Elgazzar   
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The field of nuclear medicine is continuing to grow rapidly and incorporating 
advances in molecular biology, molecular imaging, and pathophysiology. In 
an effort to accommodate these changes and be in line with the future direc-
tion of nuclear medicine, we have updated the first edition of The 
Pathophysiologic Basis of Nuclear Medicine, building on its strengths and 
making modifications to remedy any weak areas.

To reflect new developments in the area of molecular imaging, a separate 
chapter on the basis of positron emission tomography has been included, 
more information about therapy using radionuclides has been added, and the 
chapters on the cell, radiopharmaceutical uptake, inflammation, bone, respi-
ratory and neurology have been expanded. Furthermore, the clinical aspects 
of the role of molecular imaging in nuclear imaging are emphasized, since an 
imaging specialist must appreciate the patient’s clinical problem for a full 
utilization of nuclear images. For instance, the difference between superficial 
film reading and proper interpretation of a clinical scintigraphic image by a 
holistic approach has been highlighted. Working from this clinical context, 
the specialist can then apply his/her understanding of the pathophysiologic 
basis of disease and the knowledge of how such pathology may translate into 
various imaging patterns. Awareness of the impact of pathophysiology on 
imaging studies is critical to the proper practice of nuclear medicine. The 
additional information about clinical and imaging correlation makes this text 
an invaluable companion to those who are being trained in nuclear medicine 
technology and clinical nuclear medicine.

We extend our appreciation to reviewers of several journals as well as 
members of the nuclear medicine community from around the world for their 
helpful and motivating feedback, both published and private. It is my sincere 
hope that this book will help medical professionals to further understand 
what nuclear medicine technology can offer in the diagnosis and treatment of 
disease. A deeper understanding of the scientific and clinical basis of new 
directions in medical imaging will certainly lead to further modifications and 
new innovations. I also hope that this revised text will help to advance knowl-
edge in the field of nuclear medicine and improve currently available diag-
nostic and therapeutic tools in the treatment of patients with various 
diseases.

Kuwait City, Kuwait Abdelhamid H. Elgazzar   
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There is a great difference between superficial reading of a film and proper 
interpretation of a clinical scintigraphic image by an imaging specialist. Fully 
utilizing the clinical image, the imaging specialist evaluates both the ana-
tomical and the physiological structure of the human body. First the specialist 
must appreciate the patient’s clinical problem. Working from this clinical 
context, he then applies his understanding of the pathophysiological basis of 
disease and his knowledge of how such pathology may translate into various 
imaging patterns. This awareness of the impact of pathophysiology on imag-
ing studies is critical to the proper practice of nuclear medicine.

Nuclear medicine is a unique and growing medical specialty that contrib-
utes most significantly to our understanding of the functional changes which 
accompany disease. In this way, nuclear medicine helps to advance scientific 
understanding. Both the diagnostic and the therapeutic aspects of nuclear 
medicine rely for their efficacy on the physiological changes produced by dis-
ease. Clearly, a detailed understanding of both normal and morbid pathophysi-
ology is prerequisite to a successful career in this growing field of medicine.

Today nuclear medicine is one of the medical specialties with great oppor-
tunities for innovation and creative thinking. We are fortunate to be practicing 
nuclear medicine at a time of rapid scientific progress and significant growth 
in our contributions to patient care and well-being. The resources devoted to 
nuclear medicine, however, will be most profitably used when both research-
ers and practicing physicians have taken the time to understand the patho-
physiological basis of scintigraphy and radionuclide therapy.

As a practicing nuclear medicine physician and teacher, I know that begin-
ning students and physicians in both radiology and nuclear medicine have in 
the past lacked a concise textbook which focuses on the pathophysiological 
basis of nuclear medicine. I feel that the contributing authors to this book 
have collectively fulfilled this need. In addition, I hope that this book will 
serve as a practical reference for practicing radiologists and nuclear medicine 
physicians. Given the rapid pace of research in the field of nuclear medicine, 
keeping up to date after the completion of formal training is a challenge for 
all of us.

Along with the contributing authors, I hope that this book will help to 
spread medical knowledge and enhance patient care within the field of nuclear 
medicine.

Kuwait City, Kuwait Abdelhamid H. Elgazzar   
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1

Pathophysiology: General 
Principles

Abdelhamid H. Elgazzar

1.1  Introduction

Understanding pathophysiology of the disease is 
essential for all who study and work in any field 
of medicine. Since nuclear medicine deals with 
functional and molecular changes, it becomes 
crucial to understand the pathophysiologic 
changes of relevant diseases and disease-like 
conditions to properly study and practice the 
field.

Pathophysiology has been changing and 
expanding with added new knowledge. Since the 
late 1970s, tremendous developments in molecu-
lar biology and genetics have provided medical 
science with an unprecedented chance to under-
stand the molecular basis of disease. The disease 
can now be defined based on abnormal deviation 
from normal regional biochemistry. Since patho-
physiology is a bridge between pathology and 
physiology, it is imperative to understand the 
principles of both disciplines.

1.2  Pathology

Pathology is concerned with studying the nature 
of the disease, including its causes, development, 
and consequences, with emphasis on the struc-

tural changes of diseases. Specifically, pathology 
describes the origin of disease, its etiologies, se, 
and how it progresses and manifests clinically in 
individuals to determine its treatment. Thus, 
pathology plays a vital role across all facets of 
medicine throughout life, and currently, it extends 
to the examination of molecules within organs, 
tissues, or body fluids.

1.3  Definition of Disease

The precise definition of disease is as complex as 
an exact definition of life. It may be relatively 
easier to define disease at a cellular and molecu-
lar level than at l individual level. Throughout the 
history of medicine, two main concepts of the 
disease have predominated: ontological and 
physiological [1].

The ontological concept views disease as an 
independent and self-sufficient entity and runs 
a regular course with a natural history of its 
own. The physiological concept, on the other 
hand, defines disease as a deviation from nor-
mal physiology or biochemistry; the disease is 
a statistically defined deviation of one or more 
functions from those of healthy people under 
the circumstances as close as possible to those 
of a person of the same sex and age of the 
patient. Most diseases begin with cell injury, 
which occurs if the cell is unable to maintain 
homeostasis.

A. H. Elgazzar (*) 
Department of Nuclear Medicine, Faculty of 
Medicine, Kuwait University, Kuwait City, Kuwait
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1.3.1  Homeostasis

The term homeostasis is used by physiologists 
to mean maintenance of static, or constant, con-
ditions in the internal environment by means of 
positive and negative feedback of information. 
About 56% of the adult human body is fluid. 
Most of the fluid is intracellular, and about one- 
third is the extracellular fluid that is in constant 
motion throughout the body and contains the 
ions (sodium, chloride, and bicarbonate) and 
nutrients (oxygen, glucose, fatty acids, and 
amino acids) needed by the cells to maintain 
life. Extracellular fluid was described as the 
internal environment of the body and hypothe-
sized that the same biological processes that 
make life possible are also involved in disease 
[1]. As long as all the organs and tissues of the 
body perform functions that help to maintain 
homeostasis, the cells of the body continue to 
live and function properly [1].

1.3.2  The Genome

At birth, molecular blueprints collectively make 
up a person’s genome or genotype that will be 
translated into cellular structure and function. A 
single gene defect can lead to biochemical abnor-
malities that produce many different clinical 
manifestations of disease or phenotypes, a pro-
cess called pleiotropism. Many different gene 
abnormalities can result in the same clinical man-
ifestations of the disease—a process called 
genetic heterogeneity. Thus, diseases can be 
defined as abnormal processes as well as abnor-
malities in molecular concentrations of different 
biological markers, signaling molecules, and 
receptors.

1.4  Physiology

Physiology is the study of normal, healthy bodily 
function. It is concerned with the science of the 
mechanical, physical, bioelectrical, and bio-
chemical functions of humans in good health, 
their organs, and the cells of which they are com-

posed. It is a broad science which aims to under-
stand the mechanisms of living, from the 
molecular basis of cell function to the integrated 
behavior of the whole body.

1.5  Cell Biology

Cell biology is a field that focuses on the study of 
cell structure and function, on how cells are 
formed and divide, and how they differentiate 
and specialize. This field defines both the general 
properties, common to most cell types, and also 
details the unique features of specialized cells, 
which allow them to perform different special-
ized functions [2]

1.6  Pathophysiology

Pathophysiology is a convergence of pathology 
and physiology. It deals with the disruption of 
normal mechanical, physical, and biochemical 
functions, either caused by a disease or resulting 
from a disease or abnormal syndrome or condi-
tion that may not qualify to be called a disease, 
and now includes the molecular mechanisms of 
disease. In 1839, Theodor Schwann discovered 
that all living organisms are made up of discrete 
cells [2]. In 1858, Rudolph Virchow observed 
that disease could not be understood unless it was 
realized that the ultimate abnormality must lie in 
the cell. He correlated disease with cellular 
abnormalities as revealed by chemical stains, 
thereby founding the field of cellular pathology. 
He defined pathology as physiology with obsta-
cles [3].

Since the time of Virchow, gross pathology 
and histopathology have been the foundation of 
the diagnostic process and the classification of 
disease. Traditionally, the four aspects of a dis-
ease process that form the core of pathology are 
etiology, pathogenesis, morphological changes, 
and clinical significance [4]. The altered cellular 
and tissue biology and all forms of loss of func-
tion of tissues and organs s result from cell injury 
and cell death. Therefore, knowledge of the 
structural and functional reactions of cells and 

A. H. Elgazzar
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tissues to injurious agents, including genetic 
defects, is the key to understanding the disease 
process. Currently, diseases are defined and inter-
preted in molecular terms and not just as general 
descriptions of altered structure. Accordingly, 
pathology is evolving into a bridging discipline 
that involves both basic science and clinical prac-
tice and is devoted to studying the structural and 
functional changes in cells, tissues, and organs 
that underlie disease [4]. The use of molecular, 
genetic, microbiological, immunological, and 
morphological techniques is helping us to under-
stand both ontological and physiological causes 
of disease.

1.7  Basic Major Principles 
of Pathophysiology

1.7.1  Cell Injury

The cellular injury occurs if the cell is unable 
to maintain homeostasis. The causes of cellular 
injury may be hypoxia (oxygen deprivation), 
infection, or exposure to toxic chemicals 
(Table  1.1). In addition, immunological reac-
tions, genetic derangements, and nutritional 
imbalances may also cause cellular injury. For 
example, in hypoxia, glycolytic energy pro-
duction may continue, but ischemia (loss of 
blood supply) compromises the availability of 
metabolic substrates and may injure tissues 
faster than hypoxia. Various types of cellular 
injury are summarized in Table 1.2, Fig. 1.1.

1.7.1.1  Biochemical Cell Injury
Regardless of the nature of injurious agents, there 
are several common biochemical themes or 
mechanisms responsible for cell injury [5]:

 1. ATP depletion: Depletion of ATP is one of the 
most common consequences of ischemic and 
toxic injury. ATP depletion induces cell swell-
ing, decreases protein synthesis, decreases 
membrane transport, and increases membrane 
permeability.

 2. Oxygen and oxygen-derived free radicals: 
Ischemia causes cell injury by reducing blood 
supply and cellular oxygen. Radiation, chemi-
cals, and inflammation generate oxygen-free 
radicals that destroy the cell membrane and cell 
structure.

 3. Loss of calcium homeostasis: Most intracel-
lular calcium is in the mitochondria and 
endoplasmic reticulum. Ischemia and certain 
toxins increase the concentration of Ca2+ in 
the cytoplasm, which activates a number of 
enzymes and causes intracellular damage, 
and increases membrane permeability.

 4. Mitochondrial dysfunction: A variety of stim-
uli (free Ca2+ levels in cytosol, oxidative 
stress) cause mitochondrial permeability tran-
sition (MPT) in the inner mitochondrial mem-
brane, resulting in the leakage of cytochrome 
c into the cytoplasm.

 5. Defects in membrane permeability: All forms 
of cell injury and many bacterial toxins and 
viral proteins damage the plasma membrane. 
The result is an early loss of selective mem-
brane permeability.

1.7.1.2  Intracellular Accumulations
Normal cells generally accumulate certain sub-
stances such as electrolytes, lipids, glycogen, pro-
teins, calcium, uric acid, and bilirubin that are 
involved in normal metabolic processes. As a man-
ifestation of injury and metabolic derangements in 

Table 1.1 Mechanisms of cellular injury

Hypoxic: most common
Chemical
Structural trauma
Immunological/inflammatory
Infectious
Genetic derangement
Nutritional imbalance

Table 1.2 Main general responses to injury

Cellular adaptation
   Atrophy
   Hypertrophy
   Hyperplasia
   Metaplasia
   Dysplasia
Cell death
   Apoptosis
   Necrosis

1 Pathophysiology: General Principles
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cells, abnormal amounts of various substances, 
either normal cellular constituents or exogenous 
substances, may accumulate within the cytoplasm 
or nucleus, either transiently or permanently. One 
of the major consequences of failure of transport 
mechanisms is cell swelling due to excess intracel-
lular fluid. Abnormal accumulations of organic 
substances such as triglycerides, cholesterol and 
cholesterol esters, glycogen, proteins, pigments, 
and melanin may be caused by disorders in which 
the cellular capacity exceeds the synthesis or 
catabolism of these substances. Dystrophic calcifi-
cation occurs mainly in injured or dead cells, while 
metastatic calcification may occur in normal tis-
sues due to hypercalcemia that may be a conse-
quence of increased parathyroid hormone, 
destruction of bone tissue, renal failure, and vita-
min D-related disorders.

All these accumulations harm cells by “crowd-
ing” the organelles and by causing excessive and 
harmful metabolites that may be retained within 
the cell or expelled into the extracellular fluid and 
circulation.

1.7.2  Cell and Tissue Response 
to Injury

The normal cell is able to handle normal physi-
ological and functional demands, the so-called 
normal homeostasis. However, physiological 
and morphological cellular adaptations nor-
mally occur in response to excessive physio-
logical conditions or some adverse or 
pathological stimuli [4]. The cells adapt in 
order to escape and protect themselves from 
injury. An adapted cell is neither normal nor 
injured but has an altered steady- state, and its 
viability is preserved. If a cell cannot adapt to 
severe stress or pathological stimuli, the conse-
quence may be cellular injury (Fig.  1.1) that 
disrupts cell structures or deprives the cell of 
oxygen and nutrients. Cell injury is reversible 
up to a certain point, but irreversible (lethal) 
cell injury ultimately leads to cell death, gener-
ally known as necrosis. By contrast, an inter-
nally controlled suicide program, resulting in 
cell death, is called apoptosis.

Cell Aging Intracellular Accumulation

Prolonged Life Span with
Cumulative Sublethal Injuries

Normal Cell

Metabolic
Alterations

Inability to Adapt

Sub-lethal
(Reversible)

Lethal
(Irreversible)

Cell Adaptation

Repair

Cell InjuryAltered Physiologic Stimuli

Cell Death

Fig. 1.1 Cell responses 
to stress and injury
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1.7.2.1  Cell Adaptation
Some of the most significant physiological and 
pathological adaptations of cells involve 
changes in cellular size, growth, or differentia-
tion [4, 5]. These include (a) atrophy, a decrease 
in size and function of the cell (Fig.  1.2); (b) 
hypertrophy, an increase in cell size (Fig. 1.3); 
(c) hyperplasia, an increase in cell number 
(Fig. 1.4); (d) metaplasia, an alteration of cell 
differentiation (Fig. 1.5); and (e) dysplasia, an 
abnormal growth or development of cells 
(Fig.  1.6). The adaptive response may also 
include the intracellular accumulation of nor-
mal endogenous substances (lipids, protein, 
glycogen, bilirubin, and pigments) or abnormal 
exogenous products. Cellular adaptations are a 
common and central part of many disease 
states. The molecular mechanisms leading to 

cellular adaptation may involve a wide variety 
of stimuli and various steps in cellular metabo-
lism. Increased production of cell signaling 
molecules, alterations in the expression of cell 
surface receptors, and overexpression of intra-
cellular proteins are typical examples.

Atrophy
Atrophy is a decrease in the size of cells which 
may lead to a decrease in the size of a body part, 
organ, or tissue that was normal in size for the 
individual, considering age and circumstance, 
prior to the diminution. Examples include muscle 
atrophy from lack of use (most common) or 
disease.

Workload
or

Disease State 
Size of the cell

Energy Usage
Function in
disease state

Atrophy

Fig. 1.2 Atrophy

Size of the cell
Workload

or
Disease State 

Energy Usage
Function in
disease state

Hypertrophy

Fig. 1.3 Hypertrophy

Workload  Number of cells 

Function 

Hyperplasia 

Fig. 1.4 Hyperplasia

Metaplasia

Normal mature cells Another type of
mature cells 

Fig. 1.5 Metaplasia

Normal cells
Abnormal cells with

altered cell size, shape
and organization 

Dysplasia

Fig. 1.6 Dysplasia
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Hypertrophy
Hypertrophy is a non-tumorous enlargement of a 
tissue or organ due to an increase in the size rather 
than the number of constituent cells. Examples 
include myocardial muscle hypertrophy due to 
prolonged strain secondary to hypertension.

Hyperplasia
Hyperplasia is the abnormal multiplication or 
increase in the number of normal cells in a nor-
mal arrangement in an organ or a tissue. Typical 
hyperplasia is a physiological response to a 
specific stimulus, and the cells of a hyperplas-
tic growth remain subject to normal regulatory 
control mechanisms. Examples include endo-
metrial hyperplasia resulting from high levels 
of estrogen.

Metaplasia
Metaplasia is the transformation of one mature 
differentiated cell type into another mature dif-
ferentiated cell type as an adaptive response to 
some insult or injury. By this change in differen-
tiation (and hence patterns of gene expression), 
the cells should be more resistant to the effects of 
the insult. It is usually a reversible phenomenon. 
Examples include a transformation of columnar 
epithelial cells of salivary gland ducts to squa-
mous epithelial cells when stones are present. 
The development of glandular epithelium (glan-
dular metaplasia) in the esophagus in patients 
with gastric acid reflux is another example 
(Barrett’s esophagus).

Dysplasia
Dysplasia refers to the abnormality of the growth 
or development resulting in alteration in size, 
shape, and organization of adult cells or organs. It 
is characterized by the decreased amount of 
mature cells and an increased amount of imma-
ture cells, leading to an abnormal tissue arrange-
ment. Such cells could return to the proper 
formation, but in some cases, the cells worsen 
and become carcinogens. In dysplasia, cell matu-
ration and differentiation are delayed, in contrast 
to metaplasia, in which cells of one mature, dif-

ferentiated type are replaced by cells of another 
mature cell [6].

1.7.2.2  Cell Death
Cell death is extremely important in the mainte-
nance of tissue homeostasis, embryonic develop-
ment, immune self-tolerance, and regulation of 
cell viability by hormones and growth factors.

Necrosis (Non-regulated, Inflammatory, 
Accidental Cell Death)
Necrosis is cellular death resulting from the pro-
gressive derivative action of enzymes on the 
lethally injured cells, ultimately leading to cellular 
swelling, dissolution, and rupture. Cell mem-
branes swell and become permeable. Lytic 
enzymes destroy the cellular contents, which then 
leak out into the intercellular space, leading to the 
mounting of an inflammatory response (Fig. 1.7a). 
The morphological appearance of necrosis results 
from the denaturation of proteins and enzymatic 
digestion (autolysis or heterolysis) of the cell. 
Different types of necrosis occur in different 
organs or tissues. The most common type is coag-
ulative necrosis, resulting from hypoxia and isch-
emia. It is characterized by denaturation of 
cytoplasmic proteins, breakdown of organelles, 
and cell swelling (Fig. 1.8), and it occurs primarily 
in the kidneys, heart, and adrenal glands. 
Liquefactive necrosis may result from ischemia or 
bacterial infections. The cells are digested by 
hydrolases, and the tissue becomes soft and lique-
fies. As a result of ischemia, the brain tissue lique-
fies and forms cysts. In infected tissue, hydrolases 
are released from the lysosomes of neutrophils; 
they kill bacterial cells and the surrounding tissue 
cells, resulting in the accumulation of pus. Caseous 
necrosis, present in the foci of tuberculous infec-
tion, is a combination of coagulative and liquefac-
tive necrosis. In fat necrosis, the lipase enzymes 
break down triglycerides and form opaque, chalky 
necrotic tissue as a result of the saponification of 
free fatty acids with alkali metal ions. The necrotic 
tissue and the debris usually disappear by a com-
bined process of enzymatic digestion and frag-
mentation, or they become calcified.

A. H. Elgazzar
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Mitochondria

Nucleus

Cell blebs violently
Chromatin condensation
continues

Cell shrinks
Chromatin condenses around
nuclear periphery

Microvilli contract
Intercellular junctions break
Chromatin begins to condense

Cell fragments into membrane-
enclosed apoptotic bodies

Apoptotic bodies phagocytosed
by neighboring cells and
roving macrophages

Junctions

b
Trauma

Junctions

Mitochondria

Nucleus

Dissolution of
cellular structures

Cell lysis
Invasion of phagocytic cells
Inflammation

Cells and organelles swell
Chromatin condenses

Membranes compromised:
fluid rushes inH2O H2O

a

Fig. 1.7 (a, b) Diagram illustrating cell death. Accidental 
cell death (a) where necrosis occurs as a result of injury to 
cells. Typically, groups of cells are affected. In most cases, 
necrotic cell death leads to an inflammatory response (red 
“angry” macrophages). (b) Illustrates apoptosis or active 

cell suicide, which typically affects single cells. 
Neighboring cells remain healthy. Apoptotic cell death 
does not lead to an inflammatory response (From [7], with 
permission)
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Fig. 1.8 Coagulative 
necrosis in a case of 
myocardial infarction. 
Note the necrotic area 
on the left side (arrow) 
with no cellular details 
and loss of nuclei 
compared to normal 
myocardial cells on the 
right side (arrowheads) 
(Courtesy of Professor 
Magda Elmonayeri with 
thanks)

Apoptosis (Regulated, Non-inflammatory 
Cell Death)
Apoptosis, a type of cell death implicated in both 
normal and pathological tissue, is designed to 
eliminate unwanted host cells in an active pro-
cess of cellular self-destruction effected by a 
dedicated set of gene products. Apoptosis occurs 
during normal embryonic development and is a 
homeostatic mechanism to maintain cell popula-
tions in tissues. It also occurs as a defense mecha-
nism in immune reactions and during cell damage 
by disease or noxious agents. Various kinds of 
stimuli may activate apoptosis. These include 
injurious agents (radiation, toxins, free radicals), 
specific death signals (TNF and Fas ligands), and 
withdrawal of growth factors and hormones. 
Within the cytoplasm, a number of protein regu-
lators (Bcl-2 family of proteins) either promote 
or inhibit cell death. In the final phase, the execu-
tion caspases activate the proteolytic cascade that 

eventually leads to intracellular degradation, 
fragmentation of nuclear chromatin, and break-
down of the cytoskeleton.

The most important morphological charac-
teristics are cell shrinkage, chromatin condensa-
tion, and the formation of cytoplasmic blebs and 
apoptotic bodies (Fig. 1.9) that are subsequently 
phagocytosed by adjacent healthy cells and 
macrophages. Unlike necrosis, apoptosis is 
nuclear and cytoplasmic shrinkage and affects 
scattered single cells. Two major apoptotic path-
ways have been defined in mammalian cells: the 
death receptor pathway and the mitochondrial 
pathway.

Cells undergo programmed death in response 
to both internal surveillance mechanisms and sig-
nals sent by other cells (Fig. 1.7b). Thus, some 
cells effectively volunteer to die, whereas other 
cells are nominated for death by others. Table 1.3 
summarizes the cell responses to cell injuries [6].

A. H. Elgazzar
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Table 1.3 Responses to various cell injuries

Type Responses
Adaptation Atrophy, hypertrophy, hyperplasia, metaplasia
Active cell injury Immediate response of “entire cell”
Reversible Loss of ATP, cellular swelling, detachment of ribosomes, autophagy of 

lysosomes
Irreversible “Point of no return” structurally when vacuolization of the mitochondria 

occurs, and calcium moves into the cell
Necrosis Common type of cell death with severe cell swelling and breakdown of 

organelles
Apoptosis Cellular self-destruction to eliminate unwanted cell population
Chronic cell injury (subcellular 
alterations)

Persistent stimuli response may involve only specific organelles or 
cytoskeleton, e.g., phagocytosis of bacteria

Accumulations or infiltrations Water, pigments, lipids, glycogen, proteins
Pathological calcification Dystrophic and metastatic calcification

adopted From Virchow [4]

Fig. 1.9 A 
photomicrograph of a 
liver biopsy from a 
patient with hepatitis C 
and cirrhosis owing an 
apoptotic body (arrow)
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Ionizing Radiation: Biologic Effects 
and Essential Cell Biology

Maryam Al-Qabandi and Jehan Alshammary

2.1  Introduction

Ionizing radiation can ionize matter directly or 
indirectly when its quantum energy exceeds the 
ionization potential of atoms, thus introducing a 
reactive and potentially damaging ion into the 
environment of the irradiated medium. Examples 
of ionizing radiations are X-rays, γ-rays, ener-
getic neutrons, electrons, protons, and heavier 
particles (such as α-particles). Radiation used in 
diagnostic imaging and treatment of diseases like 
cancer consists mainly of high energy photons 
such as X-rays and γ-rays. Biologic effects of 
radiation result principally from damage to 
deoxyribonucleic acid (DNA). DNA damage is 
considered the principal target in cells (Fig. 2.1). 
DNA double-strand break (DSB) constitutes the 
leading and most dangerous type of DNA dam-
age by radiation. In response, three intimately 
related cellular processes intervene DNA repair, 
recombination, and replication. Alternatively, 
inaccurately repaired or unrepaired DNA lesions 
can lead to mutagenesis and cell death (Fig. 2.1). 
The biological effects of IR depend on several 
factors, such as the received dose and the area of 
the body exposed, making them variable and 
inconsistent. These effects can be early or 
delayed, somatic or hereditary, and stochastic or 

deterministic. Stochastic effects refer to random 
and unpredictable effects usually following 
chronic exposure to low-dose radiation. Genetic 
effects and carcinogenesis following diagnostic 
imaging are examples of stochastic effects. 
Deterministic (non-stochastic) effects are non-
random effects and have a highly predictable 
response to radiation. Some of the known deter-
ministic effects are radiation-induced lung fibro-
sis and cataract. Thus, radiation users need to be 
familiar with its biological effects and their 
pathophysiological basis.

2.2  Overview of the Genetic 
Material

To understand how ionizing radiation can affect 
cells in in the body, overview the structure of the 
Genetic material is presented.

2.2.1  DNA and Gene Expression

The ability of cells to maintain a high degree of 
order depends on the hereditary information that 
is stored in the genetic material, the DNA. The 
total genetic information stored in the chromo-
somes of an organism is said to constitute its 
genome. The human genome consists of 23 pairs 
of chromosomes. A chromosome is formed from 
a single, enormously long DNA molecule that 
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Fig. 2.1 Effects of ionizing radiation

consists of many small subsets called genes; 
these represent a specific combination of DNA 
sequence designed for a specific cellular func-
tion. There are approximately 100,000 genes per 
human genome, and only 15% of the genome is 
actively expressed in any specific cell type. The 
genetic information is transcribed into ribonu-
cleic acid (RNA), which subsequently is trans-
lated into a specific protein on the ribosome. The 
three most important events in the existence of a 
DNA molecule are replication, repair, and 
expression.

2.2.2  DNA Structure

The most widespread DNA structure, discovered 
by Watson and Crick in 1953, represents DNA as 
a double helix containing two polynucleotide 
strands that are antiparallel and following an 
intrinsic directionality (5′–3′ direction) (Fig. 2.2). 
The “backbone” of the DNA molecule is com-
posed of the deoxyribose sugars joined by phos-
phodiester bonds to a phosphate group, while the 
bases are linked in the middle of the molecule by 
hydrogen bonds. Two of the bases, thymine (T) 
and cytosine (C), are called pyrimidines, while 
the other two, adenine (A) and guanine (G), are 
called purines (Fig.  2.2). These bases link 
together through weak hydrogen bonds, and form 

base pairs. Adenine always pairs with thymine, A 
and T. Cytosine with guanine, C and G.

2.2.3  DNA Replication 
and Transcription

To serve as the primary genetic material, all the 
nuclei chromosomes duplicate their DNA before 
every cell division. The principle of complemen-
tary base pairing dictates that the process of rep-
lication proceeds by a mechanism in which a new 
DNA strand is synthesized that matches each of 
the original strands serving as a template [2]. 
Replication is semiconservative, in the sense that 
at the end of each round of replication, one of the 
parental strands is maintained intact, and it com-
bines with one newly synthesized complemen-
tary strand (Fig. 2.2). At the end of replication, a 
repair process known as DNA proofreading is 
catalyzed by DNA ligase and DNA polymerase 
enzymes, which cut out the inappropriate or mis-
matched nucleotides from the new strand and 
replace these with the appropriate complemen-
tary nucleotides (Fig.  2.2). The replication pro-
cess is almost errorless, and the DNA sequences 
are maintained with very high fidelity. The 
essence of heredity is the ability of the cell to use 
the information in its DNA to control and direct 
the synthesis of all proteins in the body.

2.2.4  DNA Repair, Recombination 
and Replication

For each type of DNA damage, the cell has 
evolved a specific method of repairing the dam-
age or eliminating the damaging compound [3–
6]. Genetic lesions include DNA base damage or 
base misincorporation, DNA crosslinks, and 
DNA strand breaks. These are repaired by (1) 
direct reversal, (2) base excision repair (BER), 
(3) nucleotide excision repair, (4) mismatch 
repair, (5) homologous recombination (HR), (6) 
nonhomologous end-joining (NHEJ) and (7) 
translesion DNA synthesis.

DNA single strand breaks (SSBs) are of little 
biologic consequence as far as cell killing is con-
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Fig. 2.2 DNA structure 
and replication. (a) The 
double-stranded DNA 
molecule consists of 
four bases (thymine, 
cytosine, adenine, and 
guanine), deoxyribose 
sugar, and phosphate. 
The antiparallel nature 
of DNA strands shows 
the opposite direction of 
the two strands of a 
double helix. Note the 
hydrogen bonds between 
the two strands of DNA 
molecules (Reprinted 
with permission from 
Devin). (b) DNA 
replication fork. 
Replication occurs in 
three stages: special 
proteins separate and 
stabilize the strands of 
the double helix, 
creating a fork (1). 
During continuous 
synthesis of a new DNA 
strand, DNA polymerase 
adds nucleotides to the 
3′ end of a leading 
strand (2). In 
discontinuous synthesis, 
a short RNA primer is 
added 1000 nucleotides 
ahead of the end of 
lagging strand. DNA 
polymerase then adds 
nucleotides to the primer 
until the gap is filled  
(3) [1]

cerned because they are repaired readily using 
the excision repair mechanism. The damaged 
DNA polynucleotide chain is cleaved by enzymes 
on either side of the damage. The short segment 

resulting gap is then filled by a DNA polymerase 
using the opposite (complementary) undamaged 
strand as a template to guide the repair process. If 
just one nucleotide is damaged, it can be fixed by 
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a process called base excision repair. Here, the 
damaged base is snipped out and replaced with a 
new one.

In contrast, DNA double-strand breaks (DSBs) 
are much more difficult to repair and also much 
more dangerous. They represent the principal 
lesion that, if not adequately repaired, can lead to 
cell death via the generation of lethal chromo-
somal aberrations or the direct induction of 
 apoptosis [7]. Alternatively, an inaccurately 
repaired or unrepaired DSB may result in muta-
tions or genomic rearrangements in a surviving 
cell, which in turn can lead to genomic instability 
and subsequently result in malignant cell trans-
formation. The cell can repair and/or restart rep-
lication forks by multiple mechanisms. For 
DSBs, there are two principal recombinational 
repair pathways: the homologous recombination 
(HR) and the nonhomologous end-joining 
(NHEJ) that employ entirely separate protein 
complexes [4, 8, 9].

HR reparation pathway requires an undam-
aged template molecule that contains a homolo-
gous DNA sequence at the time of the radiation 
damage. This repair by homologous recombina-
tion utilizes sequence homology with an identical 
or highly similar copy of the broken region. It 
typically operates on the sister chromatid in the 
late S and G2 phases of the cell cycle. Undamaged 
DNA from both strands is used as a template to 
repair the break. This process is accurate, consid-
ered error-free and does not usually cause muta-
tions. However, mutations in genes acting in HR 
can lead to both impaired DNA replication and 
increased radiation sensitivity [8, 10].

On the other hand, NHEJ repair pathway of 
the two double-stranded DNA ends, does not 
require an undamaged template and does not rely 
on extensive homologies between the recombi-
nant ends and can possibly occur in all cell-cycle 
phases. NHEJ is suggested to be the dominant 
DSB repair pathway. This repairing process 
involves the repair proteins recognizing lesion 
termini, cleaning up the broken ends of the DNA 
molecule, and the final ligation of the broken 
ends. The process is inherently error-prone and 
mutagenic because it does not rely on sequence 
homology and can introduce sequence changes 

during repair with the loss or addition of nucleo-
tides at the break site [11]. And, mutations in 
NHEJ genes lead to greater radiation hypersensi-
tivity than mutations in HR genes, suggesting 
that NHEJ is the dominant pathway for the 
removal of IR-induced DSBs [8].

2.2.5  Outcomes for DNA Damage 
Repair

There are essentially four possible outcomes for 
DNA damage repair. One option is that the cell is 
able to completely repair the damage, function 
normally and survive. Another possible option, is 
that the DNA damage is severe enough and can-
not be replaced, and this unfortunately leads to 
the apoptosis or self-destruction of the cell. It is 
also possible that the unrepaired mutation prior 
to mitosis, is passed to the daughter cells with 
three possible resulting responses:

 1. Critical life-sustaining components are miss-
ing; the daughter cell may become apoptotic. 
Sufficient DNA damage may trigger an apop-
totic signaling cascade, forcing the cell into 
programmed cell death.

 2. The daughter cell survives the permanent 
genetic mutation to pass on its damaged DNA 
and may become senescent, i.e., irreversibly 
dormant. A gene mutation is any inherited 
change in the genetic material involving irre-
versible alterations in the sequence of DNA 
nucleotides. It may be classified into two cat-
egories: base substitutions and frameshift 
mutations. These mutations may be pheno-
typically silent (hidden) or expressed (visi-
ble). Research show that radiation increases 
the rate of mutation [12].

 3. The daughter cell survives the mutation and 
may become malignant. If enough mutated 
cells survive, they can undergo rapid cell divi-
sion and form a new growth called a neoplasm 
or a new growth called a tumor. Tumors are an 
abnormal mass of tissue. Sometimes these 
neoplasms can be benign, in other words, not 
harmful to our health. But in other times, they 
can be malignant, what we call cancerous [13].
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2.2.6  Tumor Suppressor Genes

Many genes are activated in our body’s repair 
pathway. Tumor suppressor genes, for instance, 
is a class of genes that encode proteins to control 
cell division and block cancerous cells from pro-
liferating. However, if a tumor suppressor gene is 
lost or mutated with loss of its activity, uncontrol-
lable mitosis is initiated, leading to cancer devel-
opment. So the inactivation of tumor suppressor 
genes is one type of genetic alteration that con-
tributes to tumor genesis. There are many differ-
ent cancer suppressor genes, but an essential one 
is the p53 gene. Mutations of the gene p53 could 
play a role in up to 50% of all cancers, including 
leukemia, brain tumors, breast and colon, and 
lung carcinomas.

Mutations of tumour suppressor genes can 
also be inherited. BRCA1 and BRCA2 are two 
cancer suppressor genes associated with inher-
ited or familial breast cancer. All cells contain 
two copies of BRCA1 and BRCA2 genes. Some 
individuals are born with a specific mutation or 
different mutations in these genes, and they 
develop an increased incidence of breast cancer. 
Individuals who inherit mutations have usually 
one copy of the gene that is not working. If the 
other copy is lost, DNA repair is not possible. 
Moreover, when the cell replicates its DNA dur-
ing cell division, more mistakes enter into that 
replicate. Those mistakes make it more likely that 
the cell will become cancerous.

2.3  Basic Cell and Tissue Biology

The human body contains trillions of cells gener-
ated by repeated division from a single precursor 
cell. They constitute clones. With proliferation, 
some cells become specialized with a different 
structure, chemistry, and function.

More than 200 distinct cell types assemble 
into various tissue types such as epithelial, con-
nective tissue, muscle, and nervous tissue. 
Different cells assemble to form each organ in the 
body. Although these cells often differ markedly, 
they all have similar essential characteristics.

2.3.1  Cell Types

The human body contains approximately 200 dif-
ferent cell types that represent, for the most part, 
discrete and distinctly different categories based 
on histological and morphological characteristics 
and cellular function. Recent subtler techniques 
involving immuno-histology and mRNA expres-
sion reveal new subdivisions of cell types within 
the traditional classification. Different cell types, 
such as neurons and lymphocytes, have the same 
genome, but the structural and functional differ-
ences are so extreme that it is difficult to imagine 
coming from the same cell. Different cell types 
synthesize different sets of proteins.

Differentiated cells have unique proteins with 
specific functions absent in other cells. The 
genome of a cell contains the essential informa-
tion to produce thousands of different proteins 
and RNA molecules in its DNA sequence. A cell 
typically expresses a fraction of these genes, and 
the different types of cells in a human body arise 
from the expression of different sets of genes. 
Moreover, cells can change the genes they 
express in response to signals from other cells or 
the environment.

Different cells perform different functions. 
The most important cellular functions are move-
ment, conductivity, metabolic absorption, secre-
tion, excretion, respiration, and reproduction.

2.3.2  Tissue Types

In the human body, specialized cells of one or 
more types organize into cooperative assemblies, 
the tissues that perform unique functions. 
Different types of tissue compose organs, and 
organs, in turn, are integrated to perform com-
plex functions.

The four major tissue types are epithelial, mus-
cle, connective, and nervous. Some tissues do not 
exist as isolated units but rather in association 
with one another and variable proportions, form-
ing different organs and systems in the body such 
as blood and lymphoid tissues. Such tissue cells 
are in contact with a network of extracellular 
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 macromolecules known as the extracellular 
matrix, which holds cells and tissues together, that 
provides an organized latticework within which 
cells can migrate and interact with one another.

All tissues are further divided into many sub-
types (Table 2.1).

2.3.3  Normal and Neoplastic 
Growth of Cells

Cellular reproduction is usually a tightly con-
trolled process. Social control genes regulate cell 
division, proliferation, and differentiation under 
normal conditions. Certain stimuli and growth 
factors, both physiological and pathological, can 
influence a cell’s reproduction rate. An uncon-
trolled cellular division that serves no purpose is 
called neoplasia. The uncontrolled growth of an 
abnormal cell that serves no purpose will give 
rise to a tumor or neoplasm that can be benign or 
malignant. Transformation is the process by 
which a normal cell becomes a cancer cell.

The common characteristics of cancerous tis-
sue include a local increase in the cell population, 
loss of typical arrangement of cells, variation of 
cell shape and size, increase in nuclear size and 
density of staining, increase in mitotic activity, 
and abnormal mitoses and chromosomes.

Cancer cells produce many substances 
referred to as tumor cell markers. These can be 
hormones, enzymes, gene products, or antigens 
found on tumor cell plasma membrane or in the 
blood, spinal fluid, or urine. Regarding the tissue 
origin of cancer, in children up to 10 years of age, 
most tumors develop from hematopoietic organs, 
nerve tissues, connective tissues, and epithelial 
tissues (in decreasing order). This proportion 
gradually changes with age so that after 45 years 
of age, more than 90% of all tumors are of epithe-
lial origin.

2.3.4  Cell Death

Cell death is essential in maintaining tissue 
homeostasis, embryonic development, immune 
self-tolerance, killing by immune effector cells, 

and regulation of cell viability by hormones and 
growth factors [14, 15].

Deregulation of cell death, however, is a feature 
of disease including cancer, myocardial infarction, 
cerebral stroke, and autoimmunity [14].

Based on the new recommendations of the 
nomenclature committee for cell death, it can be 
regulated and nonregulated. The regulated type is 
represented predominantly by apoptosis but also 
includes other types (Table 2.2).

2.4  Sources, Types, and Effects 
of Ionizing Radiation

2.4.1  Sources of Ionizing Radiation

Our bodies are exposed to radiation in two differ-
ent ways depending on the location of the 
radiation- emitting source. For “external expo-
sure,” radiation comes from a radiation-emitting 
source present outside the body, such as radioac-
tive materials existing on the ground, suspended 
in the air, or attached to clothes or the body’s sur-
face. Conversely, for internal exposure to radia-
tion, radioactive material is present inside our 
bodies. Internal exposure to ionizing radiation 
can come from sources (1) ingested from food or 
drink; (2) inhaled from the air; (3) absorbed 
through the skin (percutaneous absorption); (4) 
from wound contamination, and (5) administered 
of radiopharmaceuticals for medical diagnostic 
imaging or therapeutic purposes. Once radioac-
tive materials enter the body, the body will con-
tinuously be exposed to radiation until the 
radioactive materials are excreted biologically in 
the urine or feces (biological half-life) or as the 
radioactivity weakens over time. The difference 
between internal and external exposure lies in 
whether the radiation source is inside or outside 
the body. The body is equally exposed to radia-
tion in both cases.

Exposure to ionizing radiation comes from 
several natural and man-made sources (Table 2.3). 
Whether the radiation source is natural or artifi-
cial, and independently of the dose of radiation, 
there will be some biological effects. The nuclear 
medicine professional should provide informa-
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Table 2.2 Cell death classification

1. Regulated (programmed, noninflammatory)
   Apoptosis
   Autophagy
   Necroptosis
   Mitotic catastrophe
   Lysosomal-mediated programmed cell death
2. Nonregulated (inflammatory, accidental)
   Necrosis

Table 2.3 Sources of ionizing radiation

Natural sources Man-made sources
External radiation Medical
   Cosmic rays Occupational
   Terrestrial radiation Nuclear power
Internal radiation Nuclear explosions
   Inhalation (radon gas) Nuclear accidents
   Ingestion

tion to the patient and the public about the radia-
tion risks from these sources and compare 
exposure from medical procedures to natural 
sources.

2.4.2  Types of Ionizing Radiation

Incident electromagnetic radiation (X-rays and 
γ-rays) or charged particulate radiation 
(α-particles, β-particles, and neutrons) interact 
with orbital electrons within the cellular atoms 
and molecules to cause their excitation or ioniza-
tion. α-particles are helium nuclei made of two 
protons and two neutrons ejected at high speed, 
while β-particles are electrons ejected from a 
nucleus. Particle beams also include neutron 
beams and proton beams. γ-ray photons are types 
of electromagnetic waves. While α-particles, 
β-particles, and γ-ray photons originate within 
the nucleus, X-ray photons are generated outside 
the nucleus. X-ray photons include 
Bremsstrahlung (braking) X-rays and character-
istic X-rays. Exciting radiations involve raising a 
bound electron to a higher energy state. A low- 
energy particle transfers sufficient energy to 
bump an electron from the atom’s inner to the 
outer shell without removing it from its orbit.

The atom is in a higher energy state and is 
thus, called excited. The displaced electron 
promptly returns to the lower-energy shell, 
releasing its recently acquired energy as charac-
teristic X-ray in a process called de-excitation. 
Ionizing radiations can create an ion pair follow-
ing the electron ejection process. Ionization 
occurs when the radiation has sufficient energy to 
overcome the electron’s binding energy and com-
pletely eject it from its orbit. The ejected electron 
may be sufficiently energetic to cause secondary 
ionizations on its own. Such an electron is called 
a delta γ-ray. The vacancy or positive electric 
charge in the host atom makes it very reactive. It 
will be easily attracted and interact with atoms 
having an excess negative charge. The irradiation 
of cellular material with such ionizing radiation 
gives rise to a flux of energetic secondary parti-
cles (electrons). These unbound secondary elec-
trons migrate away from their production site and 
perturb the surrounding medium by giving up 
their energy through a series of interactions with 
other atoms and molecules.

Charged particles have high kinetic energy 
and can ionize matter directly. They deposit 
energy in the medium through direct Coulomb 
interactions with the orbital electrons of atoms in 
the absorber. In particular, α-particles have a high 
ionization density, causing ionization at a density 
hundred times as high as that of β-particles.

Indirectly ionizing radiation consists of 
uncharged, neutral particles such as X-ray or 
γ-ray photons which ionize matter indirectly 
using secondary electrons generated through 
their interaction with the substances. They 
deposit energy in the absorber through a two-step 
process. The neutral particle releases a charged 
particle in the absorber. Furthermore, the pro-
duced particle deposits partially or completely its 
kinetic energy in the absorber through Coulomb 
interactions with the orbital electrons. Energy 
transfer from the primary radiation beam to bio-
logical targets is constantly via the flux of sec-
ondary electrons produced, irrespectively of the 
nature of the primary radiation (charged particles 
and electromagnetic waves). These unbound and 
energetic secondary electrons can migrate away 
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from their production site and perturb the sur-
rounding medium by giving up their energy 
through a series of interactions with other atoms 
and molecules. This energy absorption process 
gives rise to free highly reactive and unstable 
radicals, and it is the subsequent chemical inter-
action involving these are the true causative of 
radiation damage.

The energy from ionizing radiations is not 
deposited uniformly in the absorbing medium. 
When α- and β-particles or X- and γ-rays interact 
with matter, they transfer their energy heteroge-
neously and generate thus, clusters of ionization 
within a few nanometers diameter range, i.e., 
high-density ionization [16]. For energy deposi-
tion below 100  eV, spurs are produced. They 
involve, on average, three ion pairs within a 
diameter of about 4 nm. For an energy level rang-
ing between 100 to 500  eV, blobs with 12 ion 
pairs within a diameter of about 7  nm are pro-
duced. Blobs are groups of overlapping spurs. 
For X-rays and γ-rays, 95% of the energy deposi-
tion events are spurs, whereas blobs remain less 
frequent [16]. These ionization clusters have 
dimensions similar to the DNA double helix 
diameter (about 2.5 nm) and can cause multiple 
radical attacks if they overlap the DNA helix. 
Thus, these locally multiplied damage sites could 
lead to considerable local damage, including 
DSBs, SSBs, and base damage.

External exposure to α-particles does not 
cause harmful effects on the body. α-particles 
cannot penetrate the skin layer because their pen-
etrating distance is about several tens of microm-
eters. However, internal exposure to radioactive 
material that emits α-particles causes large 
amounts of ionization clusters within tissues, 
providing concentrated energy.

Ionization clusters can significantly damage 
DNA and have strong biological effects. 
β-particles cause direct ionization, but because of 
their low ionization density, their biological 
effects are less catastrophic than those of 
α-particles. β-particles have a penetrating dis-
tance of about several millimeters and could 
affect the skin and subcutaneous tissues. 
β-particles can cause burn-like symptoms when 

doses are very high, but they do not reach deep 
into the body. γ-rays and X-rays reach deep 
organs and tissues because of their high penetrat-
ing power. Nevertheless, because of their low 
ionization density, their biological effects are 
similar to those of β-particles.

On the other hand, in the case of internal expo-
sure, all radioactive materials emitting α-particles, 
β-particles, or γ-rays could strongly affect cells 
within the body. Given the distance α-particles 
travel, their effects are visible on tissues contain-
ing the radioactive materials. However, due to 
their significant biological effects, caution is 
required with internal exposure.

2.4.3  Biochemical Effects 
of Exposure to Ionizing 
Radiation

Biological damage occurs due to chemical 
changes caused by ionization at the cellular level. 
Cell materials can be affected by ionizing radia-
tion either directly or indirectly [16] (Fig. 2.3).

The two mechanisms of ionizing radiation 
effects on DNA: the direct, or target, mechanism 
and the indirect, through the production of free 
radicals that consequently cause damage.

2.4.3.1  Direct Effect
Direct effects of ionizing radiation occur when 
radiation ionizes atoms in DNA molecules or 
some other parts of the cell critical to its survival. 
The direct effect of ionizing radiation acts by 
direct collisions with target atoms. All atoms or 
molecules within the cells, such as enzymatic and 
structural proteins and RNA, are vulnerable to 
ionizing radiation injury. DNA, however, is the 
principal target [16]. If enough atoms are affected 
such that the chromosomes do not replicate prop-
erly, or if there is a significant alteration in the 
information carried by the DNA molecule, then 
the cell may be destroyed by “direct” interference 
with its life-sustaining system.

Charged particles with sufficient energy, e.g., 
electrons, interact directly with cellular compo-
nents (atoms, molecules) without an intermedi-
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Fig. 2.3 Direct and indirect effects of radiation on DNA

ary step. The charged particle can continue 
interacting with other cellular atoms or molecules 
until all its kinetic energy is lost. Such interaction 
may ionize or excite the atoms and initiate a 
chain of events leading to a biological change and 
affecting the ability of the cell to reproduce and, 
thus, survive. The recoil electron directly ionizes 
the target molecule by creating ions that can 
physically break either the sugar–phosphate 
backbone of the DNA or its base pairs, thus 
affecting the ability of the cell to reproduce and 
ultimately survive. Luckily, ionizing radiation 
rarely interacts directly with DNA molecules as 
they occupy only a tiny fraction of the cell. In 
typically oxygenated cells, the direct effect of 
ionizing radiation accounts for about one-third of 
the damage for low LET radiations (such as elec-
trons and photons).

2.4.3.2  Indirect Effect
Indirect effects of ionizing radiation are more fre-
quent to occur. The indirect effect remains the 
leading cause of radiation damage, with about 
two-thirds of the biological damage. It is pre-
dominant with low linear energy transfer (LET) 
radiation, e.g., X-rays and γ-rays. At the same 
time, direct action is dominant with high LET 
radiation, e.g., charged particles (α- and 
β-particles) and neutrons. Indirect action of ion-
izing radiation involves radiation effects on 
atoms or molecules which are not constituent 
parts of the biological target. The probability of 
radiation interaction with DNA is minimal since 
it only represents a small cell fraction. As water is 
the main component of cells, there is a much 
higher probability that the recoil electron will 
interact with the water molecules.
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The indirect effect of ionizing radiation occurs 
when an uncharged particle, e.g., photons, forms 
a free radical through water radiolysis of the cel-
lular water molecule. When ionizing radiation 
interacts with a water molecule, the energy 
absorbed by the water molecule results in the 
breakage of the bonds holding the molecule 
together and in the formation of ion pairs such as 
hydrogen (H) and reactive oxygen metabolites 
such as hydroxyl radicals (OH) (Fig. 2.3). If oxy-
gen atoms are present in the medium, other more 
aggressive free radicals such as hydroperoxyl and 
hydrogen peroxide can form. Free radicals are 
uncharged molecules carrying an unpaired 
valence electron in the outer shell. This state is 
associated with a high degree of chemical insta-
bility and makes them highly chemically reac-
tive. Free radicals may recombine or interact with 
other fragments or ions to form compounds, such 
as water, without harming the cell. Free radicals 
would also quickly bond to other atoms or mole-
cules, creating toxic substances like hydrogen 
peroxide (H2O2), contributing to apoptosis. Free 
radicals can also diffuse far enough to reach the 
critical target and produce chemical modifica-
tions and harmful effects. For the indirect action 
of X-rays, for example, the chain of events, from 
the absorption of the incident X-ray photon to the 
final observed biologic effect, may be described 
as follows:

 1. When X-ray photons interact with water, two 
types of free radicals can be formed:

 
H H hydrogen OH hydroxy⋅ ⋅ ⋅→ ( ) + ( ).  

 2. The presence of an excess of oxygen during 
cells irradiation allows the formation of addi-
tional free radicals and increase biological 
damage:

 
R O RO highly toxic. . .+ → ( )2 2  

H O HO hydroxyperoxy free radicals. . .+ → ( )2 2

 
HO HO H O highly toxic O2 2 2 2 2

. . .+ = ( ) +  

It is worth noting that antioxidants block 
hydroxyl-peroxy free radical combination 
into the highly unstable hydrogen peroxide.

 3. Those highly toxic free radicals will induce 
chemical changes in the DNA structure from 
breaking its bonds, leading to severe biologic 
damages.

2.5  Cellular Effects of Exposure 
to Ionizing Radiation

To understand the biological effects of radiation 
exposure, it is thus essential, to begin with, a 
description of the different cellular lesions such 
as DNA damages (i.e., breaks) (Fig. 2.4) which 
will lead to cellular injury if not repaired as well 
as genomic instability and cancer.

2.5.1  Radiation-Induced DNA 
Strand Breaks

Ionizing radiation induces many DNA lesions, 
most of which are repaired successfully by the 
cell. Ionizing radiation can cause DNA lesions 
directly (the recoil electron directly ionizes the 
target molecule) or indirectly (the recoil electron 
interacts with water to produce an OH. free radi-
cal, which diffuses and interacts with the target 
molecule, here DNA). A dose of radiation caus-
ing one lethal event per cell (on average) leaves 
37% of irradiated cells still viable; this is called 
the D0 dose. For mammalian cells, the X-ray D0 
dose usually lies between 1 and 2 Gy. The num-
ber of DNA lesions per cell detected immediately 
after exposure to 1 mGy of X-rays (the equivalent 
of 1 mSv) is on average equal to 1 single-strand 
break at one location per cell. Double-strand 
breaks occur less frequently, at 0.04 locations per 
cell, which means that if 100 cells are evenly 
exposed to 1  mGy of X-rays, double-strand 
breaks occur in four cells (Table 2.4) [17].

Irradiated cells with a modest dose of X-rays, 
many breaks of a single-strand occur. By con-
trast, if the breaks in the two strands are opposite 
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Fig. 2.4 DNA lesions: DNA strand breaks and base loss

Table 2.4 Radiation-induced DNA damages

Damage per 1 mGy of X-rays 
(per cell)

Averaged number of 
DNA lesions

Base damage 2.5
Single-strand breaks 1.0
Double-strand breaks 0.04
DNA–DNA crosslinks 0.03

one another or separated by only a few base pairs, 
this may lead to a DSB (double-strand break), 
resulting in chromatin cleavage into two pieces. 
DSBs are believed to be the principal lesions pro-
duced in chromosomes by radiation [18].

The interaction of two DSBs can cause cell 
killing, carcinogenesis, mutations, or genetic 
effects. There are many kinds of DSBs. They 
vary in the distance between the breaks on the 
two DNA strands and the types of end groups 
formed. The DSB yield in irradiated cells is about 
0.04 times that of SSBs, and they are induced lin-
early with dose, indicating that single tracks of 
ionizing radiation form them. And, if breaks from 
both free radicals and direct ionizations occur in 
both directly opposed strands or separated by 
only a few base pairs, this could induce a double- 
strand break in which the chromatin snaps into 
pieces.

While the number of DNA lesions generated 
by irradiation is large, there are several mecha-
nisms for DNA damage repairing or eliminating 
the damaging compound. As a result of cells tre-

mendous ability to repair the damage, not all 
radiation effects are irreversible, and the percent-
age of lesions evolving into cell apoptosis is low. 
Multiple enzymatic mechanisms for detecting 
and repairing radiation-induced DNA lesions are 
triggered. They play an essential role in the 
recovery of cells from radiation and other damag-
ing agents. SSBs have little biologic consequence 
as far as cell killing is concerned because they are 
repaired readily using the excision repair 
mechanism.

On the other hand, DSBs are much more dif-
ficult to repair and also much more dangerous. 
They represent the principal lesion that, if not 
adequately repaired, can generate lethal chromo-
somal aberration and lead to cell death. The 
homologous recombination (HR) and the nonho-
mologous end-joining (NHEJ) are the two pri-
mary repair pathways for DSBs [4, 8, 9].

Alternatively, inaccurately repaired DSB may 
result in mutations or genomic rearrangements in 
a surviving cell. In turn, it can lead to genomic 
instability and subsequently result in malignant 
cell transformation [19].

2.5.2  Radiation Induced Cell Injury

In general, an injury with a high chance of repair 
is sublethal, repaired with treatment is potentially 
lethal, and permanent is considered lethal. The 
nucleus is relatively more radiosensitive than the 
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cytoplasmic structures. Nuclear changes after 
radiation include swelling of the nuclear mem-
brane and disruption of chromatin materials. 
Cytoplasmic changes include swelling, vacuol-
ization, mitochondria disintegration and 
 endoplasmic reticulum disintegration, and reduc-
tion in the number of polysomes [20, 21].

Depending on the radiation dose and the sub-
cellular changes, along with the previously 
described factors, the potential effects on the cell 
may vary [20] (Table  2.5). Radiation dose is 
expressed as the absorbed energy by the irradi-
ated tissue. After exposure to ionizing, cellular 
injury occurs in one of the following forms [22]:

 1. Division delay: After exposure to 0.5–3 Gy of 
radiation, delayed mitosis is observed; how-
ever, near-normal restoration of mitotic activ-
ity is achieved following several generations.

 2. Reproductive failure: The failed mitotic activity 
is permanent, and eventually, cell death follows. 
This is observed linearly after exposure to more 
than 1.5 Gy. Below this level, the reproductive 
failure is random in nature and nonlinear.

 3. Interphase death: Apoptosis, or programmed 
cell death, is defined as a particular set of 

microscopic changes associated with cell 
death. Radiation-induced apoptosis is highly 
related to the type of involved cell. 
Lymphocytes, for example, are highly suscep-
tible to radiation by this mechanism.

2.5.3  The Bystander Effect 
and Genomic Instability

Radiation effects have been observed to an extent 
beyond that explained by effects exerted on 
directly irradiated cells. Cells in temporal or spa-
tial distance from the initial radiation insult have 
been shown to have delayed effects of radiation. 
Two phenomena are described: The Bystander 
Effect and the Genomic Instability.

The Bystander effect refers to the radiation 
damage induced in cells within an organ or the 
whole body that have not been directly exposed 
to radiation. In other words, a cell that a charged 
particle has not traversed is damaged as a result 
of radiation interactions occurring in neighbor-
ing cells [23–25]. A possible explanation is that, 
through cell-to-cell interaction, the directly irra-
diated cells communicate with adjacent cells 
(local level), which may elicit a response from 
the latter and spread the effect of radiation to a 
more significant number of cells and distant 
organs (long-range abscopal level). The mecha-
nism is not clearly understood, and the overall 
relevance is currently difficult to gauge; how-
ever, gap junctional intercellular communica-
tion [26] or release of soluble factors (such as 
cytokines) [27] from irradiated cells is 
presented.

The Bystander effect has been mainly 
described for densely ionizing radiation such as 
charged α-particles [28, 29]. However, it has also 
been observed in low LET radiation (such as 
X-rays or γ-rays). Low LET radiation amplifies 
the overall radiation effect, making the overall 
radiation risk higher than expected from consid-
erations of the gross response exhibited by those 
cells that have been directly irradiated. Bystander 
(nontargeted) and directly irradiated cells show a 
similar type of DNA damage, mutation and carci-
nogenesis [24].

Table 2.5 Types of cellular damage in relation to approx-
imate radiation dose

Dose grays 
(rads) Type of damage Comments
0.01–0.05 
(10–50)

Mutation 
(chromosomal 
aberration, gene 
damage)

Irreversible 
chromosome 
breaks, may 
repair

1 (100) Mitotic delay, 
impaired cell 
function

Reversible

3 (300) Permanent mitotic 
inhibition, impaired 
cell function, 
activation and 
deactivation of 
cellular genes and 
oncogenes

Certain functions 
may repair; one 
or more 
divisions may 
occur

>4–10 
(>400–
1000)

Interphase death No division

500 
(50,000)

Instant death No division
Proteins 
coagulate
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Maximal radiation-induced genetic damage is 
formed shortly (minutes to hours) after radiation 
exposure. Nevertheless, it has been observed that 
the irradiated cells and descendants may show 
delayed effects. Cells that sustain nonlethal DNA 
damage show an increased mutation rate in 
descendants several generations after the initial 
exposure [30]. Delayed effects include delayed 
reproductive death up to six generations follow-
ing the primary insult [31].

2.6  Factors Affecting Radiation 
Hazards

2.6.1  Factors Related to Ionizing 
Radiation

Radiation injury is a function of the ionizing radi-
ation type and the target tissue. Specific factors 
related to radiation itself determine the various 
effects of the same radiation dose on biological 
organs.

 1. Type of Radiation
Electromagnetic and particulate (charged 

and uncharged) ionizing radiation have dif-
ferent ionizing properties. They differ in 
penetrability based on their LET, which 
expresses energy loss per unit distance trav-
eled (kilo electron volts per micrometer). 
The linear energy transfer (LET) is high for 
α-particles, lower for β-particles, and less for 
γ-rays and X-rays. α-particles are the least 
penetrating but induce severe cellular dam-
age. β-particles travel a longer distance, and 
γ-rays are the most penetrating type of ion-
izing radiation.

 2. Mode of Administration
The radiation dose is an essential factor. In 

addition, a single dose of radiation causes 
more damage than the same dose being 
divided (fractionated). Collectively these two 
factors are expressed as dose per fraction.

 3. Dose Rate
Dose rate expresses the time for which 

dose is administered. If the same total dose is 
administered over a more extended period, the 

cellular repair is improved, and cellular dam-
age becomes negligible.

2.6.2  Factors Related to Biological 
Target

Certain properties of tissues and cells can signifi-
cantly modify the biological effects of ionizing 
radiation.

2.6.2.1  Cell-Cycle Phase
Normal cells are cycled through five physiologi-
cal phases: the pre-DNA synthetic phase (G1), 
the DNA synthetic phase (S), the post-DNA syn-
thetic phase (G2), mitosis (M), and the more 
recently identified phase of no growth (G0), cor-
responding to the time after mitosis to the start of 
the G1 phase [32].

• The G0 phase is a latent phase. Cells are pre-
pared to be recruited into the reproductive 
cycle, the G1 phase.

• The G1 phase is the first active phase of the 
reproductive cycle. In this phase, the cells syn-
thesize RNA, enzymes, and proteins in antici-
pation of entering subsequent phases of the 
reproductive cycle.

• The S phase follows the G1 phase. The pre-
dominant event in this phase is the synthesis 
of DNA. At the end of the S phase, the cells 
contain twice the original amount of DNA.

• The G2 phase follows the S phase. During the 
G2 phase, the mitotic spindle essential for cell 
division is created. In the mitotic phase, the M 
phase, cell division takes place.

Ionizing radiation can affect all phases of the 
cell cycle with different radiosensitivity. Cells are 
most radiosensitive in the G1, G2, and M phases, 
respectively. They are most radioresistant in the S 
phase. Irradiation during the G2 phase retards the 
onset of cytokinesis. Irradiation during mitosis 
induces chromosomal aberrations. For a given 
cell cycle, radiation injury also differs from one 
cell type to another by altering radiation injury. 
For example, the reproductive cells have higher 
radiation sensitivity during the M phase, whereas 
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DNA synthesis and chromosome lesions occur 
during the G2 phase.

Recovery from sublethal injury happens in all 
phases of the cell cycle. However, this is more 
important in the S phase, which is also the most 
radioresistant phase. Exposed cells to radiation in 
the G0\G1 phase of the cell cycle tend to cease 
their progression into the G2\M phase. G2 syn-
chronization produces a cluster of radiosensitive 
cells. A second hit within a time frame of 5–12 h 
leads to a higher proportion of deleterious effects 
[33]. The latter happens for radioisotopes with 
sequential α or β decay as in 90Sr\90Y [33].

2.6.2.2  Cell Radiosensitivity
The degree of cell sensitivity is directly related 
to the reproductive capacity of cells and tissues, 
thus stem cells (germ cells are more radiosensi-
tive than mature differentiated cells. In 1906, 

one of radiology’s most important discoveries 
was made: the law of Bergonié and Tribondeau, 
which states that “the Radiosensitivity of a tissue 
is directly proportional to its reproductive capac-
ity and inversely proportional to its degree of dif-
ferentiation” [34]. Although all cells can be 
affected by ionizing radiation, normal cells and 
their tumors vary in their sensitivity to 
radiation.

Radiosensitivity varies in function of the 
mitosis rate and cellular maturity. Rapidly divid-
ing cells are more radiosensitive than cells that do 
not divide. And, undifferentiated cells are more 
radiosensitive than the mature cells that have spe-
cialized in function (Fig.  2.5). For example, 
undifferentiated hematopoietic cells in bone mar-
row proliferating from stem cells and differenti-
ating into various blood cells are susceptible to 
radiation. They die after exposure to a small 

Active cell
division

Mature cartilage
Mature bones
Respiratory organs
Pancreas
Adrenal Gland
Pituitary gland
Muscle
Brain
Spinal cord

No cell
division

High radiosensitivity
Hematopoietic system
bone marrow and lymphatic tissues
Reproductive system
testes and ovaries
 Gastrointestinal system
mucuous membrane and small-
intestinal villus
Skin and other organs with
epithelial cell lining
cornea, oral cavity, oesophagus,
rectum, bladder, vagina, uterine
cervix and ureters

Intermediate radiosensitivity
Optic lens
Stomach
Growing cartilage
Fine vasculature
Growing bone
Kidneys
Liver
Salivary glands
Thyrold gland
Low radiosensitivity

Fig. 2.5 Organs and 
tissues radiosensitivity
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amount of radiation. As a result, the supply of 
blood cells is suspended, and the number of vari-
ous types of cells in the blood decreases. In addi-
tion, the epithelium of the digestive tract is 
constantly metabolized and is also highly sensi-
tive to radiation. On the other hand, nerve tissues, 
muscle tissues, and parathyroid cells are highly 
radioresistant. They no longer undergo cell divi-
sion at the adult stage and are known to be resis-
tant to radiation (Fig. 2.5).

2.6.2.3  Effect of Radiation Dose on Cell 
Dynamics

Exposure of highly dividing cells to high dose 
radiation would severely delay cell division activ-
ity. The mitotic rate is affected for an extended 
period before going back to normal. Exposure of 
highly dividing cells to moderate doses of radia-
tion would delay mitotic activity on average for 
an intermediate period. Subsequently, the mitotic 
activity is moderately increased shortly before 
returning to normal. Moreover, exposure of 
highly dividing cells to low dose radiation would 
lead initially to a mild delay in cells mitotic activ-
ity followed by a short period of increased mito-
sis before the mitotic rate returns to normal.

2.6.2.4  Repair Capacity of Cells
Some cells have a higher capacity than others to 
repair the damage caused by ionizing radiation. 
Thus, the biological effects of the same radiation 
dose differ from one cell to the other. A signifi-
cant repair occurs quickly, within 3 h. However, 
malignant cells have a decreased capacity to 
repair radiation damage.

2.6.2.5  Degree of Tissue Oxygenation
Molecular oxygen potentiates radiation 
response; this is called the oxygen effect. The 
amount of present molecular oxygen rather than 
the rate of oxygen utilization by the cells is the 
most critical factor to increase cellular radiation 
sensitivity. The probable mechanism is the 
allowance of additional free radicals, which 
enhance the damage of cells [21]. The free radi-
cals produced due to direct or indirect effects of 

ionizing radiation are highly reactive will inter-
act with other molecules to share electrons. 
Molecular oxygen (O2) has two unpaired elec-
trons and can thus directly interact with free 
radicals, leading to DNA damage by the indirect 
chain of reactions.

2.7  Biological Effects 
of Exposure to Ionizing 
Radiation

The effects of ionizing radiation on the human 
body depend on several factors, such as the nature 
of the effect and the timing after exposure. 
Biological effects due to exposure to ionizing 
radiation are variable and inconsistent. They can 
appear early (short term) or delayed (long term), 
be somatic or hereditary, and stochastic or deter-
ministic types of effects (Fig. 2.6). Effects symp-
toms that appear within several weeks are acute 
(early) effects, while effects that develop after a 
relatively long time are called late effects. In par-
ticular, it takes several years to decades until a 
person develops cancer. Radiation effects can 
also be classified in the difference in mechanisms 
of how radiation effects appear, i.e., deterministic 
effects and stochastic effects.

Deterministic effects manifest themselves 
with a severity that is dose-related. They do not 
appear unless exposed to radiation exceeding a 
certain level of radiation dose after which the 
response is dose-related: a threshold value. Most 
of the deterministic effects represent acute disor-
ders whose symptoms appear within several 
weeks after exposure. And, mostly known deter-
ministic effects are radiation-induced lung fibro-
sis and cataract.

On the other hand, stochastic effects refer to 
random and unpredictable effects usually follow-
ing chronic exposure to low-dose radiation. Their 
incidence cannot be denied entirely, even with 
low-dose exposure. Stochastic effects are dose- 
related, but the severity of the resultant condition 
is not related to the received dose. Thus, their 
management is generally on the safe side under 
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Biological Effects

Timing of Effect Nature of Effect

Early
(deterministic)

Delayed
(Stochastic)

Hereditary Somatic

Carcinogenesis

Somatic Effect
other than

Carcinogenesis

Fig. 2.6 The various biological effects of ionizing radiation

Table 2.6 The timescales of radiation effects

Action Approximative timescale
Initial ionizing event 10−18 s
Transit of secondary 
electrons

10−15 s

Production of ion radicals 10−10 s
Production of free radicals 10−9 s
Chemical changes 10−5 s
Individual cell death Hours–months
Gross, biological effects Hours–years

the assumption that there is no threshold value. 
Genetic effects and carcinogenesis following 
diagnostic imaging are stochastic.

Effects can be classified into early or determin-
istic, which have a threshold, and delayed or sto-
chastic, with no threshold. Effects are also 
classified into somatic and hereditary. The somatic 
include early and delayed effects (cancer).

2.7.1  Timescales of Radiation 
Effects

At the cellular scale, the initial ionization events 
are the precursors to a chain of subsequent events 
that may eventually lead to the biological and 
clinical, at the macroscopic scale, manifestation 
of radiation damage. Although the chemical 
changes may appear to operate over a short time, 
about 10−5 s, this period is a factor of 10−18 longer 
than the time taken for the original particle to tra-
verse the cell nucleus. Thus, there is a relatively 
long period during which chemical damage is 
inflicted (Table  2.6). Cell death in individual 
lethally damaged cells takes place later, within an 

hour to 1 day, usually at the point when the cell 
subsequent attempts to enter mitosis. Clinically 
observable radiation effects result from the whole-
sale functional impairment that follows from 
lethal damage being inflicted on many cells or 
critical substructures. It takes some time until the 
reaction occurring at the cellular level develops 
into clinical symptoms at an individual level, and 
the timescale of the whole process may extend to 
months or years. This period is called the incuba-
tion period. Thus, in clinical studies, any deleteri-
ous health effects of a radiation procedure may 
not be seen until long after the diagnostic test or 
treatment has been completed (Table 2.6) [35].
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Harmful

Linear no threshold model Threshold model Hormetic model

Beneficial
Low High Low LowHigh High

Fig. 2.7 Comparison between three different dose–
response models. The dashed line represents health effects 
in the absence of radiation. Y- and X-axes represent health 

effects and radiation dose, respectively. (Reproduced from 
Ernst et al. [36] with permission)

2.7.2  Dose–Response Models

Many models predict relationships between the 
radiation dose and the effect of radiation expo-
sure to a biological target. However, these models 
differ due to different underlying assumptions. 
Figure 2.7 illustrates three models describing the 
response of a biological system to various radia-
tion doses.

 1. Linear No-Threshold Model
This model assumes that any level of radia-

tion is harmful and that the risk increases lin-
early with increments of dose. It is applied for 
radiation protection purposes to limit the risk 
to workers in radiation fields.

 2. Threshold Model
This model assumes that radiation risk is 

linearly related to the dose; however, this 
occurs if the received dose is above the thresh-
old level. There is no risk expected below the 
threshold level. The theory behind the thresh-
old level is that some degree of cellular dam-
age should accumulate and produce cell 
damage.

 3. Hormesis Model
In this model, there is a bimodal effect of 

radiation. Below a certain threshold level, 
radiation is protective. Harmful effects hap-
pen only when above the threshold dose level. 
The rationale is that radiation at low levels 

induces protective cellular mechanisms which 
prevent DNA damage from occurring sponta-
neously or due to other stresses [37, 38]. 
Figure 2.8 presents the scheme of the dose–
response function (Reproduced with permis-
sion from Feinendegen [39]).

2.7.2.1  Deterministic Radiation Effects
Deterministic effects are nonrandom and have a 
highly predictable response to radiation. Even if 
some cells die due to exposure to a small amount 
of radiation, clinical symptoms do not appear if 
tissues and organs can fully function with the 
remaining cells. When the radiation increases 
and more cells die, relevant tissues and organs 
suffer temporary dysfunction, and some clinical 
symptoms may appear. However, such symptoms 
improve when normal cells proliferate and 
increase in number.

When cells in tissues or organs are damaged 
severely due to a large amount of radiation, this 
may lead to permanent cell damage or morpho-
logical defects. In this manner, there is a specific 
exposure dose above which symptoms appear 
and under which no symptoms appear for deter-
ministic effects due to cell deaths. Such dose is 
called the threshold dose.

Acute Disorders
Clinically observed radiation effects in whole tis-
sues or organs reflect the damage inflicted to 
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Fig. 2.8 Low-dose (low 
LET)-induced adaptive 
protection changes

large numbers of constituent cells and, thus, 
appear on a timescale which is mainly governed 
by the underlying proliferation rates of those 
cells. Early (or acute) effects appear within days, 
weeks or months of irradiation. They are associ-
ated with fast-proliferating, i.e., undifferentiated 
cells of irradiated tissues or organs. They are 
acute with transient disruption of the integrity 
and function of affected tissues or organs. If the 
doses are relatively low, the stems cells will be 
able to differentiate shortly after exposure. 
Damaged tissues and organs will heal with a re- 
established function at least partially.

Local Exposure Effects
When enough radiation is delivered locally to a 
particular tissue or organ, as in the case of radia-
tion therapy, which focuses on a specific field, 
acute effects can appear in the exposed area. 
Examples include skin erythema and gastrointes-
tinal edema, and ulceration.

Whole-Body Exposure Effects
Following exposure to a large, single, short-term 
whole-body dose of ionizing radiation, the result-
ing injury is a rapid whole-body response called 
the Acute Radiation Syndrome (ARS) and is 
expressed as a series of clinical symptoms. 
Radiation exposure at levels exceeding 1 Gy at 
one time may cause effects on the human body 

due to cell deaths. Organs susceptible to radiation 
are more likely to be affected by a small amount 
of radiation. This series of disorders in organs is 
called Acute Radiation Syndrome (ARS). The 
sequence of events can be generally divided into 
four clinical periods (Fig. 2.9).

 1. The prodromal period: symptoms appear 
within 48  h after the exposure. Exposure to 
radiation exceeding 1  Gy may cause loss of 
appetite, nausea and vomiting, and exposure to 
radiation exceeding 4  Gy may cause head-
aches. When exposure doses exceed 6 Gy, such 
symptoms as diarrhea and fever may appear.

 2. The incubation period, from 48 h to 2–3 weeks 
after exposure, when the patient becomes 
asymptomatic.

 3. The manifest or onset phase, from week 6 to 
week 8 after exposure, when variable symp-
toms appear based on the radiation dose. 
Disorders appear in the hematopoietic organ, 
gastrointestinal tract, and nerves and blood 
vessels, in this order, as doses increase. 
Disorders mainly appear in organs and tissues 
susceptible to radiation. In general, the larger 
the exposure dose, the shorter the incubation 
phase.

 4. The recovery period: If the patient survives, 
recovery occurs from 6  weeks to several 
months after exposure.
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Fig. 2.9 Acute radiation 
syndrome effects upon 
exposure to radiation

The presentation of these periods and their 
duration depend on the amount of radiation expo-
sure. In general, about half of those who receive 
doses of 2  Gy suffer vomiting within 3  h, and 
symptoms are rare after doses below 1 Gy. With a 
sufficiently high radiation dose, acute radiation 
sickness may result. Additional symptoms related 
to specific organ injury may occur, based on the 
dose, and are divided according to the known 
acute radiation syndromes:

 1. Radiation Sickness
The symptoms can be mild, such as loss of 

appetite and mild fatigue, or evident only on 
laboratory tests with mild lymphopenia (sub-
clinical), or maybe severe, appearing as early 
as 5 min after exposure to very high doses of 
10 Gy or more and also include fatigue, sweat-
ing, fever, apathy, and low blood pressure. 
Lower doses delay the onset of symptoms and 
produce less severe symptoms or a subclinical 
syndrome that can occur with doses of less 
than 2 Gy to the whole body, and recovery is 
complete with 100% survival.

 2. Hematopoietic (Bone Marrow) Syndrome
A blood cells number decrease due to dete-

rioration of hematopoietic capacity may occur 
at higher doses of more than 1.5–2 Gy to the 
whole body. With doses up to 4 Gy, a radia-

tion prodrome is seen, followed by a latent 
period of up to 3 weeks. The clinical effects 
are not seen for several weeks after the radia-
tion dose when anemia, petechiae, increased 
blood pressure, fatigue, ulceration in the 
mouth, epilation, purpura, or infection appear. 
At doses on the order of 4–8 Gy, a modified 
bone marrow syndrome occurs. The latest 
period is shortened, and the manifest illness is 
aggravated. Death is possible due to bleeding 
with exposure in this dose range.

 3. Gastrointestinal Syndrome
This syndrome occurs with still higher 

doses of 6–10 Gy, which can cause manifesta-
tions related to the gastrointestinal tract in 
addition to those of the bone marrow syn-
drome. Initially, loss of appetite, apathy, nau-
sea, and vomiting occur for 2–8  h. These 
effects may subside rapidly. Malaise, anorexia, 
nausea, vomiting, high fever, persistent diar-
rhea, abdominal distention, and infections 
appear several days later. During the second 
week of irradiation, severe dehydration, 
hemoconcentration, and circulatory collapse 
may be seen, eventually leading to death.

 4. Central Nervous System Syndrome
The central nervous system is generally 

resistant to radiation effects. A dose higher 
than 10  Gy is required to cause substantial 
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effects on the brain and the nervous system. 
Symptoms include intractable nausea and 
vomiting, confusion, convulsions, coma, and 
absent lymphocytes. The prognosis is poor, 
with death in a few days.

In most types of radiotherapy, the late effects 
are considered to be most critical and generally 
limit the total dose that may be delivered to the 
tumor. If the radiation tolerance of the late- 
responding tissues is exceeded, then the subse-
quent reactions, depending on the tissues in 
which they arise, may seriously affect mobility 
and quality of life and may even be life- 
threatening. Such problems arise long after the 
completion of treatment and are, thus, impossible 
to correct. Although they may be unpleasant, 
acute reactions in radiotherapy are usually tran-
sient and easier to control by adjusting the treat-
ment dose delivery pattern and simple medication. 
In radionuclide therapies, it is possible to circum-
vent acute radiation toxicities once they begin to 
occur, such as by accelerating clearance of the 
radiopharmaceutical.

Delayed Effects

Fetal Disorders
Deterministic effects include fetal effects with a 
shallow threshold dose. Radiation exposure dur-
ing pregnancy passes through the womb to the 
unborn child, who may also be exposed. The 
embryonic stage is one of the most radiosensitive 
stages in the life of any organism, and the inci-
dence of effects has time specificity.

The classical triad of effects of radiation on 
the embryo is growth retardation, embryonic, 
fetal, or neonatal death, and congenital malfor-
mation. The probability of finding one or more 
of these effects depends upon radiation dose, the 
dose rate, and the stage of gestation at exposure. 
The stage of development is critical since the dif-
ferentiated organ will be most vulnerable; this 
determines the type of abnormality or malforma-
tion observed. The effect of exposure to radia-
tion exceeding 0.1 Gy during the germinal stage 
or pre-implantation period, first 2 weeks of con-
ception, is an all-or-none effect leading to 

embryo abortion. Following this period and up 
to 8  weeks, the possibility of miscarriage 
decreases, but the embryo is very vulnerable to 
dysplasia (malformations). Radiation exposure 
above 0.1  Gy during the embryonic period (or 
organogenesis period) when the cerebrum is 
actively growing (early fetal period) poses risks 
of mental retardation, congenital malformation, 
as well as organ- specific effects. For example, 
radioactive iodine administered to a pregnant 
mother who passed 10–13  weeks of gestation 
will cross the placenta and accumulate in the 
already formed fetal thyroid. A summary of the 
possible effects of irradiation at various stages of 
gestation is shown in Table  2.7. The develop-
ment of cancer at an early age is controversial. 
Risks of stochastic effects such as cancer or 
hereditary disorders also increase depending on 
exposure dose levels. Studies have suggested an 
increased risk of hematopoietic and solid tumors 
at an early age [40].

However, a comparison between individuals 
whose parents were exposed to radiation during 
the atomic bombing of Hiroshima and Nagasaki 
and those whose parents were not showed any 
significant differences in a large number of vari-
ables, including congenital effects, stillbirths, 
and cancer at an early age.

Leukemia and Cancer
Cancer is an essential concern of radiation. It has 
been recognized for more than 90 years that ioniz-
ing radiation causes cancers. Highly proliferating 

Table 2.7 Effects of radiation on the unborn child

Stage of 
gestation (days) Possible effects
1–9 Death of embryo is most likely, with 

little chance of malformation
10–12 Reduced lethal effect with still little 

chance of malformation
13–56 Production of congenital 

malformation and retarded growth
57–112 Extreme mental retardation (time of 

most severe effect on CNS)
113–175 Less frequent effect on CNS
After 175 Very low frequency of CNS effects 

(no reported case of severe 
retardation)
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tissues are more prone to radiation tumor induc-
tion. Cancer becomes evident only long after the 
first damage is done, following a period of latency. 
First leukemia appearance is at least 2–5 years after 
exposure, while solid tumors appear after at least 
10 years, often several decades. The tumors associ-
ated with radiation include leukemia, multiple 
myeloma, and  cancers of the breast, colon, thyroid, 
ovary, lung, urinary bladder, stomach, CNS (other 
than the brain), and esophagus.

There is no clear evidence that low-level radi-
ation causes cancer. Khamwan et al. [41] studied 
6000 patients given a diagnostic dose of I-131. 
There was no increase in the incidence of thyroid 
cancer in this population, including a subset of 
2000 children [41]. Brix et al. [42] also studied 
2000 patients treated with I-131 in doses of up to 
several hundreds of MBq with 20 years’ follow-
 up. The incidences of thyroid cancer and leuke-
mia were identical to those among patients 
treated surgically for the same conditions. To 
complicate the issue further, recently acquired 
data minimize the effects of low-level radiation 
in the induction of cancer and even suggest that 
such levels of radiation exposure may be helpful 
[43]. DNA mutations unrelated to radiation 
appear continuously. Each day the intrinsic 
human metabolism produces on average 240,000 
DNA mutations in each body cell [44]. During 
youth, in general, cancer infrequently occurs 
thanks to mutations repair. With old age, the 
capability to repair may decrease, and cancer 
appears more frequently. A high dose of 2  Gy 
adds 4000 (20  mutations/cGy) to the daily 
240,000 mutations. Ward [21] determined that a 
low radiation dose of 0.2 Gy stimulates repair by 
50–100% and adds only 400 mutations to the 
intrinsic 240,000 mutations. Our repair mecha-
nism’s reduced ability to correct the very high 
background of intrinsic mutations increases the 
risk of developing cancer. Genetic impairment of 
DNA repair capacity results in death from cancer 
at an early age. Loss of DNA repair capacity with 
age increases the risk of cancer. Exposure to high 
doses of radiation similarly reduces the repair 
capacity of cellular DNA and increases the risk of 
cancer [45, 46].

Genetic Effects
Genetic effects may include changes in the num-
ber and structure of chromosomes and gene 
mutations, dominant or recessive. They depend 
on the following factors:

 1. The stage of germ cell development
Immature germ cells appear to be capable 

of repair, while in mature germ cells, there is 
little or no repair (Table 2.1).

 2. The dose rate
The repair process starts simultaneously 

with radiation damage. The damage with a 
high dose rate is corresponding; lower dose 
rates produce minor mutations. At a low- 
intermediate dose rate, time is an essential 
factor in the outcome of radiation injuries. 
However, this does not hold in the case of a 
high radiation rate, where the repair process is 
minimal due to the direct action of injury.

 3. The dose fractionation
The time interval between fractions is sig-

nificant for the frequency of mutations. Dose 
fractionation reduces the number of transloca-
tions; however, the incidence of mutations 
will not be affected by increasing the time 
interval between fractions.

 4. The interval between exposure and 
conception

The mutation frequency is shallow if con-
ception occurs after 7  weeks, but it is high 
when radiation exposure and conception 
interval is 7 weeks or less.

Other Late-Onset Somatic Disorders
 1. Cataract

Chronic and acute exposure to the eyes can 
lead to cataracts secondary to inducing lens 
fiber disorganization. Not all radiation is 
equally effective in producing cataracts; neu-
trons are much more efficient than other types 
of radiation. In man, the cataractogenic 
threshold is estimated at 2–5 Gy as a single 
dose or 10  Gy as a fractionated dose. The 
period between exposure and the appearance 
of the lens opacities averages 2–3 years, rang-
ing from 10 months to more than 30 years.
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 2. Hypothyroidism
The thyroid gland is exposed to radiation 

during radiation therapy of malignant head 
and neck tumors or treating hyperthyroidism 
with I-131. Patients who received doses 
10–40 Gy to the thyroid to treat other malig-
nant diseases developed hypothyroidism a 
few months to years following exposure. A 
lower moderate dose of (10–20 Gy) can result 
in hypothyroidism, while 500 Gy or more is 
required to eradicate the thyroid.

 3. Aplastic Anemia
Human radiation exposure can cause 

aplastic anemia, depending upon the dose 
and fractionation. Death may be the result of 
aplastic anemia. Permanent anemia could 
result from the reduced capability of cellular 
proliferation due to the accumulation of 
residual injury in stem cells. It is essential to 
realize that when part of the body is irradi-
ated, the bone marrow that survives unim-
paired will replace what is damaged. If only 
10% of active bone marrow escapes irradia-
tion, mortality can be decreased from 50% to 
zero, based on animal studies.

Psychological and Psychiatric Effects 
of Ionizing Radiation Exposure
In addition to noticeable CNS effects discussed 
earlier, exposure to radiation has other vital side 
effects that cannot be ignored; the psychological 
effects. Exposure to ionizing radiation whether 
due to environmental contamination such as radi-
ation accidents, radiotherapy and diagnostics, 
occupational roles and space travel is a possible 
risk-factor for cognitive dysfunction [47]. Which 
can be early or late effect. This effect is not only 
due to high level exposure but also low levels 
[48]. Molecular studies described the various 
inflammatory and signaling mechanisms involved 
in cellular damage and repair which consequently 
drive physiological alterations that may lead to 
functional alterations [49].

Studies researched these topics decades ago 
till the present. Perceptions and memories were 
explored in atomic veterans and patients treated 
for brain tumors. Findings suggest that side 

effects involve emotional and cognitive process-
ing of a new perspective that contradicts prior 
beliefs, trouble with memories and memory loss 
[50]. Cognitive deficits are related to certain fac-
tors that must be considered, including the human 
life span, as effects might differ with age at expo-
sure and outcome assessment. Family members’ 
health conditions, which may exacerbate distress, 
is another factor to be considered.

A case study of men who were exposed to 
non-background ionizing radiation while partici-
pating in atmospheric nuclear tests showed that 
the subjects has developed a virtually identical 
complex of debilitating psychiatric symptoms 
resulted from almost entirely focused upon the 
health effects of the radiation to which the sub-
jects were exposed to. This symptom complex 
appears to comprise a syndrome [51].

Another recent study recently published, 
researched the potential psychological issues faced 
by British nuclear weapons testing program veter-
ans. The study assessed the prevalence of clini-
cally relevant anxiety and aimed to explore 
experiences of worry and the broader potential 
psychological impact and effects. The results of 
this qualitative study showed the following: More 
than third (33.7%) of the participants met the crite-
ria for clinically relevant anxiety, the interviewers 
generated from (21.3%) of the participants three 
interconnected themes giving a rich description of 
the verbal data in relation to the psychological 
impact, namely “worry, responsibility, and guilt” 
and “change across the life course.” Frustration 
and anger toward authorities resulting from per-
ceived negligence and deception were also there. 
In addition; the participants showed some instances 
of worry regarding their family members’ health 
[49]. Data suggest that guilt toward family mem-
bers’ health must be considered in potentially 
exposed individuals and transparency from author-
ities of medical personnel when dealing with any 
radiological exposure are of importance to reduce 
potential distress and anxiety [49].

Needless to say that the psychological and 
psychiatric effects of ionizing radiation exposure 
area need more research to develop some clearer 
interventions to deal with it.
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2.7.2.2  Stochastic Radiation Effects
The effects of low-level radiation are consider-
ably in debate. At one end, several theories and 
reports describe the harmful effects of low-level 
radiation and how underestimated the risks are. 
There are theories and reports of harmless and 
even potentially valuable effects of exposure to 
such radiation levels at the other extreme.

The theories describing the effects of low- 
level radiation and the projected risk estimates of 
cancer development or genetic effects in humans 
are purely mathematical and not actual observa-
tions. The data from populations exposed to 
high-level radiation were extrapolated to deter-
mine the likelihood of these events at low-level 
radiation exposure. Such events occur at meager 
rates in any given population and further compli-
cate the issue after long latency periods. 
Therefore, reliable epidemiological data are chal-
lenging to obtain.

2.8  Exposure from Medical 
Procedures

For medical radiation, the chest X-ray delivers 
0.1 mSv to the chest wall (Table 2.8). The aver-
age nuclear medicine procedure delivers 3 mSv 
to the whole body. The absorbed dose from the 
C-14 urea breath test is equivalent to that received 
during a 1 h flight. These values compared with 
those of natural sources of radiation, particularly 
cosmic rays, which deliver an average of 3.6 mSv 
per year in the United States and are higher in 
certain areas, the actual magnitude of the low 
level of radiation can be appreciated.

These levels of exposure from diagnostic 
medical procedures have no detectable biological 
effects. Less than 0.006% of those undergoing 
nuclear medicine procedures in the United States 
might be affected annually. PET studies deliver 
higher doses to the patient to compensate for the 
short half-life of positron-emitting radioisotopes. 
Because these radioisotopes are of high energy 
and prepared in high initial dosing to account for 
the rapid decay, PET technologist, radio pharma-
cists, and workers at cyclotrons are usually 

exposed to higher doses than other workers in the 
nuclear medicine field.

Therapeutic applications of radioisotopes 
involve not only malignant but also benign condi-
tions, such as hyperthyroidism and arthroplasty, 
and are widely expanding. In the treatment of 
thyroid cancer, large doses of I-131 may cause 
depression of the bone marrow. It is essential to 
mention that the level of exposure from medical 
exposure has globally increased according to 
recent surveys [52]. The global exposure per cap-
ita has increased from 0.4  mSv in 2000 to 
0.62 mSv in 2008 (Table 2.9).

Although globally the exposure of medical 
exposure is still around 20% of the total exposure 
per caput since the exposure from natural sources 
contributes to slightly less than 80%, the expo-
sure from medical exposure in certain groups of 
countries with high physician-to-population 
ratios has dramatically increased to be almost 
equal to the dose from natural exposure as illus-
trated in the United States. This increase has been 
attributed mainly to the increase in the utilization 
of CT scans.

Positive health effects are observed from low- 
dose radiation exposure, i.e., decreased mortality 
and decreased cancer rates, in human populations 
exposed to low-level radiation and reported in 
extensive studies [43]. Several studies compared 
areas of high background to those with low 
radiation.

Lower cancer incidence or mortality rates in 
the former were the findings in many such studies 
in China [44], India [45], Iran [46], and the 
United States [53]. However, this epidemiologi-
cal study does not compare an individual’s radia-
tion exposure to cancer rate; therefore, a strong 
conclusion cannot be solely based on such stud-
ies. On the other hand, none of these studies had 
shown a higher cancer incidence in high back-
ground radiation zones. An epidemiological 
study [43] comparing cancer mortality in 
Canada’s nuclear industry workers to non- 
radiation workers has found similar favorable 
effects for low radiation exposure. The former 
group of workers had cancer mortality of 58% of 
the national average compared to 97 % of that in 
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Table 2.8 Radiation dose from common natural and medical sources

Diagnostic X-ray procedures
Effective dose per scan
Based dose based on ICRP 103 (mSv)

X-ray CT of the head and neck 1.2
X-ray CT of the chest 6.2
Panoramic dental radiography 0.026
Intravenous urography (IVU) 3
Barium enema (lower GI X-ray) 6
Chest X-ray 0.1
Mammography 0.36

Diagnostic nuclear medicine (+A10:C20 procedures)
Effective dose per scan
Based dose based on ICRP 103 (mSv)

Tc-99m-MAA lung perfusion study 0.017 (mSv/MBq)
Tc-99m-DTPA lung ventilation study (ventilation can 
be evaluated with the 99mTc-labeled aerosols, DTPA 
and Technegas)

0.015 (mSv/MBq)

Tc-99m-MDP bone scan (20 mCi) 4
Effective doses from CT component of PET/CT 
(diagnostic)

2.60–21.45

Effective doses from FDG-PET/CT (total) 8–26.85
Effective doses from FDG-PET (5–15 mCi) 3.515–10.545
CT component of PET/CT (attenuation only) 0.5–1.0
One-day Tl-201 stress (3.5 mCi)/redistribution 
protocol

15.3

Tl-201 stress (3.0 mCi) / redistribution with optional 
additional imaging protocols (re-injection of Tl-201 
(1.5 mCi) after redistribution imaging)

19.7

Exposure from “Natural Radiation”
Effective dose per scan
Based dose based on ICRP 103 (mSv)

2-h flight at altitude of approximately 6100 m 0.004
World Health Organization recommended reference 
level per year for intake of radionuclides in water 
(IAEA 2001)

0.1

Ingestion (food and drinking-water) 0.3
Terrestrial sources 0.5
Inhalation of natural gas at home (mainly radon) 1.2
Cosmic radiation (at sea level) 0.4
Total background radiation level 2.4

Table 2.9 Changes in exposure from medical sources

Year Annual per caput dose (mSv)
1988 0.35
1993 0.30
2000 0.40
2008 0.62

UNSCEAR 2008 Report [52]

the latter. Cohen [43] studied the relationship 
between lung cancer death rates and residential 
radon gas in the United States. He found that lung 
cancer decreased for increments in radon levels. 

These findings were consistent even after reanal-
ysis and correcting for confounding factors such 
as smoking. To date, there is considerable debate 
regarding this study.

2.9  Summary

Several biological effects can result from ioniz-
ing radiation. These can be due to direct or indi-
rect mechanisms, and they can be acute or 
delayed. Acute effects occur with exposure to 
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high-level radiation. Delayed effects may appear 
after a long time and include cancer, genetic 
effects, effects on the unborn child, and others 
such as cataracts and hypothyroidism. Based on 
our current knowledge, no level of radiation 
exposure is considered safe, and no level is uni-
formly dangerous. Radiation doses have to reach 
a certain level to produce acute injury but not 
cause cancer or genetic damage. Absorbed doses 
from nuclear medicine procedures are very low, 
and no biological effects in individuals due to 
ionizing radiation were seen. Fears of radiation 
must not be permitted to undermine the great 
value of radiation in clinical practice. However, 
safe handling of all levels of radiation is vital to 
prevent or minimize possible biological effects.
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Basis of Radiopharmaceutical 
Localization

Shorouk Dannoon

3.1  Radiopharmaceuticals 
Overview

Nuclear medicine is noninvasive imaging at the 
cellular and molecular levels based on pathologi-
cal processes. Radiopharmaceuticals (radiotrac-
ers) are given to the patient for imaging purposes. 
Radiopharmaceuticals are chemical compounds 
or biological moieties that contain radioactive 
element within their structures for either diagno-
sis or treatment. They are considered radioactive 
drugs. Trace amounts is administered to the 
patient, and the mass is extremely small. This 
amount is not enough to produce a pharmaco-
logic effect and chemical toxicity is not as great 
of a concern as with standard pharmaceuticals.

All radionuclides used in radiopharmaceutical 
preparations are artificially produced. In general, 
the production involves a stable nuclide (target) 
that is bombarded with high-energy particles 
(neutrons or positively charged particles) to yield 
the radioactive nuclide of interest. The nuclear 
medicine radionuclides are usually obtained from 
a reactor, cyclotron, or generator [1]. The nuclear 
reactor utilizes the fast neutrons emitted from fis-
sion reaction of enriched Uranium-235 (235U) [1, 
2]. Enriched 235U in uranium fuel rods are placed 
into a tank of heavy water (D2O), which is used 

as a moderator for controlling fission released 
neutron energy. The fast neutrons are slowed 
down to thermal energy by their interaction with 
D2O. The thermal neutrons are easily captured by 
other Uranium atoms to initiate additional fission 
reactions and this chain reaction maintains the 
flux of neutrons. The rate of nuclear fission is 
controlled by the position of control rods. The 
control rods are made of Cadmium or Boron that 
have a high cross-section for absorbing neutrons. 
The production of neutron activated radionuclide 
is achieved by introducing the target material 
(stable nuclides) through ports into the neutron 
flux in the D2O tank. To insure the safety of the 
surroundings, the whole reactor is shielded with 
concrete [1, 2].

As for cyclotrons, they are a type of particle 
accelerator invented by Ernest O.  Lawrence in 
1932  in which charged particles accelerate out-
ward from the center along a spiral path. The par-
ticles (protons) are held in a spiral path by a static 
magnetic field and accelerated by a rapidly vary-
ing electric field. Stable, nonradioactive isotopes 
are placed inside the cyclotron, then the acceler-
ated charged particles (protons) bombard the 
stable isotopes creating radioactive isotopes for 
nuclear medicine and other purposes [1, 3].

On the other hand, generators are more conve-
nient method of obtaining medical radionuclides 
with short half-lives [1, 4]. They consist of a lon-
ger lived parent radionuclide that is loaded onto a 
column that decays to the daughter radionuclide. 
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The parent and daughter radionuclides are chem-
ically different that the daughter is removed from 
the column by elution with a solvent while the 
parent stays absorbed to the column. Upon elu-
tion of the daughter radionuclide, the parent 
radionuclide decays to build up more daughter 
radionuclide until the parent activity is depleted 
[1, 4]. The column is shielded in lead. To date are 
useful medical radionuclide generators which 
are: 99Mo/99mTc, 68Ge/68Ga, 82Sr/82Rb,90Sr/90Y and 
188W/188Re.

Radionuclide can be introduced into a drug in 
different approaches. Isotopic labeling involves 
the substitution of a stable nuclide with its radio-
active isotope creating a radioactive analogue [5]. 
The radioactive analogue has similar chemical 
and biological properties to the stable parent 
compound. Therefore, the radioactive analogue 
will be a physiological tracer. However, the non-
isotopic labeling approach involves incorporating 
a radioactive nuclide that was not previously 
present in the parent compound [5]. The majority 
of the radiopharmaceutical in clinical practice 
today are the nonisotopic labeled compounds. 
The nonisotopic labeled radiopharmaceuticals 
split into two different categories: essential and 
tagged radionuclide. The essential is also referred 
to as integrated radionuclide. In this labeling 
method, the radionuclide is an important compo-
nent in the overall structure of the drug, without 
it the drug will not have the same biodistribution. 
The chelation of the radionuclide to the ligand 
results in the desired complex. The majority of 
the earlier radiopharmaceuticals were the inte-
grated ones. More recently, the work has been 
toward production of target-specific radiophar-
maceuticals to minimize the unnecessary radia-
tion exposure to the body during imaging or 
radiotherapy. The most convenient approach is to 
incorporate radiometals to receptor-specific mol-
ecules such peptides, antibodies, and antigens. 
The radionuclide is attached to the biological 
molecule via a bifunctional chelate (BFC), which 
can hold the radiometal tightly and at the same 
time form a stable conjugation with the active 
groups of the biological molecule. In this method, 
the radionuclide is being tagged along till the bio-
logical molecule reaches its target.

Radiopharmaceuticals have been used in diag-
nostic and radiotherapeutic agents. There are two 
types of diagnostic radiopharmaceutical. Single 
photon emission computed tomography (SPECT) 
radiopharmaceuticals that contain gamma emit-
ting radioisotopes. Positron emission tomogra-
phy (PET) radiopharmaceuticals that contain 
positron emitting radioisotope. While therapeutic 
radiopharmaceuticals contain auger electrons, β− 
or α particles that are known to be highly ionizing 
as they are non-penetrating radiation, so they 
deliver cytotoxic doses to diseased sites, result-
ing in the death of the cells.

3.2  Mechanisms 
of Radiopharmaceuticals 
Localization

The uptake and retention of radiopharmaceuti-
cals by different tissues and organs involve many 
different mechanisms, as summarized in 
Table 3.1. The pharmacokinetics, biodistribution, 
and metabolism of the radiopharmaceutical are 
very important to understanding the mechanisms 
of radiopharmaceutical localization in the organ 
or tissue of interest. Injury to a cell or tissue sig-
nificantly alters the morphology and molecular 
biology compared with that of normal tissue or 
organs.

3.2.1  Compartmentalized 
Localization

Compartmentalized localization is when mole-
cules of interest are spread in an enclosed volume 
or space.

• Uniform distribution within a compartment.
The model example of uniform disper-

sion within a compartment is the blood pool. 
The quantitative determination of blood vol-
ume can be done using the tracer dilution 
method. Radioiodinated human serum albu-
min with I-125 (I-125 HSA) is used to deter-
mine plasma volume because it is a 
radiopharmaceutical that diffuses in the 
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Table 3.1 Mechanisms of radiopharmaceuticals’ localization

Localization mechanism Radiopharmaceuticals
Compartmentalized 
localization

125I-HAS, 125Cr-RBC, 99mTc- RBC, Xe-133, 111In-DTPA, 99mTc-DTPA, 
99mTc-Sulfur-colloid

Passive diffusion 99mTc-DTPA (brain), 99mTc- HMPAO, 99mTc-ECD, 99mTc-sestamibi, 99mTc- tetrofosmin, 
[13N]NH3,67Ga- citrate, [18F]FDOPA, [18F]FMISO

Facilitated diffusion [18F]FDG, 99m Tc-disofenin and mebrofenin, 99mTc (V) DMSA (MTC)
Active transport 123I− and 131I−, 99mTcO4

−(Thyroid), 201Tl+, 82Rb+, 123I-MIBG, 99mTc (III) DMSA 
(Renal), [18F]FACBC, [18F]FLT, [18F]FET, [18F]Choline and [11C]Choline

Filtration 99mTc-DTPA (renal), 99mTc- MAG3, 125I-iothalamate, and 51Cr-EDTA
Secretion 99mTcO4

−(stomach), 99mTc-MAG3

Phagocytosis 99mTc-sulfur colloid
Cell sequestration Denatured 99mTc-RBC
Capillary blockade 99mTc-MAA
Ion exchange 89Sr2+, 18F−

Chemisorption 99mTc-MDP, 99mTc-HDP, 153Sm-EDTMP
Cellular migration 111In-oxine-WBC, 99mTc-HMPAO-WBC
Receptor binding 68Ga-DOTA-PSMA, 18F-PSMA, 131I-tositumomab and 111In/90Y- ibritumomab 

tiuxetan, 111In-octreoscan, 68Ga-DOTA- octreotide, 64Cu-DOTA-tyr3- octreotate, [18F]
Florbetapir, [18F]Florbetapir, [18F]flutemetamol, [18F]FES, [123I]ioflupane (DaTscan)

plasma [6, 7]. Red blood cells (RBC) radio-
labeled with Cr-51 is a radiopharmaceutical 
that diffuses within the cellular content of 
blood, so it is used to determine red cell vol-
ume/mass [7, 8]. Tc-99m labeled RBCs are 
dispersed in the blood and used in gated 
blood pool imaging of left  ventricular wall 
motion and determination of left ventricular 
ejection fraction [9].

• Nonuniformities within a compartment.
In certain incidents, radiopharmaceuticals 

may have nonuniform distribution within the 
compartment due to pathological condition. 
For example, a localized area of increased 
99mTc-RBCs activity can be caused by increased 
blood volume in a hemangioma [10, 11].

In other situations, areas of decreased 
radiopharmaceutical concentration are usually 
the result of an obstruction in a compartmental 
space. In a complete obstruction in the lung 
airways demonstrated by Xe-133 ventilation, 
then there will be absence of Xe-133  in the 
area beyond the site of airway obstruction [12, 
13]. If partial obstruction (common in COPD), 
then there will be absence of Xe-133  in the 
affected area upon initial inhalation and 
breath-hold, but Xe-133 gas will pass through 

the site(s) of partial obstruction over time dur-
ing equilibrium rebreathing [14].

As for In-111-pentetate (DTPA), it can diffuse 
freely in the extracellular fluid and can accumu-
late in lesions with defects in Blood Brain Barrier 
(BBB). Obstructions can also occur in the CSF 
space. Both 99mTc-DTPA andIn-111-DTPAcan 
be used for the assessment of BBB disruption as 
it localizes in areas within the cranium that had 
been disrupted by infection, neoplasms, trauma, 
or stroke [15, 16]. 99mTc-DTPA is a nondiffusible 
tracer for evaluation of BBB permeability, simi-
lar to 99mTc-pertechnetate and 99mTc glucohep-
tonate. 99mTc-DTPA brain scintigraphy has been 
used in the past to detect brain infarcts as well as 
brain metastases [15, 16].

An obstruction in the cystic duct of the bili-
ary tract will be visualized due to decrease of 
radiopharmaceutical in the gallbladder, and if 
the common bile duct is obstructed, there will 
be decrease of radiopharmaceutical in the 
small intestine. Tc-99m hepatobiliary radio-
pharmaceuticals, disofenin (DISIDA), and 
mebrofenin (BRIDA), are excreted from the 
liver into the bile and flow through the biliary 
tract with normal flow into the gallbladder and 
into the intestine [17].
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• Leakage from the compartment.
In some pathological conditions there 

could be an abnormal leakage from the com-
partment, and radiopharmaceuticals can detect 
and identify the location of this leakage. For 
example, gastrointestinal hemorrhage (GI 
bleeding), blood leaks from the vasculature 
and accumulates in the GI tract and Tc-99m 
RBCs can be used to detect the site of the GI 
bleeding [18, 19].

• Movement/flow within a compartment.
In some pathological conditions, there may 

be a change in the direction, rate and extent of 
flow within a compartment. Tc-99m sulfur 
colloid is the preferred radiopharmaceutical 
for determining the rate of emptying of gastric 
contents into the intestine because it is not 
absorbed by the GI tract. Tc-99m sulfur col-
loid bound in scrambled eggs can be used to 
evaluate gastric empting of food solids while 
Tc-99m sulfur colloid mixed in water or other 
liquid such as juice that can be used to evalu-
ate gastric emptying of liquids [20, 21]. 
Individual patient gastric emptying is com-
pared to normal values.

3.2.2  Passive Diffusion

Passive diffusion is the movement of molecules 
from high to low concentration to achieve even 
concentration (chemical equilibrium). In biologi-
cal systems, passive diffusion usually involves 
the ability of molecules to cross the phospholipid 
membrane so these molecules should be highly 
lipid soluble and be in a neutral state not charged 
under physiological pH conditions. Also, their 
molecular size should be small enough to pass 
through the small pores of the membrane. The 
molecule movement across the membrane is sim-
ply a molecular motion and does not require 
additional energy, transporters, carriers, or recep-
tors. The passive diffusion is nonselective, non-
competitive, and not subjected to saturation.

A classic example of passive diffusion in 
nuclear medicine is 99mTc-DTPA brain imaging. 
99mTc-DTPA cannot normally penetrate the 
blood–brain barrier (BBB) that is made of endo-

thelial cells of the cerebral vessels form a con-
tinuous layer without gap junctions preventing 
the diffusion of hydrophilic (water-soluble) mol-
ecules. So normally, 99mTc-DTPA remains in the 
blood pool until cleared by the kidneys. In condi-
tions that result in disruption of the BBB, such as 
tumor, stroke, and infection, the 99mTc-DTPA can 
diffuse across the disrupted BBB and accumulate 
in that affected area of the brain [15, 16].

Intact BBB allows the transport of small mole-
cules across the plasma membrane of the neuron by 
facilitated diffusion. However, diffusion is not a 
unidirectional process, and there is a need for accu-
mulation and retention of radiopharmaceuticals at 
the site of interest in order to take a meaningful 
image. The localization of the cerebral perfusion 
radiopharmaceuticals 99mTc- exametazime 
(HMPAO) and 99mTc-bicisate (ECD) which are 
lipophilic radiotracers, involve the delivery via 
cerebral arterial blood flow, diffusion into the brain 
and retention in the brain due to conversion to a 
more stable hydrophilic molecule and enzymatic 
metabolism, respectively [22, 23] (Fig. 3.1).

99mTc-myocardial perfusion agents involve the 
delivery by blood flow through the coronary 
arteries, diffusion into myocardial cells and 
retention in those cells [24, 25]. Both 99mTc- 
sestamibi and 99mTc-tetrofosmin cross the cell 
membranes by lipophilic diffusion and then are 
retained by electrostatic binding to negative elec-
trical charges on the mitochondrial membranes in 
normal cells when Ca2+ are significantly low [26]. 
In cases of irreversible ischemia when extracel-
lular levels of Ca2+ enters the cell and binds to the 
mitochondria, Tc-myocardial perfusion agents 
are blocked from binding to the mitochondria.

[13N]NH3, as a nonionic form, is freely perme-
able to all cell membranes. It diffuses across the 
myocardial cell capillary membrane, then is con-
verted to N-13 glutamine by glutamine synthe-
tase, and subsequently is trapped within tissues 
by incorporation in the cellular pool of amino 
acids [27, 28]. Myocardial uptake is proportional 
to coronary blood flow. The linear relationship 
between distribution of [13N]NH3 and the regional 
blood perfusion allows for the imaging and mea-
surement of cerebral and myocardial blood flows 
[27, 28].
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99mTc I,I-ECD(COOH2CH3)299mTc I,I-ECD(COOH2CH3)2

99mTc I,I-ECD(COOH)2+2CH3CH2OH

esterase

BrainMembraneBloodFig. 3.1 99mTc-ECD is a 
neutral, lipophilic 
complex that can cross 
the BBB via passive 
diffusion. It is retained 
in the brain after 
undergoing enzymatic 
hydrolysis of one of the 
ester functions to 
become an ionized 
metabolite by esterase 
enzyme

67Ga-citrate is known to localize in tumors and 
inflammatory lesions. It is speculated based on 
in vivo studies, that free and unbound 67Ga-citrate 
diffuse into the cells and once within the cells, 
67Ga binds to iron-binding proteins such as 
 lactoferrin and ferritin preventing back-diffusion 
of free 67Ga [29, 30].

[18F]Fluorodopa ([18F]FDOPA) is neutral and 
capable of crossing the BBB. Up on crossing the 
BBB, [18F]FDOPA is decarboxylated by cellular 
aromatic amino acid decarboxylase (AAAD) to 
form fluorodopamine (FDA) which remains 
within the neuron. [18F]FDOPA selectively local-
ize within the basal ganglia of the brain in the 
area that controls movement. [18F]FDOPA targets 
the presynaptic dopaminergic function in the 
brain. In degenerative diseases such as 
Parkinson’s disease, there is loss of dopaminergic 
neurons, so there will be less accumulation of 
[18F]FDOPA in the basal ganglia than a healthy, 
age-matched control. [18F]FDOPA has other 
applications, it can accumulate in  vivo within 
tumors and in evaluation of pheochromocytoma 
and thyroid carcinoma due to the increase utiliza-
tion of amino acid by the cancerous lesions 
[31–33].

18F-Fluoromisonidazole ([18F]FMISO) dif-
fuses freely into all cells. However, it accumu-
lates in viable hypoxic cells, diffuses out of 
normoxic cells and is not retained in necrotic 
cells. Upon entering a viable cell, 18F-MISO is in 
an environment where electron transport is taking 
place, the NO2 substituent (which has a high elec-
tron affinity) takes on an electron to form the 
radical anion reduction product. If O2 is also 
present, that electron is rapidly transferred to 

oxygen and 18F-MISO changes back to its origi-
nal structure and can leave the cell [34, 35]. 
However, in the absence of O2 in hypoxic cell, a 
second electron reacts with the nitroimidazole 
(radical anion reduction product) to form a 
2-electron reduction product then the reduced 
[18F]FMISO reacts nondiscriminately with pep-
tides and RNA within the cell and gets trapped. 
Therefore, the retention of [18F]FMISO is 
inversely related to the intracellular partial pres-
sure of O2 [34, 35].

3.2.3  Facilitated Diffusion

Facilitated diffusion requires a carrier to transport a 
molecule across the membrane. Carriers are selec-
tive and only specific molecules fit into them. 
Therefore, there is competition with similar mole-
cules that fit into this carrier and due to limited 
number of carriers, it is possible to reach satura-
tion. However, facilitated diffusion utilizes carriers 
that are passive, so it does not require external 
energy but needs a concentration gradient to oper-
ate. This mechanism allows the transport of mole-
cules in either direction through the membrane 
based on the concentration of gradient. The most 
commonly used PET radiotracer, F-18 flurodeoxy-
glucose ([18F]FDG), is transferred into the cell 
through facilitated diffusion mechanism. [18F]
FDG, is a radiolabeled analogue of d-glucose 
(Fig. 3.2), so it enters the cell via transmembrane 
protein transporters [GLUT] similar to glucose. 
Cellular uptake of [18F]FDG reflects the glucose 
metabolism so glucose and [18F]FDG are compet-
ing for the same GLUT transporters, and elevated 
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Fig. 3.2 [18F]FDG is an analogue of d-glucose. The 
hydroxyl group at the second position in d-glucose is 
replaced by F-18 in [18F]FDG
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Fig. 3.3 Both of glucose and [18F]FDG are transported 
into the cell via Glut transporters. Upon entering the cell, 
both undergo phosphorylation at the 6 position by hexoki-
nase. Phosphorylated-glucose will undergo additional 
enzymatic steps, however, phosphorylated-[18F]FDG at 
the 6 position does not and becomes trapped inside the 
cell.

blood levels of glucose will decrease cellular 
uptake of [18F]FDG. Once inside the cell, both glu-
cose and [18F]FDG are phosphorylated by hexoki-
nase resulting in Glucose-6-phosphate and  [18F]
FDG-6- phosphate, respectively (Fig. 3.3). Glucose-
6- phosphate enters the glycolytic pathway but [18F]
FDG-6-phosphate is blocked and is retained in the 
cell as it does not fit in the GLUT to diffuse out, and 
this is referred to as metabolic trapping. [18F]FDG-
6-phosphate may be converted back to [18F]FDG, 

however the enzyme responsible for such a conver-
sion is present in very low concentration or not 
present all in cancer tissue allowing for better 
images of oncological patients. [18F]FDG accumu-
lated in granulomatous tissue and macrophages so 
it has been used to image infection and inflamma-
tion as well [36–39].

On the other hand, the hepatocytes in the 
liver extract substances from the blood and 
secrete them into the bile. 99mTc labeled tracers 
like disofenin and mebrofenin diffuse through 
pores in the endothelial lining of the sinusoids, 
bind to the anionic membrane-bound carriers on 
the hepatocyte and secreted into the bile similar 
to bilirubin [40].

At alkaline pH (pH 8–9), 99mTc forms a pen-
tavalent complex with DMSA (99mTc (V) 
DMSA). This complex mimics phosphate ion 
and is rapidly excreted in the urine. It localizes 
in a number of tumors such as medullary thyroid 
carcinoma (MTC), bone metastases and other 
bone lesions. Its uptake is dependent on extra-
cellular Na+ concentration, indicating the impor-
tance of sodium- dependent transporter in 99mTc 
(V) DMSA uptake [15].

3.2.4  Active Transport

Active transport utilizes carriers to transport mol-
ecules across membranes but unlike facilitated 
diffusion it requires energy such as ATP. By using 
energy to transport molecules across the mem-
brane, molecules can be transported against a 
concentration gradient. Since a carrier is used, it 
is selective and only specific molecules that fit 
the carrier will be transported across the mem-
brane. Therefore, there is competition with simi-
lar molecules that fit into this carrier and due to 
limited number of carriers, it is possible to reach 
saturation.

One of the first active transport radiotracers in 
Nuclear Medicine is the concentration of iodide in 
the thyroid gland. Radioisotopes of iodine such as 
123I− and 131I− are useful radiopharmaceuticals to 
evaluate thyroid function. Iodide ions are trans-
ported into thyroid cells via the Na+/I− symporter. 
In the thyroid, iodide is oxidized to iodine and 
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becomes bound to tyrosine which is transformed 
to the thyroid hormones [41–44]. In addition, 
Tc-99m-pertechnetate (99mTcO4

−) accumulates in 
the thyroid similar to iodide since it has a negative 
charge and similar ionic size [44]. Presence of 
iodide in the blood from iodine containing medi-
cations or iodine contrast agents will compete with 
these radiopharmaceuticals for thyroid uptake 
resulting in poor image quality.

Another well-known example of active trans-
port is the Na+/K+ pump, especially of impor-
tance in the heart muscle. Thallous chloride 
(201Tl+) has been used for myocardial perfusion 
scans. 201Tl+ is a radiometal so it is not an ana-
logue of K+ but it has a similar ionic radius, a 
single positive charge and fits in the Na+/K+ pump 
[45–47]. Uptake in heart muscle demonstrates 
viability. The delivery to the myocardial cells is 
by blood flow through the coronary arteries so 
the heart muscle uptake reflects coronary perfu-
sion. It has been also used for tumors such as 
brain tumors, osteosarcomas low-grade lympho-
mas, Kaposi sarcomas, and parathyroid tumors 
[45, 46]. This accumulation is a function of blood 
flow and active transport system of Na+/K+ pump 
within cell membrane. The uptake can be inhib-
ited by blocking the Na+/K+ pump with ouabain, 
digitalis and furosemide [48, 49]. A PET myocar-
dial perfusion radiotracer is rubidium chloride 
(82Rb+). 82Rb+ is a chemical analog of potassium 
as it falls immediately below it on the periodic 
table. 82Rb+ fits in the Na+/K+ pump and its uptake 
is similar to 201Tl+ [48].

I-123-metaiodobenzylguanidine (123I-MIBG) 
is an analog of noradrenaline. It fits in the prenor-
epinephrine transporter (adrenergic presynaptic 
neurons) in adrenergic nerve terminals. 
Norepinephrine transporter is a transmembrane 
carrier that transports monoamine neurotransmit-
ters into neurons where they are accumulated in 
storage vesicles. These transporters are over 
expressed on certain neoplasms such as neuro-
blastoma, pheochromocytoma, medullary thy-
roid carcinoma, retinoblastoma, melanoma and 
bronchial carcinoma [49, 50].

At acidic pH (pH 2–3), 99mTc forms a trivalent 
complex with DMSA (99mTc (III) DMSA). 99mTc- 
DMSA accumulates in proximal tubular cells of 

kidneys and thereby used for renal cortical imag-
ing. 99mTc-DMSA is filtered as bound to 
α1-microglobulin and accumulates in the kidneys 
by megalin/cubilin-mediated endocytosis of the 
99mTc-DMSA protein complex. Renal accumula-
tion of 99mTc-DMSA is dependent on megalin/
cubilin receptor function and therefore is a marker 
of proximal tubule endocytic activity [51–53].

Fluciclovine, anti-1-amino-3-18F- 
fluorocyclobutane-1-carboxylic acid ([18F]
FACBC). [18F]FACBC is for men with suspected 
prostate cancer recurrence based on their elevated 
prostate specific antigen (PSA) levels. [18F]
FACBC takes advantage of the increased amino 
acid transport in prostate cancer cells, and it is 
taken up by the l-amino acid transporter and 
alanine- serine-cysteine transporter systems. 
These transporters are unregulated in prostate 
cancer and are associated with more aggressive 
disease. Once inside the cell, [18F]FACBC does 
not undergo metabolism and the amino acid 
transporters mediate influx and efflux of amino 
acids, so [18F]FACBC washout occurs over time 
[54–57]. Therefore, early imaging is recom-
mended to maximize lesion uptake.

18F-Fluorothymidine ([18F]FLT) is utilized to 
measure cellular proliferation as the concentra-
tion of [18F]FLT in cells is proportional to cellular 
proliferation. It is transported from the blood into 
cells by active transport. Once in the cell, [18F]
FLT is a substrate for thymidine kinase I (TK1) 
and is phosphorylated but not incorporated into 
DNA (Fig. 3.4). Phosphorylated FLT cannot exit 

18FLT

Blood Membrane Tissue

18FLT
TK

18FLT-MP

18FLT-DP

18FLT-TP DNA

Fig. 3.4 Upon entering the cell via an active transport 
mechanism, [18F]FLT undergoes phosphorylation by TK1. 
Phosphorylated-[18F]FLT does not exit the cells and its 
concentration in cells is proportional to cellular 
proliferation
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the cell. One advantage of [18F]FLT is that it is 
only a substrate for TK1 and not for  mitochondrial 
TK2 and so it is a more specific tracer compared 
with other fluorinated tracers for cellular prolif-
eration [58, 59].

18F-Fluoro-Ethyl-Tyrosine ([18F]FET), is an 
amino acid analog and it reflects the increased 
amino acid transport of tumor cells. It is a neuro- 
oncologic PET radiotracer. It is actively taken up 
in tumor cells via amino acid transport system 
L.  It is neither incorporated into proteins nor 
readily degraded, resulting in high intracellular 
concentrations [60]. Radiolabelled amino acid- 
based agents are useful in PET brain tumor imag-
ing because [18F]FDG is somewhat insensitive 
for detecting tumors and lesions in the brain due 
the high levels of glycolytic metabolism in the 
normal cortex and white matter [61].

[18F]Choline and [11C]Choline target the cel-
lular membrane phospholipids. They enter the 
cell through choline transporters with accumula-
tion in tumors due to malignancy-induced over-
expression of choline kinase (CK) that catalyzes 
the phosphorylation of choline to form phosphor-
ylcholine followed by generation of phosphati-
dylcholine in the tumor cell membrane [62–65]. 
They have been approved for recurrent prostate 
cancer detection.

3.2.5  Filtration

Filtration is a passing of molecules through pores 
or channels due to hydrostatic or osmotic pres-
sure gradient. The molecular size vs. pore size 
and availability are the most important factors in 
filtration. In addition, filtration requires a force or 
pressure gradient, it does not require external 
energy or carriers. Filtration is not competitive so 
it is not subjected to saturation. Glomerular filtra-
tion by the kidney is the prime example of filtra-
tion to estimate the function of the renal tissue. 
Only small hydrophilic molecules (i.e., molecu-
lar weight of <5000) can pass through the glo-
merular pores, and only the ones that are free in 
plasma (not bound to proteins) are available to be 
filtered, and these molecules should not be able 
to be secreted or reabsorbed by tubule. Blood 
pressure is the pressure gradient for glomerular 

filtration. Even though many radiopharmaceuti-
cals are excreted by glomerular filtration, 99mTc- 
DTPA, 99mTc-MAG3, 125I-iothalamate, and 
51Cr-EDTA are the radiopharmaceuticals that are 
mainly used for glomerular function renal imag-
ing studies [66–69].

3.2.6  Secretion

Secretion is active transport of substances out of 
glands and other tissues. For example, the secre-
tion of hydrochloric acid (HCl) by the stomach, 
secretion of H+, K+, NH3, urea, creatinine or his-
tamine by the kidney tubular cells into the urine, 
and secretion of bilirubin by the liver into the 
bile. In Meckel’s Diverticulum, a patch of ectopic 
stomach tissue is usually found in the intestine, 
so it may secrete hydrochloric acid (HCl) that 
erodes the intestinal wall, which leads to bleed-
ing. Tc-99m-pertechnetate (TcO4

−) is negatively 
charged and of similar size as chloride (Cl−), so it 
is secreted as pertechnic acid (H+TcO4

−) by both 
normal stomach tissue and Meckel’s Diverticula 
[70, 71].

As for the kidneys, the tubular cells secrete 
some waste products into the urinary collecting 
system. 99mTc-mertiatide (99mTc-MAG3) is 
cleared from the blood by this mechanism, result-
ing in much higher urinary concentrations and 
better contrast compared to radiopharmaceuticals 
eliminated by glomerular filtration [66–69].

3.2.7  Phagocytosis

Phagocytosis is a Greek word for cell eating. It is 
a process of the cell engulfing a particle and 
internalizing it. Reticuloendothelial system 
(RES) cells, such as Kupffer cells in the liver and 
reticular cells in the spleen, capture and engulf 
colloidal particles such as Tc-99m sulfur colloid 
(99mTc-SC) of particle size range between 0.1–
1.0 μm [72, 73]. Focal areas that does not have 
Kupffer cells, such a tumor, cyst, abscess, or 
hemangioma, will not have an uptake of 99mTc- 
sulfur colloid (cold region) [74].

Also, colloidal particles smaller than 0.1 μm 
show rapid clearance from the interstitial space 
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into lymphatic vessels and significant retention in 
lymph nodes when injected into the interstitial 
fluid [75]. Cancerous nodes replaced by tumor 
tissues will not sequester the colloids so no 
uptake of radioactivity will be visualized (cold 
region). 99mTc-antimony sulfide colloid (0.002–
0.015 μm), 99mTc-human serum albumin (0.01–
0.02  μm) or 99mTc-nanocolloid are ideal for 
lymphoscintigraphic studies [76]. However, these 
radiotracers are not available in the USA, so 
passing 99mTc-SC through 0.2 μm filter is being 
used for lymphoscintigraphic [76].

3.2.8  Cell Sequestration

Cell sequestration is the process of removal of 
old or damaged red blood cells from circulation 
which is mainly associated with the spleen. RBC 
are labeled with Tc-99m using the commercially 
available kit, then they are carefully denatured by 
heating at 49–50 °C for 15 min. Heating RBCs 
changes their shape from tough biconcave disks 
to spherocytes with knobby projections and a 
fragile cell membrane. When they squeeze 
through the 3 μm pores in the cords of the red 
pulp they get lysed, releasing their radioactive 
contents within the spleen. Splenic removal of 
RBCs is a more selective process than removal 
by the liver and other RES tissue. This imaging 
procedure is especially useful for localizing and/
or identifying ectopic accessory spleens [77, 78].

3.2.9  Capillary Blockade

Capillary blockade is the physical trapping of par-
ticles in capillaries and pre-capillary arterioles 
(microembolization). The diameter of capillaries 
and pre-capillary arterioles are about 10 microns 
and 20–30 microns, respectively, so the radiotracer 
particles should be a little bigger in size between 
15 and 50 microns. The delivery to the capillary is 
through the blood flow so when the radiolabelled 
particles are injected intravenously, the lungs are 
the first capillary encountered. Tc-99m radiola-
beled macroaggregated albumin (Tc-99m-MAA) 
have been used for perfusion lung imaging. The 
localization in each of the lungs is an indicator for 

the relative blood flow to each of the two lungs. 
Therefore, 99mTc- MAA perfusion lung imaging 
can also be used to assess blood flow through the 
pulmonary arteries [79, 80]. If 99mTc-MAA is 
injected through a catheter positioned in the 
hepatic artery, then the hepatic blood flow will 
deliver it to the capillaries in the liver to evaluate 
blood flow within the liver [81].

3.2.10  Ion Exchange

Ion exchange is the exchange of ionic chemical 
analogs. Current radiopharmaceuticals that 
localize by this mechanism are strontium chlo-
ride (89Sr2+), a beta-emitter used to treat painful 
bone metastases, and sodium fluoride (18F−), a 
PET agent used for bone scans [82, 83]. In 
the  hydroxyapaptite of the bone matrix,89Sr+2 
replaces Ca+2 while 18F− replaces OH−. Fluoride 
ions diffuse from the blood compartment and 
exchange with hydroxyl groups in hydroxyapa-
tite crystal to form fluoroapatite. Uptake of fluo-
ride ion into bone may be due to primary and 
metastatic tumors as well as bone turnover 
(metabolism) [82, 83].

3.2.11  Chemisorption

Chemisorption is the binding of phosphate-type 
compounds onto the surface of the bone. The 
strength of this binding is intermediate between 
chemical covalent bonding and hydrogen bond-
ing (adsorption). Radiolabeled diphosponates 
compounds, 99mTc-MDP and 99mTc-HDP are 
used for bone imaging while 153Sm-EDTMP is 
used for the treatment of painful bone metasta-
ses. Localization is on the surface, therefore, 
uptake is proportional to the surface area [84, 
85]. The larger the surface area of increased 
bone metabolism, the higher the uptake in that 
areas such as fracture, infection, and tumor. In 
addition to chemisorption on the surface of 
bone, there can also be chemisorption onto cal-
cium phosphate crystals that precipitate in cer-
tain soft tissues as a consequence of severe 
hyperparathyroidism, hypercalcemia, and myo-
cardial infarction.
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3.2.12  Cellular Migration

Cellular migration is the directed movement of 
cells due to stimuli such as the chemotaxis of 
white blood cells to the site of infection and 
inflammation. Radiolabeled autologous leuko-
cytes with 111In-oxine or 99mTc-exametazime 
(99mTc-HMPAO) can be used to localize sites of 
infection similar to the circulating leukocytes due 
to the attraction of released chemotactic factors 
[86, 87].

3.2.13  Receptor Binding

Receptor binding is similar to the “lock-and-key” 
concept. It is the binding of a biological molecule 
to a specific receptor such as the binding of an 
antibody or antibody fragment to an antigen and 
peptides, hormones or neurotransmitter binding 
to their receptors. Receptor and antigen bindings 
are very selective and specific; therefore, compe-
tition from similar molecules for these receptors 
and antigens binding is a concern with the possi-
bility saturation. Many tumor cells express anti-
gens or receptors that are expressed in small 
amounts in normal cells. But tumor cells have 
higher expression of these antigens and recep-
tors. The localization of radiolabeled antibodies, 
proteins, hormones, and peptides depend on the 
blood clearance, tumor blood flow, tumor mass 
and tumor cell viability. The radionuclide of use 
should match the pharmacokinetics of the bio-
logical molecule. For example, antibodies should 
be labeled with long half-life radionuclides such 
as 111In and 131I, while peptides can be labeled 
with shorter lived radionuclides such as 99mTc, 
18F, or 123I for imaging studies. Iodine-131 is the 
most used radionuclide for both diagnostic and 
therapeutic studies. Radioiodide can be labeled 
on tyrosine residue in the antibody or peptide. 
However, the other radionuclides are indirectly 
labeled in which they are coordinated to a chelate 
such as DTPA or DOTA that is covalently 
attached to the biological molecule (bifunctional 
chelating approach).

Antibodies (Ab) are also known as immuno-
globulins (Ig) which are a group of glycoprotein 

molecules produced by B-lymphocytes in 
response to antigenic stimulation. Ab binds to a 
specific site of the antigen in which an antigen can 
have multiple binding sites for different Ab. 
Although much research has been conducted with 
radiolabeled antibodies, few are currently mar-
keted. In-111 capromab pendetide (ProstaScint), 
a monoclonal murine IgG antibody directed to 
prostate specific membrane antigen (PSMA), is 
used for staging and follow-up of prostate cancer 
[88–90]. PSMA is a membrane protein that is 
expressed in prostate tissue and overexpressed on 
prostate carcinoma. PSMA has a unique structure 
consisting of three sections: internal cellular, 
transmembrane and extracellular portions. 
ProstaScint was later found to bind to the intracel-
lular epitope of PSMA. Therefore, it was discon-
tinued by the manufacturing company in 2018 
after the FDA approved smaller urea-based mol-
ecules targeting the extracellular epitope of 
PSMA. 68Ga-DOTA-PSMA and [18F]PSMA, are 
the urea-based, low molecular weight inhibitors 
of PSMA that have replaced ProstaScint [88–90].

131I-tositumomab and 111In/90Y-ibritumomab 
tiuxetan, are monoclonal murine IgG that bind to 
CD20 receptors on B-cells and non-Hodgkin’s 
lymphoma tumor cells. These labeled antibodies 
are used for diagnostic, monitoring, and treat-
ment of non-Hodgkin’s lymphoma [91, 92].

Many neuroendocrine tumors have an over 
expression of somatostatin receptors (SSTR) and 
there are 5 SSTR subtypes. The two naturally 
occurring SST peptides, 14 and 28 amino acids 
long, which are known to have short biological 
half-life due to enzymatic degradation. A number 
of biologically stable SST analogues were syn-
thesized. Octreotide analogue is an 8 amino acid 
long analogue that has a high affinity to 2 and 5 
SSTR subtypes. 111In-pentetreotide (Octreoscan), 
a radiolabeled form of octreotide, is used to detect, 
localize and evaluate such somatostatin- expressing 
tumors by binding to these receptors [93]. When 
octreotide is labeled with 90Y or 177Lu, then it is 
used for therapeutic purposes. Recently 
68Ga-DOTA-octreotide has been approved for 
PET studies of neuroendocrine tumors [94, 95]. 
In addition, 64Cu-DOTA-tyr3-octreotate has been 
approved as a PET diagnostic agent for neuroen-
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docrine tumors but Cu-64 emits β− so it can be 
used for therapeutic purposes as well [96].

[18F]Florbetapir (Amyvid, Eli Lilly/
Avid Radiopharmaceuticals), [18F]florbetaben 
(Neuraceq, Piramal Imaging) and [18F]flute-
metamol (GE Healthcare. VizamylTM) are 
radiopharmaceuticals used for patients who are 
being evaluated for Alzheimer’s disease (AD) 
and other causes of cognitive impairment in the 
cortical regions and hippocampus. After injec-
tion, the tracers diffuse through the blood-brain 
barrier and binds with high affinity and specific-
ity to β-amyloid neuritic plaques (Aβ aggre-
gates) in the brain of adult patients with 
cognitive impairment. They rapidly enter the 
brain and quickly washes out from the brain if 
not bound to β-amyloid neuritic plaques [97, 
98]. These radiotracers share a common imag-
ing target and similar imaging characteristics 
(Aβ tracers). They can differ in their tracer 
kinetics, specific binding ratios and optimal 
imaging parameters therefore, they will have 
different recommended injected doses, time to 
initiate imaging post-injection, and scan dura-
tion [97, 98].

[18F]Fluoroestradiol ([18F]FES) is an analog of 
estrogen and is used to detect estrogen receptor- 
positive breast cancer lesions. It has a high over-
all sensitivity and specificity in assessing the ER 
status in breast cancers. [18F]FES uptake has been 

approved to guide in therapy selection and to pre-
dict endocrine treatment response [99].

[123I]ioflupane (DaTscan) is a chemical deriva-
tive of cocaine. It binds to presynaptic dopamine 
transporters, which are primarily located in the 
striatum. Loss of dopamine transporter density, 
as occurs in Parkinson’s disease, results in 
reduced uptake of the radiopharmaceutical. The 
radiotracer localizes to the dopamine transporters 
in the basal ganglia [100].

3.3  Altered Biodistributions 
Due to Radiochemical 
Impurities from Improper 
Radiopharmaceutical 
Preparations

Improper preparation can lead to the presence of 
radiochemical impurities in the final radiophar-
maceutical dose. Radiochemical impurities have 
different pharmacokinetics and biodistributions 
from the radiopharmaceutical product of interest, 
and hence these impurities can reduce the image 
quality while exposing the patients to unneces-
sary radioactive dose. Therefore it is very impor-
tant to recognize common radiochemical 
impurities and their localizations. Table 3.2 lists 
the main possible radiochemical impurities along 
with localization site [101].

Table 3.2 Radiopharmaceuticals’ predominant radiochemical preparation impurity

Radiopharmaceutical
Predominant radiochemical 
impurity Possible localization

99mTc- 
radiopharmaceuticals

TcO4
− Salivary glands, thyroid, stomach, GI tract, and urine/

bladder
TcO2

Colloids (particles)
Phagocytized by the liver

111In-radiophamraceuticals In(OH)3

Colloids (particles)
Phagocytized by liver and spleen

111In+3 Binds to plasma transferrin, and has prolonged blood 
pool retention

123I/131I- 
radiopharmaceuticals

123I/131I− Thyroid

18F-radiopharmaceuticals 18F− Bone
68Ga-radiophamraceuticals 68Ga (OH)3

Colloids (particles)
Phagocytized by liver and spleen

68Ga+3 Binds to plasma transferrin, and has prolonged blood 
pool retention

3 Basis of Radiopharmaceutical Localization
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4.1  Introduction

Inflammation was described as early as 3000 BC 
in an Egyptian papyrus [1] and is still a common 
problem despite continuous advancements in pre-
vention and treatment methods. The recent out-
break of the new viral infection Covid-19 [2] is 
an evidence of how infection is still a common 
problem and new types can emerge. Infection can 
be serious and life threatening. It can cost more 
than other diseases such as cancer and dibe-
tes. The proper and timely diagnosis, knowledge 
of comorbidities and delineation of the site and 
extent of inflammation are crucial to the clinical 
management of infection and for monitoring the 
response to therapy [3].

This issue is relevant to nuclear medicine, 
since physiological along with morphological 
imaging has an important role in achieving this 
goal.

Inflammation is a complex tissue reaction to 
injury. Injury may be caused not only by living 
microbes, i.e., bacteria, viruses, or fungi, lead-
ing to infection, but also by injurious chemical, 
physical, immunological, or radiation agents 
(Fig. 4.1).

Inflammation is fundamentally a protective 
reaction against the cause of cell injury as well as 

the consequence of such injury. However, inflam-
mation is potentially harmful and may even be 
life threatening. Since most of the essential com-
ponents of the inflammatory process are found in 
the circulation, inflammation occurs only in vas-
cularized tissue. Inflammation is generally con-
sidered a nonspecific response, because it 
happens in the same way regardless of the stimu-
lus and the number of exposures to the stimulus 
[3, 4]. This is different from the immune system, 
which has memory, and the antigens are specific 
and induce a specific response. If infection is the 
initial event causing tissue injury, the challenge 
for the host is to react as quickly as possible to 
terminate the spread of infection, even at the cost 
of further tissue damage [5].

4.2  Classification 
of Inflammation

Inflammation may be classified as acute or 
chronic. Acute inflammation is the immediate or 
early response to injury and is of relatively short 
duration. It lasts for minutes, hours, or at most a 
few days. Chronic inflammation, on the other 
hand, is of longer duration and may last from 
weeks to years [6]. The distinction between acute 
and chronic inflammation, however, depends not 
only on the duration of the process but also on 
other pathological and clinical features.
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• Autoimmune reaction
• Damaged cells/tissue
  necrosis
• Neoplasm
• Endogenous protease
• release
• Psychological excitement

Causes of inflammation

Exogenous causes

Biological/infectious

• Bacteria
• Viruses
• Fungi
• Parasites

Non-infectious

• Physical:
       •  Traumatic injury
       •  Foreign bodies
• Contact to heat/burns
• Frostbite
• Extreme temperatures
• Radiation injury
      •  Therapeutic radiation
      •  Nontherapeutic
         exposure (accidents)
• Chemical accidents
• Chemotherapeutic drugs
• Alcohol

Endogenous causes

Fig. 4.1 Summary of causes of inflammation

4.3  General Pathophysiological 
Changes of Inflammation

There are certain pathophysiologic changes 
accompanying inflammation and some are com-
mon in all types. These may occur at the region of 
the inflammation (Local) or may also be systemic 
(Fig. 4.2).

4.3.1  Local Pathophysiological 
Changes of Inflammation

4.3.1.1  Acute Inflammation Associated 
Changes

Acute inflammation continues only until the 
threat to the host has been eliminated, which 
usually takes 8–10  days, although this is vari-
able. Inflammation is generally considered to be 
chronic when it persists for longer than 2 weeks 

[2]. Many regional and systemic changes accom-
pany acute inflammation and are mediated by 
certain chemicals produced endogenously called 
chemical mediators and are behind the spread of 
the acute inflammatory response following 
injury to a small area of tissue into uninjured 
sites. These chemical mediators include media-
tors released from cells such as histamine and 
prostaglandins and others in plasma which are 
released by some systems contained in the 
plasma which are the four enzymatic cascade 
systems: the complement, the kinins, the coagu-
lation factors, and the fibrinolytic system which 
produce several inflammatory mediators [4–7]. 
Cytokines are also important mediator and play 
a roe in FDG uptake in inflammtory foci [8]. 
Table 4.1 summarizes the main chemical media-
tors of inflammation.

Acute inflammation is characterized by the 
following major regional components:
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Systemic Changes

Pathophysiological
Changes of

Inflammation

Regional Changes

Leukocytosis

Fever

↑ Plasma proteins

Vascular

Vasodilation

Stasis

↑ Vascular
permeability

Margination

Emigration
Cellular

Phagocytosis

Chemotaxis

Fig. 4.2 Summary of general pathophysiologic changes accompanying inflammation

Local Vascular Changes
 1. Vasodilation following transient vasoconstric-

tion is one of the most important changes that 
accompany acute inflammation, and it persists 
until the end of the process. It involves first 
the arterioles and then results in the opening 
of new capillary beds in the area.

 2. Increased vascular permeability due to:
 (a) Contraction of endothelial cells with wid-

ening of intercellular gaps.
 (b) Direct endothelial injury, resulting in 

endothelial cell necrosis and detachment.
 (c) Leukocyte-mediated endothelial injury: 

Leukocytes adhere to the endothelium, 
which becomes activated, thereby releas-
ing toxic oxygen species and proteolytic 
enzymes and causing endothelial injury.

 (d) Angiogenesis: With inflammation, endo-
thelial cells may proliferate and form new 
capillaries and venular beds (angiogene-
sis). These capillary sprouts remain leaky 
until endothelial cells differentiate.

 3. Stasis (slowing of circulation): Increased per-
meability with extravasation of fluid into the 
extravascular spaces results in concentration 
of red blood cells in the small vessels and 
increased viscosity of the blood, with slowing 
of circulation in the local vessels. Figures 4.3 
and 4.4 illustrate the main vascular changes.

Formation of Exudate
Increased permeability of the microvasculature, 
along with the other changes described, leads to 
leakage with formation of “exudate,” an inflam-
matory extravascular fluid with a high protein 
content, much cellular debris, and a specific grav-
ity above 1.020. This is the hallmark of acute 
inflammation, which may also be called exuda-
tive inflammation. It indicates significant altera-
tion in the normal permeability of the small blood 
vessels in the region of injury.

The two components of exudate, fluid and 
protein, serve good purposes. Fluid increase 
helps to dilute the toxins. Protein increase 
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Table 4.1 Chemical mediators of inflammation

Mediator Characteristics and role in inflammation
A. Cell factors
Histamine Stored in mast cells, basophil and eosinophil leukocytes, and 

platelets
Release from sites of storage is stimulated by 
complement components C3a and C5a and by 
lysosomal proteins released from neutrophils
Responsible for vasodilation and the immediate 
phase of increased vascular permeability
Lysosomal compound Released from neutrophils and includes cationic proteins, 

which may increase vascular permeability, and neutral 
proteases, which may activate complement

Prostaglandins Long-chain fatty acids derived from arachidonic acid and 
synthesized by many cell types. Some prostaglandins 
potentiate the increase in vascular permeability caused by 
other compounds

Leukotrienes Synthesized from arachidonic acid, especially in neutrophils, 
and have vasoactive properties

5-Hydroxytryptamine (serotonin) A potent vasoconstrictor present in high concentrations in 
mast cells and platelets

Lymphokines Released by lymphocytes and may have vasoactive or 
chemotactic effects

B. Plasma factors
Products of complement activation
C5a Chemotactic for neutrophils, increases vascular permeability, 

releases histamine from mast cells
C3a Similar to but less active than C5a
C567 Chemotactic for neutrophils
C56789 Cytolytic activity
C4b, 2a, 3b Facilitates phagocytosis of bacteria by macrophages 

(opsonization of bacteria)
Kinin system Bradykinin included in the system is the most important 

vascular permeability factor, also a mediator for pain which 
is a major feature of acute inflammation

Coagulation factors Responsible for the conversion of soluble fibrinogen into 
fibrin, a major component of the acute inflammatory exudate

Fibrinolytic system Plasmin included in the fibrinolytic system is responsible for 
the lysis of fibrin into fibrin degradation products, which 
have a local effect on vascular permeability

Normal Acute inflammationFig. 4.3 Vasodilation of 
vessels and opening of 
the intercellular gaps in 
inflammation 
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Normal

Margination

Emigration

Chemotaxis

Phagocytosis

Focus of
infection

Fig. 4.4 Sequence of cellular changes that accompany 
inflammation (redraw)

includes globulins that provide protective anti-
bodies, while fibrin helps to limit the spread of 
bacteria and promotes healing. Exudate varies in 
composition. In early or mild inflammation, it 
may be watery (serous exudate) with low plasma 
protein content and few leukocytes. In more 
advanced inflammation, the exudate becomes 
thick and clotted (fibrinous exudate). When large 
numbers of leukocytes accumulate (Fig. 4.5), the 
exudate consists of pus and is called suppurative, 
while if it contains erythrocytes due to bleeding, 
it is referred to as hemorrhagic. Pus, accordingly, 
is a variant of exudate that is particularly rich in 
leukocytes, mostly neutrophils and parenchymal 
cell debris.

Exudate should be differentiated from “tran-
sudate,” which is a fluid with low protein concen-
tration and a specific gravity of less than 1.012. 

Transudation is associated with normal endothe-
lial permeability [8, 9].

Local Cellular Events
 1. Margination.

After stasis develops, leukocytes will be 
peripherally oriented along the vascular endo-
thelium, a process called leukocytic margin-
ation (Fig. 4.3).

 2. Diapedesis (emigration).
Leukocytes emigrate from the microcircu-

lation and accumulate at the site of injury.
 3. Chemotaxis.

Once outside the blood vessel, the cells 
migrate at varying rates of speed in interstitial 
tissue toward a chemotactic stimulus in the 
inflammatory focus. Through chemoreceptors 
at multiple locations on their plasma mem-
branes, the cells are able to detect where the 
highest concentrations of chemotactic factors 
are and to migrate in their direction. 
Granulocytes, including the eosinophils, baso-
phils, and some lymphocytes, respond to such 
stimuli and aggregate at the site of inflamma-
tion. The primary chemotactic factors include 
bacterial products, complement components 
C5a and C3a, kallikrein and plasminogen acti-
vators, products of fibrin degradation, prosta-
glandins, and fibrinopeptides. Histamine is not 
a chemotactic factor but facilitates the process. 
Some bacterial toxins, particularly from gram-
negative bacteria and streptococcal streptoly-
sins, inhibit neutrophil chemotaxis [3, 6, 9].

 4. Phagocytosis.
This defense mechanism is particularly 

important in bacterial infections. The poly-
morphonuclear leukocytes and macrophages 
ingest debris and foreign particles.

4.3.1.2  Local Sequelae of Acute 
Inflammation

Acute inflammation has several possible local 
sequelae. These include resolution, suppuration 
(formation of pus), organization, and progression 
to chronic inflammation. Resolution means com-
plete restoration of tissues to normal. Organization 
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a b

Fig. 4.5 Microphotograph of acute inflammation showing numerous inflammatory cells particularly polymorphonu-
clear leukocytes, which are identified better (arrows) on higher power

of tissues refers to their replacement by granula-
tion tissue with formation of large amounts of 
fibrin, growth of new capillaries into fibrin, migra-
tion of macrophages into the zone, and prolifera-
tion of fibroblasts resulting in fibrosis and 
consequently exudate becoming organized.

4.3.1.3  Chronic Inflammation 
Associated Changes

Acute inflammation may progress to a chronic 
form characterized by reduction of the number 
of polymorphonuclear leukocytes but prolifera-
tion of fibroblasts with collagen production. 
Commonly, chronic inflammation may be pri-
mary with no preceding acute inflammatory 
reaction. Chronic inflammation, whether follow-
ing acute inflammation or not, is characterized 
by a proliferative (fibroblastic) rather than an 
exudative response with predominantly mono-
nuclear cell infiltration (macrophages, lympho-
cytes, and plasma cells) (Fig.  4.6). Vascular 
permeability is also abnormal, but to a lesser 
extent than in acute inflammation with formation 
of new capillaries.

4.3.1.4  Abscess Formation
Abscess is defined as a collection of pus in tis-
sues, organs, or confined spaces, usually caused 
by bacterial infection. The first phase of abscess 
formation is cellulitis, characterized by hyper-
emia, leukocytosis, and edema, without cellular 
necrosis or suppuration. This stage is also called 
phlegmon. It may be followed in some organisms 
by necrosis and liquefaction and walling off of 
the pus, which results in abscess formation that 
can be present with both acute and chronic 
inflammation.

4.3.2  Systemic Pathophysiological 
Changes of Inflammation

Three major systemic changes are associated 
with inflammation: leukocytosis, fever, and an 
increase in plasma proteins. Leukocytosis is an 
increased production of leukocytes due to stimu-
lation by several products of inflammation such 
as complement component C3a and colony- 
stimulating factors. A febrile response is due to 
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a b

Fig. 4.6 (a) Microphotograph illustrating chronic inflammation. The predominant cells are lymphocytes (arrow). (b) 
Higher power of a microphotograph of chronic inflammation clearly showing the mononuclear cells (arrows)

the pyrogens. The increase in plasma proteins is 
due to the stimulation of the liver by some prod-
ucts of inflammation, leading to increased syn-
thesis of certain proteins referred to as acute-phase 
reactants which include C-reactive protein, 
fibrinogen, and haptoglobin and are anti- 
inflammatory [3].

4.3.3  Pathophysiological Changes 
of Healing

Healing of tissue after injury is closely linked to 
inflammation since it starts by acute inflamma-
tion. Healing may lead to restoration of normal 
structure and function of the injured tissue (reso-
lution) or to the formation of a scar consisting of 
collagen (repair) when resolution cannot be 
achieved because the tissue is severely injured or 
cannot regenerate.

In either case, acute inflammation occurs first 
and for this reason is considered the defensive 
phase of healing. Healing (resolution and repair) 
occurs in two overlapping phases, reconstruction 
and maturation, and may take as long as 2 years. 
The reconstructive phase starts 3–4  days after 
injury, continues for approximately 2 weeks, and 
is characterized by fibroblasts followed by colla-
gen synthesis. The maturation phase is character-
ized by cell differentiation, scar formation, and 
remodeling of the scar; it begins several weeks 

after injury and may take up to 2  years to 
complete.

4.4  Pathophysiology of Major 
Soft Tissue Inflammation

4.4.1  Abdominal Inflammation

An abdominal abscess may be formed in an 
abdominal organ or within the abdomen outside 
the organs. There are several types of abdominal 
infection: abscess; cellulitis (phlegmon), i.e., 
early inflammation of the soft tissue prior to or 
without formation of an abscess. Abscesses fall 
into three categories (Fig. 4.7):

The organisms causing abscesses may reach 
the tissue by direct implantation such as penetrat-
ing trauma, may spread from contiguous infection, 
through hematogenous or lymphatic routes from a 
distant site, or through migration of resistant flora 
into an adjacent, normally sterile area such as in 
perforation of an abdominal viscus.

Factors predisposing to abscess formation 
include impaired host defense mechanisms; 
trauma/surgery; obstruction of urinary, biliary, 
or respiratory passages; foreign bodies; chemi-
cal or immunological irritation; and ischemia. 
Abdominal surgery (particularly of the colon, 
appendix, and biliary tree) and trauma are the 
most common; less common are appendicitis, 
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Abdominal Abscess

- Subphrenic
- Midabdominal
- Righ or left lower
  quadrant
- Pelvic abscess

- Anterior retroperitoneal
- Perinephric

- Hepatic
- Pancreatic
- Splenic

Retroperitoneal VisceralIntraperitoneal

Fig. 4.7 Categories of abdominal abscess

diverticulitis, and pelvic inflammatory disease. 
The formation of fibrin in the abdominal cavity 
is a common pathophysiological pathway for 
abdominal abscess formation due to diminished 
fibrin degradation. Hyaluronan-based agents 
were found to reduce adhesion formation after 
surgery and reduce abscess formation in experi-
mental peritonitis. Possible mechanisms of 
action of hyaluronan include modulation of the 
inflammatory response and enhanced fibrinoly-
sis [10]. Low pH, large bacterial inocula, poor 
perfusion, the presence of hemoglobin, and 
large amounts of fibrin (which impedes antibi-
otic penetration) make the abscess a cloistered 
environment that is penetrated poorly by many 
antimicrobial therapies [11, 12]. Therefore, 
management of these infections requires prompt 
recognition, early localization, and effective 
drainage, as well as appropriate antimicrobial 
use. Once the diagnosis is made and the abscess 
is localized, treatment should begin promptly. 
Percutaneous or open surgical drainage should 
be used. Broad-spectrum antibiotics should be 
given until culture and sensitivity data are 
obtained. Localization is crucial since, for 
example, percutaneous drainage is inappropri-
ate for abscesses in certain locations such as the 
posterior subphrenic space or in the porta hepa-
tis. In the liver, abscesses occur in the right lobe 

in approximately 95% of the cases, and in 70% 
of cases, the liver abscesses are solitary [13].

Accumulation of leukocytes in the abscess is 
the pathophysiological basis for using labeled 
white blood cells for abscess imaging. In the 
acute phase, migration of leukocytes is vigorous. 
Later, the migration rate slows, and the cell type 
changes from predominantly neutrophils to 
mononuclear cells (lymphocytes, plasma cells, 
and macrophages). This pathophysiological 
change associated with the chronic state explains 
the better diagnostic accuracy of labeled leuko-
cyte scans in acute as opposed to chronic 
abscesses.

Inflammatory bowel disease (IBD) is an idio-
pathic disease, probably involving an immune 
reaction of the body to its own intestinal tract. 
The two major types of IBD are ulcerative colitis 
(UC) and Crohn’s disease (CD). Crohn’s disease 
is also referred to as regional enteritis, terminal 
ileitis, or granulomatous ileocolitis. IBD is a dis-
ease of industrialized nations and observed most 
commonly in Northern Europe and North 
America. Incidence among whites is approxi-
mately four times that of other races, slightly 
greater in females and higher in Ashkenazi Jews 
(those who have immigrated from Northern 
Europe) than in other groups. The risk of devel-
oping UC is higher in nonsmokers and former 
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smokers than in current smokers. Incidence peaks 
in the second and third decades of life. A second 
smaller peak occurs in patients aged 55–65 years. 
CD and UC can occur in childhood, although the 
incidence is much lower in children younger than 
15  years with some differences in presentation 
and more negative effect on quality of life in 
younger age group [14].

The etiology of IBD is unsettled. Suspected 
factors include environmental, infectious, 
genetic, autoimmune, and host factors. A great 
deal of research has been performed to discover 
potential genes linked to IBD. One of the early 
linkages discovered was on chromosome 16 
(IBD1 gene), which led to the identification of 
the NOD2 gene (now called CARD15) as the first 
gene clearly associated with IBD (as a suscepti-
bility gene for Crohn’s disease). Studies have 
also provided strong support for IBD susceptibil-
ity genes on chromosomes 5 (5q31) and 6 (6p21 
and 19p). None of these mechanisms have been 
implicated as the primary cause, but they are pos-
tulated as potential causes. The lymphocyte pop-
ulation in persons with IBD is polyclonal, making 
the search for a single precipitating cause diffi-
cult. The trigger for the activation of the immune 
response has not been defined. However, possible 
triggers include a pathogenic organism (unidenti-
fied yet), an immune response to an intraluminal 
antigen (e.g., cow’s milk protein), or an autoim-
mune process with immune response to an intra-
luminal antigen and a similar antigen present on 
intestinal epithelial cells. In any case, activation 
of the immune system leads to inflammation of 
the intestinal tract, both acute and chronic 
[15–22].

The pathophysiology of IBD is still incom-
pletely understood and is under active investiga-
tion, but the common end pathway is inflammation 
of the mucosal lining of the intestinal tract, caus-
ing ulceration, edema, bleeding, and fluid and 
electrolyte loss. The inflammation of the intesti-
nal mucosa includes both acute inflammation 
with neutrophilic infiltration and chronic with 
mononuclear cell infiltration (lymphocytic and 
histiocytic) [23].

In UC, inflammation always begins in the rec-
tum, extends proximally a certain distance, and 
then abruptly stops. A clear demarcation exists 
between involved and uninvolved mucosa. The 
rectum is always involved in UC, and no “skip 
areas” are present. UC primarily involves the 
mucosa and the submucosa, with formation of 
crypt abscesses and mucosal ulceration. The 
mucosa typically appears granular and friable. In 
more severe cases, pseudopolyps form, consist-
ing of areas of hyperplastic growth with swollen 
mucosa surrounded by inflamed mucosa with 
shallow ulcers. In severe UC, inflammation and 
necrosis can in rare cases extend below the lam-
ina propria to involve the submucosa and the cir-
cular and longitudinal muscles.

UC remains confined to the rectum in approxi-
mately 25% of cases. In the remainder of cases, 
UC spreads proximally and contiguously. 
Pancolitis occurs in 10% of patients. The small 
intestine is essentially not involved, except when 
the distal terminal ileum is inflamed in a superfi-
cial manner, referred to as backwash ileitis. Even 
with less than total colonic involvement, the dis-
ease is strikingly and uniformly continuous. As 
the disease becomes chronic, the colon becomes 
a rigid foreshortened tube that lacks its usual 
haustral markings, leading to the lead pipe 
appearance observed on barium enema. The skip 
areas (normal areas of the bowel interspersed 
with diseased areas) observed in CD of the colon 
do not occur in UC.

CD, on the other hand, consists of segmental 
involvement by a nonspecific granulomatous 
inflammatory process. The most important path-
ological feature is the involvement of all layers of 
the bowel, not just the mucosa and the submu-
cosa, as is characteristic of UC.

Furthermore, CD is discontinuous, with skip 
areas interspersed between one or more involved 
areas. Late in the disease, the mucosa develops a 
cobblestone appearance, which results from deep 
longitudinal ulcerations interlaced with interven-
ing normal mucosa. The three major patterns of 
involvement in CD are (1) disease in the ileum 
and cecum, occurring in 40% of patients; (2) 
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 disease confined to the small intestine, occurring 
in 30% of patients; and (3) disease confined to 
the colon, occurring in 25% of patients. Rectal 
sparing is a typical but not constant feature of 
CD. However, anorectal complications (e.g., fis-
tulas, abscesses) are common. Much less com-
monly, CD involves the more proximal parts of 
the GI tract, including the mouth, tongue, esoph-
agus, stomach, and duodenum. CD causes three 
patterns of involvement: (1) inflammatory dis-
ease, (2) strictures, and (3) fistulas.

The incidence of gallstones and kidney stones 
is increased in CD because of malabsorption of 
fat and bile salts. Gallstones are formed because 
of increased cholesterol concentration in the bile, 
caused by a reduced bile salt pool. Patients who 
have CD with ileal disease or resection also are 
likely to form calcium oxalate kidney stones. 
With the fat malabsorption, unabsorbed long- 
chain fatty acids bind calcium in the lumen. 
Oxalate in the lumen normally is bound to cal-
cium. Calcium oxalate is poorly soluble and 
poorly absorbed; however, if calcium is bound to 
malabsorbed fatty acids, oxalate combines with 
sodium to form sodium oxalate, which is soluble 
and is absorbed in the colon (enteric hyperoxal-
uria). The development of calcium oxalate stones 
in CD requires an intact colon to absorb oxalate. 
Patients with ileostomies do not develop calcium 
oxalate stones. Extraintestinal manifestations of 
IBD include iritis, episcleritis, arthritis, and skin 
involvement, as well as pericholangitis and scle-
rosing cholangitis.

The most common causes of death in IBD are 
peritonitis with sepsis, malignancy, thromboem-
bolic disease, and complications of surgery. 
Malnutrition and chronic anemia are observed in 
long-standing CD. Children with CD or UC can 
exhibit growth retardation.

Patients with UC most commonly present 
with bloody diarrhea, whereas patients with CD 
usually present with non-bloody diarrhea. 
Abdominal pain and cramping, fever, and weight 
loss occur in more severe cases. The presentation 
of CD is generally more insidious than that of 
UC. UC and CD are generally diagnosed using 
clinical, endoscopic, and histologic criteria. 
However, no single finding is absolutely diagnos-

tic for one disease or the other. Furthermore, 
approximately 20% of patients have a clinical 
picture that falls between CD and UC; they are 
said to have indeterminate colitis. Accordingly, 
imaging may be needed for the detection and for 
evaluation of the disease activity during its 
course.

4.4.2  Chest Inflammation

The chest is a common site of various types of 
infection, acute and chronic. Such infections are 
frequent in the elderly and in immunosuppressed 
patients, including cancer patients. Common 
inflammatory conditions relevant to nuclear med-
icine include pneumonia, sarcoidosis, diffuse 
interstitial fibrosis, and Pneumocystis (jirovecii) 
carinii pneumonia (see also Chap. 8).

4.4.2.1  Sarcoidosis (See also Chap. 8)
Sarcoidosis is an inflammatory condition of 
uncertain etiology characterized by the presence 
of noncaseating granulomas involving multiple 
organs. The disease is recognized as a member of 
a large family of granulomatous disorders and 
has been reported from all parts of the world. 
Current evidence points to genetic predisposition 
and exposure to yet unknown transmissible 
agent(s) and/or environmental factors as etiologi-
cal agents [24]. Recently it has been recognized 
to be a Th1-mediated disease as it is dominated 
by gene signatures associated with IFNȳ signal-
ing [25].

The lung is most commonly and usually the 
first site of involvement, and the inflammatory 
processes extend through the lymphatics to the 
hilar and mediastinal nodes. The lung is involved 
in more than 90% of cases. Pulmonary sarcoid-
osis starts as diffuse interstitial alveolitis, fol-
lowed by the characteristic granulomas. 
Granulomas are present in the alveolar septa as 
well as in the walls of the bronchi and pulmonary 
arteries and veins. The center of the granuloma 
contains epithelioid cells derived from mononu-
clear phagocytes, multinucleated giant cells, and 
macrophages. Lymphocytes, macrophages, 
monocytes, and fibroblasts are present at the 
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periphery of the granuloma [26]. Sarcoidosis rep-
resents a challenge to clinical investigation 
because of its unpredictable course, uncertain 
response to therapy, and diversity of potential 
organ involvement and clinical presentations 
[27]. The diagnosis is based on a compatible clin-
ical and/or radiological picture, histopathological 
evidence of noncaseating granulomas in tissue 
biopsy specimens, and exclusion of other dis-
eases capable of producing similar clinical or his-
topathological appearances. Even 
microscopically, the noncaseating granulomas 
are not specific [24]. Infection by mycobacterial 
species other than Mycobacterium tuberculosis 
frequently leads to the production of noncaseat-
ing granulomas [28]. The condition is underdiag-
nosed in some areas. However, owing to the 
increasing awareness, it is being diagnosed more 
frequently than a few decades ago [26].

The disease runs a benign course with sponta-
neous remission of the activity though some 
degree of residual pulmonary function abnormal-
ity persists. Only a minority of patients develop 
complicated disease that may lead to blindness, 
renal failure, liver failure, and heart involvement.

Advanced age, the presence of pulmonary 
symptoms, the presence of parenchymal lesions 
on chest radiograph, a previous history of treat-
ment with corticosteroids, and the presence of 
extrathoracic involvements at the time of detec-
tion are possible prognostic factors in patients 
with sarcoidosis. The mode of onset and the 
extent of the disease are also related to prognosis. 
An acute onset with erythema nodosum or 
asymptomatic bilateral hilar lymphadenopathy 
usually heralds a self-limiting course, whereas an 
insidious onset, especially with multiple extra-
thoracic lesions, may be followed by relentless, 
progressive fibrosis of the lungs and other organs.

4.4.2.2  Pneumocystis carinii (jirovecii) 
Pneumonia

Pneumocystis carinii (jirovecii) pneumonia (PCP) 
is a condition that may be endemic or epidemic. It 
is caused by Pneumocystis jirovecii which is a 
common and potentially lethal opportunistic pneu-
monia-causing fungus in immunocompromised 
patients. Pneumocystis jirovecii pneumonia (PCP) 

is classically associated with acquired immunode-
ficiency syndrome (AIDS), but it also affects 
patients with malignancy, rheumatologic condi-
tions, or transplantation. The condition can be 
common also in premature infants and debilitated 
children, but it is also seen in congenital immuno-
deficiency and in patients who are receiving che-
motherapy and corticosteroids. It remains a 
significant cause of morbidity and mortality in 
human immunodeficiency virus and nonhuman 
immunodeficiency virus-associated immunosup-
pressed patients [29]. It is the most common infec-
tion in AIDS patients, and it remains an important 
cause of morbidity and mortality [30]. 
Pathophysiologically, Pneumocystis jirovecii 
adheres to the surface epithelium of type 1 alveo-
lar cells, which stimulates cytokines, chemokines, 
and cellular infiltrate in the lungs to eradicate the 
infection. In immunocompetent hosts, this results 
in a mild inflammatory response with minimal 
damage to the lung. However, patients with a 
diminished immune response due to lack or 
incomplete function of certain immune system 
components develop hyperinflammatory responses 
that cause direct damage to the lung [31]. The 
introduction of highly active antiretroviral therapy 
in industrialized nations however has led to dra-
matic declines in the incidence of AIDS-associated 
complications, including PCP.  In the developing 
countries, no decline has occurred [32]. 
Transmission is usually airborne. The pathological 
changes are predominantly in the lungs with an 
inflammatory reaction consisting of plasma cells 
of variable amount, monocytes, and histiocytes. 
The diagnosis is currently established through 
identification of the organisms in bronchial secre-
tions obtained by bronchoalveolar lavage or bron-
chial washings [33]. Gallium-67 is an important 
imaging modality that helps in the diagnosis and 
evaluation of the activity of the disease.

4.4.2.3  Interstitial Pulmonary Fibrosis
Idiopathic pulmonary fibrosis is a rare disease 
characterized by chronic, progressive irreversible 
interstitial lung fibrosis along with inflammatory 
changes of unknown cause. Clinically, the 
 condition is often diagnosed at an advanced 
stage  and  carry a poor prognosis. The median 
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estimated survival time from the time of diagno-
sis is 2–5 years. Recently several subtypes have 
been clearly identified with different outcomes 
[34, 35]. Early intervention is crucial to improve 
the prognosis. The pathologic changes of paren-
chymal inflammation and interstitial fibrosis start 
with alveolitis followed by derangement of the 
alveolar-capillary units, leading progressively to 
the end stage of fibrosis. There is a correlation 
between the inflammatory activity and the 
amount of gallium-67 activity in the lungs [36] 
and is recommended as useful for monitoring the 
results of therapy [37].

4.4.2.4  Coronavirus Disease 2019 
Pneumonia

The coronavirus disease 2019 is caused by 
SARS-CoV-2. The virus causes respiratory, gas-
trointestinal, and neurological diseases and may 
lead to severe acute respiratory syndrome. It is 
transmitted primarily via large respiratory drop-
lets during close face-to-face contact. Infection 
can spread by asymptomatic, presymptomatic, 
and symptomatic carriers. The average time from 
exposure to the onset of symptoms is 5 days, and 
97.5% of patients who develop symptoms do so 
within an average of 11.5  days [38]. When the 
virus is transmitted, it directly infects cells of the 
upper and lower respiratory tract, especially nasal 
ciliated and alveolar epithelial cells [38]. 
Coronaviruses are large, enveloped single- 
stranded RNA viruses that can be found in 
humans and other mammals, such as dogs, cats, 
chickens, cattle, pigs, and birds. The virus causes 
respiratory, gastrointestinal, and neurological 
diseases.

The virus causes respiratory, gastrointestinal, 
and neurological diseases. Clinically, it presents 
with a variety of signs and symptoms and may 
also be asymptomatic. When symptomatic, the 
presentation includes fever, dry cough, shortness 
of breath, fatigue, myalgias, nausea and/or vom-
iting or diarrhea, headache, weakness, loss of 
taste, and rhinorrhea. Diagnosis is made by 
detection of SARS-CoV-2 via reverse transcrip-

tion polymerase chain reaction (PCR) testing, 
although false-negative test results occur.

4.4.3  Renal Inflammation

Urinary tract infection (UTI) is among the most 
common infections which can occur in either an 
uncomplicated host setting with no underlying 
structural or functional abnormality of the geni-
tourinary tract; or complicated, where there is. 
For complicated situations, common predispos-
ing factors are the presence of a foreign body, 
including urinary catheter, or disruption of nor-
mal urinary flow by obstruction or retention [39]. 
The presence of a urinary catheter, or other urine 
drainage device, provides a ready scaffold for 
organisms to develop a biofilm, which in turn 
shields organisms from being eradicated success-
fully. Similarly the presence of renal calculi simi-
larly can be linked to biofilm production [39].

Urinary tract infection is common particularly 
in children. There are two main varieties of acute 
renal infection: pyelitis, which is confined to the 
renal pelvis, and pyelonephritis, where the renal 
parenchyma is also involved. It is not always pos-
sible to differentiate between the two conditions 
on clinical grounds. The pathology of acute 
pyelitis is not very well understood. The impor-
tance of the condition, however, lies in the fact 
that recurrent subclinical attacks are believed to 
be significant in the pathogenesis of chronic 
pyelonephritis.

The number of patients with chronic kidney 
disease and consequent end-stage renal disease 
is rising worldwide [40]. End-stage kidney dis-
ease, defined as that requiring dialysis or receipt 
of a transplant or that which may lead to death 
from chronic kidney failure, generally affects 
less than 1% of the population [37]. Among 
today’s challenges is to identify those at greatest 
risk for end- stage renal disease and intervene 
effectively to prevent progression of early 
chronic kidney disease and conditions leading to 
chronic disease [41].
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Rarely, uncomplicated acute pyelonephritis 
causes suppuration and renal scarring. However, 
urinary infections in patients with renal calculi, 
obstructed urinary tract, neurogenic bladder, or 
diabetes are frequently much more destructive 
and have ongoing sequelae [42].

4.4.3.1  Acute Pyelonephritis
Acute pyelonephritis is a common medical prob-
lem. The diagnosis and management of this condi-
tion is complex. Patients initially diagnosed with 
pyelonephritis typically exhibit symptoms and 
laboratory evidence suggesting infected urine, 
with signs referable to upper urinary tract infec-
tion. However, no consistent set of signs and 
symptoms are sensitive and specific for this diag-
nosis. Symptoms of acute pyelonephritis generally 
develop rapidly over a few hours or a day. 
Symptoms of lower UTI may or may not be pres-
ent. These include dysuria; urinary frequency, 
hesitancy, and urgency; gross hematuria; and 
suprapubic discomfort, heaviness, pain, or pres-
sure. Additionally, flank pain and tenderness, uni-
lateral or sometimes bilateral, are present. Fever is 
not always present. When present, it is not unusual 
for the temperature to exceed 103  °F (39.4  °C). 
Rigor, chills, malaise, and weakness may be pres-
ent. Anorexia, nausea, vomiting, and diarrhea may 
also be present. Most patients have significant leu-
kocytosis, pyuria with leukocyte casts in the urine, 
and bacteria on a gram stain of unspun urine.

Many conditions and clinical situations are 
associated with an increased risk of pyelonephri-
tis. Table 4.2 lists common risk factors.

Pyelonephritis is significantly more common in 
females (higher in white than in black) compared to 
males. Approximately 10–30% of women develop 
a symptomatic UTI at some point in their lives.

Acute pyelonephritis is a bacterial infection of 
the kidney with acute inflammation of the pyelo-
caliceal lining and renal parenchyma centrifu-
gally along medullary rays. This can occur by 
more than one way. Most often it occurs because 
of ascending infection from the lower urinary 
tract (Fig.  4.8). The initial colonization of the 
walls of the ureter is in areas of turbulent flow 
which leads to paralysis of peristalsis. Dilation 
and functional obstruction result in subsequent 

pyelonephritis. Another way is by direct reflux of 
bacteria. Hematogenous spread to the kidney by 
gram-positive and less likely by gram-negative 
organisms is the third way that can occur. This 
has become less prevalent since the advent of 
rapid use of antibiotics. Little or no evidence sup-
ports lymphatic spread.

Grossly, the kidney is enlarged and edema-
tous. The cut surface may show small abscesses 
in the cortex, and more often there are wedge- 
shaped purulent areas streaking upward from the 
medulla, with normal areas of the kidney tissue 
intervening in between infected zones (Fig. 4.9). 

Table 4.2 Common risk factors for pyelonephritis

Mechanical factors
• Obstruction
• Prostatic infection
• Calculi
• Urinary diversion procedure
• Infected cysts
• External drainage with urinary catheters or 
nephrostomy tubes
• Stents
• Vesicoureteral reflux
• Neurogenic bladder
• Bladder or renal abscesses
• Fistulas
• Recent urinary tract instrumentation
Metabolic and hormonal factors
• Diabetes mellitus
• Pregnancy
• Renal impairment
• Malakoplakia
• Primary biliary cirrhosis
Immune factors
• Transplant recipients
• Neutropenia
• Congenital or acquired immunodeficiency 
syndromes
Infectious factors (unusual pathogens)
• Yeasts and fungi
• Mycoplasma species
• Resistant bacteria, including P. aeruginosa
• Calculi-predisposing bacteria, including Proteus 
species and Corynebacterium urealyticum
Other factors
• Uncircumcised penis
• Old age
• Recent antimicrobial use

Adopted from [43, 44]
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Frequently, the pelvis and calyces are inflamed 
and dilated. In severe infection, renal papillary 
necrosis may be present.

Microscopically, there is intense inflamma-
tion, with infiltration of polymorphonuclear leu-
kocytes throughout the interstitial tissue and 
abscess formation. There is destruction of the 
tubules, but the glomeruli and blood vessels are 
often unaffected. The disease remains essentially 
focal in character, with areas of normal tissue. 
Following treatment and removal of predisposing 
factors such as obstruction, healing may occur, 
leaving coarse scars which stretch from the 
medulla to the capsule of the kidney.

4.4.3.2  Chronic Pyelonephritis
Chronic pyelonephritis is a chronic condition 
affecting the pelvis and parenchyma and result-
ing from recurrent or persistent renal infection. It 
occurs almost exclusively in patients with major 
anatomic anomalies, including urinary tract 
obstruction, struvite calculi, renal dysplasia, or, 
most commonly, vesicoureteral reflux (VUR) in 
young children. Grossly, the kidney shows nor-
mal areas alternating with zones of scarring. 

Fig. 4.8 Diagram illustrating the routes of inducing uri-
nary tract infection. The left-hand side represents the 
hematogenous route, while the right-hand side represents 
the retrograde route such as with vesicoureteral reflux

Pale streaks with
surrounding congestion
in medullary rays

Pelvis and parenchyma
acutely congested and swollen

Patches of
suppuration in

cortex

and

medulla

Inflammation is mainly intersitial

Glomeruli usually unaffected

Other tubules filled by pus cells

Streaks and
wedges of suppuration in cortex

Some tubules destroyed: abscesses  formed

Fig. 4.9 Acute pyelonephritic changes (modified from [45] with permission)
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Wedge-shaped scars can be seen on the subcap-
sular surface of the kidney. The appearance dif-
fers, depending on the presence or absence of 
obstruction. Chronic pyelonephritis in the pres-
ence of intra- or extrarenal obstruction shows 
dilation of the pelvocalyceal system and some-
times peripelvic fibrosis. If no obstruction is 
present, the pelvic change is in the form of 
peripelvic fibrosis rather than dilation (Fig. 4.10).

Microscopically, the scarred areas show 
changes in the interstitium and tubules. The inter-
stitial tissue shows infiltration by predominantly 
lymphocytes and plasma cells. The tubules 
become atrophic and may collapse (Fig.  4.11). 

The glomeruli may be normal in some cases, 
while in others periglomerular fibrosis is 
present.

4.4.3.3  Scrotal Inflammation (See 
Chap. 7)

Inflammation of the epididymis (epididymis) is 
common, and sometimes it involves testicles 
(epididymoorchitis). The condition may be infec-
tious or noninfectious. Noninfectious may follow 
urinary obstruction or can be drug-induced. It can 
affect children and adults. Bacterial ascent 
through the urogenital tract is the most common 
etiology in acute infectious epididymitis [46].

Obstructive type

Recent acute
lesion

Deep scars

Cortex
irregular
narrowed

Capsule thick and
adherent edpecially at scars

Non-Obstructive type

Pyramids distoried
and medulla atrophied

Pelvis ang calyces
distended and distorted

Mucosa thickened
and granular Kidney contracted

due to fibrosis

Pelvis inflamed
but not
distended

Fig. 4.10 Types of pyelonephritic changes based on whether obstruction is present (from [5] with permission)
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Only a few
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Fig. 4.11 Main pathological changes of chronic pyelonephritis (modified from [45] with permission)
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4.4.4  Pathophysiology of Cellulitis

Cellulitis describes infection of the dermis and 
subcutaneous tissues which lead to pain, ery-
thema, edema, and warmth. It results from dis-
ruption of the skin and invasion by 
microorganisms. Peripheral vascular disease and 
diabetes increase susceptibility to this form of 
infection because minor injuries to the skin in the 
feet or toes can serve as entry points for infection. 
Other patients susceptible to cellulitis include 
those with foreign bodies penetrating the skin, 
such as intravenous catheters and orthopedic 
hardware [47]. There is a risk for rapid spread of 
infection in patients with diabetes, immunodefi-
ciency, impaired peripheral circulation, or a his-
tory of lymphadenectomy with cellulitis.

4.4.5  Pathophysiology 
of Endocarditis

Endocarditis is the inflammation of endocardium, 
which may be infective or non-infective. Infective 
endocarditis is usually caused by bacteria, com-
monly, streptococci or staphylococci, or fungi. It 
may present with fever, heart murmurs, embolic 
phenomena, petechiae, anemia, and endocardial 
vegetations. Vegetations may lead to valvular 
incompetence or narrowing, myocardial abscess, 
or mycotic aneurysm. Noninfecive endocardi-
tis on the other hand is characterized by accumu-
lation of sterile platelet and fibrin thrombi on 
cardiac valves and adjacent endocardium. 
Noninfective endocarditis may sometimes lead to 
infective endocarditis. Both conditions can result 
in embolization and impaired cardiac function. 
Pathophysiologically, the condition develops in 
three stages; Bacteremia, adhesion (microorgan-
isms adhere to the surface of abnormal or dam-
aged endothelium), and colonization with 
proliferation of the microorganism leading to 
inflammation and formation of vegetations. The 
disease may lead to local and systemic sequalae. 
Local sequalae include myocardial abscesses, 
valvular regurgitation which if severe may lead to 
heart failure and death. Aortitis may also occur 
due to local spread of infection. Prosthetic valve 

infections are particularly associated with local 
consequences. Systemic complications are pre-
dominantly due to embolization from vegetations 
on valvular surfaces. Pulmonary infarction, pneu-
monia, or empyema may follow right sided 
lesions while left sided lesions may lead to 
emboli of kidneys, spleen, central nervous sys-
tem, skin, and retina [48].

4.4.6  Pathophysiology of Thyroid 
Gland Inflammation (See also 
Chap. 6)

Thyroiditis is a group of inflammatory thyroid 
diseases. It may affect the gland diffusely or 
focally and can be due to infection by microor-
ganisms or noninfectious. There are many clas-
sifications and terminologies for the condition 
based on clinical, histopathologic, etiology, and 
other factors. Simply it can be classified into 
acute, subacute, and chronic [49].

Acute thyroiditis is a rare but serious form 
secondary to bacteria. Subacute thyroiditis is a 
painful, inflammatory disease of viral origin. 
Hashimoto’s thyroiditis is chronic thyroiditis due 
to autoimmune pathogenesis, and patients may 
be euthyroid, develop hypothyroidism, or thyro-
toxicosis that is usually transient. Silent and post-
partum thyroiditis is also of autoimmune origin, 
occurring either sporadically or postpartum and 
clinically present with transient thyrotoxicosis. 
Riedel’s thyroiditis is a rare chronic inflamma-
tory disorder of uncertain etiology, characterized 
by dense thyroid fibrosis [50, 51].

4.5  Pathophysiology of Major 
Skeletal Inflammations

Osteomyelitis indicates an infection involving 
the cortical bone as well as the marrow (see 
Chap. 5). It is classified into many types based on 
several pathological and clinical factors [52–60] 
including route of infection, patient age, etiology, 
and onset. Hematogenous osteomyelitis most 
commonly affects children, and the metaphyses 
of long bones are the most common sites. 
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Nonhematogenous osteomyelitis, on the other 
hand, occurs as a result of penetrating trauma, 
spread of a contiguous soft tissue infection, or 
inoculation, as in drug addicts [59–65]. Many 
organisms have been encountered in the patho-
genesis of osteomyelitis, particularly gram- 
positive organisms, the most common being 
Staphylococcus aureus [65–67]. Like many other 
pathological conditions of bone, infections cause 
reactive new bone formation which—among 
other factors, particularly increased blood flow—
is the principle reason for the accumulation of 
bone-seeking radiopharmaceuticals at the site of 
skeletal infections.

It is difficult to draw the line between acute 
and chronic osteomyelitis. Chronic osteomyelitis 
has been defined as a skeletal infection with a 
duration as short as 5 days or as long as 6 weeks. 
It is characterized by less marked inflammatory 
cell infiltrates than acute infection and may 
exhibit a variable amount of necrotic tissue. 
Acute septic arthritis is a medical emergency, 
since it may result in destruction of the articular 
cartilage and permanent disability if treatment is 
delayed [66]. See Chap. 5 for more details on 
skeletal inflammations.

4.6  Fever and Inflammation 
of Unknown Origin

Fever of unknown origin (FUO) describes an ill-
ness of several episodes of fever exceeding 
38.3 °C or at least 3-week duration, with no diag-
nosis after an appropriate inpatient or outpatient 
evaluation. There are many causes of fever of 
unknown origin. Infection accounts for only 
about 25% of these causes. Neoplasms are 
responsible for approximately 15–25%. Other 
etiologies include collagen vascular disease, 
granulomatous diseases, pulmonary emboli, 
cerebrovascular accidents, and drug fever.

There are many causes of fever of unknown 
origin. The causes of FUO include infectious dis-
eases, neoplasms, and noninfectious inflamma-
tory diseases. Many cases (25%) remain 
undiagnosed after workup. Inflammation, neo-
plasia, and other causes such as pulmonary 

emboli, cerebrovascular accidents, and drugs are 
responsible for FUO [68]. Inflammation of 
unknown origin (IUO) has a similar definition to 
the fever of unknown origin but with a tempera-
ture not exceeding 38.3 °C and raised inflamma-
tory markers (C-reactive protein [CRP] >30 mg/L 
and/or increased erythrocyte sedimentation rate 
on >3 occasions. Both FUO and IUO have simi-
lar causes, and the workup is identical for both 
conditions [69].

FUO can be categorized into four subgroups; 
(1) classical FUO, (2) nosocomial (health care- 
associated), (3) neutropenic (immune-deficient), 
and (4) HIV-related. As with other patients, among 
immune-compromised patients FUO can be due to 
infectious and noninfectious causes. The majority 
of infections included respiratory tract infections 
(28.8%), secondary bacteremia due to gram-nega-
tive bacilli (15.7%), genitourinary tract infections 
(12.9%), skin and soft tissue infections (11.3%), 
and primary bacteremia (11.0%). One hundred 
nine (23%) cases were due to noninfectious condi-
tions such as malignant neoplasm, metastatic dis-
ease, and drug- induced fever. Although 
noninfectious neoplastic-related fever was more 
common (41%) among non-neutropenic patients, 
noninfectious drug-induced fever was more com-
mon among neutropenic patients (13%). In 47 
(10%) cases, the cause of the fever could not be 
determined [70].

Most cases of FUO in HIV-infected patients 
are the result of opportunistic infections. In a 
study using F-18-FDG-PET/CT, the etiology of 
the FUO was identified in 17 of 20 (85%) patients. 
The causes of FUO in the patients for whom the 
etiology was determined included tuberculosis 
(n = 8), lymphoma (n = 3), nontuberculous myco-
bacteria (n = 3), pneumococcal infection (n = 1), 
visceral disseminated leishmaniasis (n = 1), and 
dental infection (n  =  1). The remaining three 
patients had drug-induced or HIV-related fever. 
This study also confirms the value of FDG/PET 
in fever FUO in HIV positive patients similar to 
non-HIV patients [71].

Since no localizing signs are evident, func-
tional modalities, particularly FDG-PET/CT, are 
of utmost importance in the workup of patients 
with FUO. FDG-PET/CT is a sensitive diagnos-
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tic technique for evaluating FUO by facilitating 
anatomical localization of focally increased FDG 
uptake, thereby guiding further diagnostic tests to 
achieve a final diagnosis. FDG-PET/CT should 
become a routine procedure in the workup of 
FUO when diagnostic clues are absent. FDG-
PET/CT appears to be a cost-effective routine 
imaging technique in FUO by avoiding unneces-
sary investigations and reducing the duration of 
hospitalization [71, 72].

4.7  Radiopharmaceuticals 
for Inflammation Imaging

Many radioisotopes have been used to detect and 
localize infection (see Table 4.3). Several mecha-
nisms explain the uptake of these radiotracers at 
the site of infection:
 1. Increased vascular permeability.
 (a) 111In and 99mTc human polyclonal IgG
 (b) 111In monoclonal IgM antibody
 (c) 111In and 99mTc liposomes
 (d) 111In biotin and streptavidin
 (e) 99mTc nanocolloids56
 (f) 111In chloride
 (g) 67Ga citrate.
 2. Migration of WBCs to the site of infection.
 (a) 111In- and 99mTc-labeled leukocytes
 (b) 99mTc anti-WBC antibodies.
 3. Binding to proteins at the site of infection, 

i.e., 67Ga citrate (lactoferrin and other iron- 
containing proteins).

 4. Binding to WBCs at the site of infection.
 (a) Chemotactic peptides.
 (b) Interleukins.
 5. Binding to bacteria.
 (a) 99mTc-labeled ciprofloxacin antibiotic
 (b) 67Ga citrate.
 6. Metabolic trapping, i.e., F-18 

fluorodeoxyglucose.
Since there are limitations to the radiopharma-

ceuticals available for imaging infection, the 
search continues for better agents with ideal 
properties. They should:
 1. Be easy to prepare.
 2. Have low cost and wide availability.

 3. Ensure rapid detection and localization of 
infections (<3 h).

 4. Have low toxicity and produce no immune 
response.

 5. Clear rapidly from the blood with no signifi-
cant uptake in the liver, spleen, GI tract, bone, 
kidneys, bone marrow, or muscle.

 6. Clear rapidly from the background.
 7. Have high specificity and sensitivity and be 

able to differentiate infection from other 
causes of inflammation and tumors.

 8. Be able to differentiate acute from chronic 
infection.
Gallium-67 has been used for many years to 

detect inflammation. The multiple mechanisms 
of uptake of gallium by inflammatory tissue 
include the following:
 1. Increased vascular permeability.
 2. Gallium-67-binding substances at the site of 

inflammation.
 (a) Transferrin (due to leakage of plasma 

proteins).
 (b) Lactoferrin (secreted with lysosomal con-

tents of stimulated or dead neutrophils).
 (c) Siderophores produced by bacteria.
 3. Leukocytes: direct uptake.
 4. Bacteria: direct uptake.

Table 4.3 Radiopharmaceuticals for imaging infection 
[66, 73–80]

Gallium-67 citrate
Gallium-68 citrate, Gallium-68 transferrin
Labeled WBCs using 111In-oxine or 99mTc-HMPAO 
(99mTc-hexamethylpropyleneamine oxime)
Labeled particles
   Nanocolloid
   Liposomes
Labeled large protein
   Nonspecific immunoglobulins
   Specific immunoglobulins: polyclonal and 

monoclonal
    Antigranulocyte monoclonal antibodies
    Anti-E-selectin antibodies
Labeled receptor-specific small proteins and peptides
   Chemotactic peptides
   Interleukins 
Labeled antibiotics: ciprofloxacin
18F-FDG
Labeled Vitamin B
   In-111 Biotin
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Sfakianakis et al. [74] found that 111In leuko-
cyte imaging accuracy was best for relatively 
acute infections (less than 2 weeks) but yielded a 
27% false-negative rate among patients with pro-
longed infections. In a recent meta-analysis 
which included 6649 articles on prospective and 
retrospective diagnostic studies performed on 
patients with diabetes in whom there was a clini-
cal suspicion of osteomyelitis of the foot 99mTc- 
HMPAO- labeled WBC scintigraphy and 
8F-FDG-PET offer the highest specificity [85]. 
On the other hand, 67Ga imaging had its highest 
sensitivity in long-standing processes, with false- 
negative results of 19% in relatively acute infec-
tions of less than 1-week duration [62].

An earlier systematic review of the published 
studies in humans cited in PubMed written in 
English, French, German, Italian, and Spanish, it 
was again found that labeled leukocyte is a sensi-
tive method to localize abdominal abscesses and 
can guide dedicated US and CT investigations to 
improve their diagnostic potential [76].

Table 4.4 lists the main advantages and disad-
vantages of the major radiopharmaceuticals used 
for inflammation imaging.

Several monoclonal antibodies are used to 
detect infections. These antibodies are mainly 
directed against receptors on inflammatory cells.

Labeled antigranulocyte agents most com-
monly used are intact murine immunoglobulin G 
(IgG) antibodies against normal cross-reactive 
antigen-95 (anti-NCA-95, 99mTc-BW250/183, 
99mTc-besilesomab [Scintimun®]) and the murine 
Fab fragment of the IgG antibody directed against 
the glycoprotein cross-reactive antigen-90 (anti- 
NCA- 90, 99mTc-sulesomab, LeukoScan®). The 
99mTc anti-NCA-90 Fab fragments can recog-
nize a specific cross-reacting antigen (NCA-90) 
(the surface antigenic glycoprotein) on granulo-
cytes, promyelocytes, and myelocytes [77–79]. 
LeukoScan uptake at the site of infection is 
explained partly by the migration of circulating 
antibody-labeled granulocytes to the site of infec-
tion. Uptake is also explained by the fact that the 
greater proportion of the labeled antibody frag-
ment is in a free soluble form which can easily 
cross capillary membranes, binding to the leuko-
cyte once in situ. This mechanism is favored by 

the increased capillary permeability at the site of 
infection. An important advantage of LeukoScan 
is the 5 min preparation time compared with the 
2  h 30  min required by a specialized team for 
labeling leukocytes. Despite the fact that 
LeukoScan involves the i.v. injection of mouse 
proteins, no anaphylactic or other hypersensitiv-
ity reactions were observed.

99mTc ciprofloxacin (Infecton) is also being 
used to image infection. Ciprofloxacin is a broad- 
spectrum fluoroquinolone antibiotic that inhibits 
DNA gyrase and/or topoisomerase IV of bacte-
ria. Patients receive 99mTc ciprofloxacin 10 mCi, 
and images are obtained at 1, at 3–4, and, occa-
sionally, at 24 h postinjection. 99mTc ciprofloxa-
cin may be useful in distinguishing infection 
from inflammation. Early images of noninfec-
tious rheumatologic inflammatory conditions 
were positive, but activity decreased with time.

111In- and 99mTc-labeled chemotactic peptide 
analogs have been used for detecting and local-
izing infections. Imaging can be performed at 
less than 3  h postinjection, which compares 
favorably with the 18–24  h or more for most 
other agents [65].

Labeled liposomes have been used for scinti-
graphic imaging of infection and inflammation 
[79]. Boerman et al. [81] used 111In-labeled steri-
cally stabilized liposomes (long circulating) in 
rats and showed that the clearance of this agent is 
similar to that of 111In IgG. The uptake in abscess 
was twice as high as that of IgG and the abscess 
was visualized as early as 1 h postinjection. 99mTc 
nanocolloid has also been tried but has not gained 
wide acceptance.

F-18 fluorodeoxyglucose (FDG-PET) is now 
an important diagnostic agent for infectious and 
noninfectious soft tissue and skeletal inflamma-
tions including inflammatory bowel disease, 
fevers of unknown origin, rheumatologic disor-
ders, tuberculosis infection, fungal infection, 
pneumonia, abscess, postarthroplasty infec-
tions, chronic and vertebral osteomyelitis, sar-
coidosis, and chemotherapy-induced 
pneumonitis [82–84]. Inflammatory conditions 
show high FDG uptake which is related to 
increased glucose metabolism that is produced 
by stimulated inflammatory cells, macrophage 
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Table 4.4 Advantages and disadvantages of the main available radiopharmaceuticals for inflammation

Gallium-67 citrate 111In WBC 99mTc-WBC FDG-PET/CT
Advantages Whole-body imaging Whole-body imaging Whole-body imaging/

Earlier diagnosis 
(2–4 h)
Better physical 
characteristics of 
technetium than 67Ga 
and 111In

Whole-body imaging
Early results

Disadvantages Results after 24 h or 
more
Physiological liver, 
spleen, and bowel 
activity
Uptake in tumors

Tedious procedure
Results at 24 h
Physiological liver 
and spleen activity

Tedious procedure
Physiological bowel 
activity by 2 h

High radiation dose

proliferation, and healing [86]. Additionally, the 
circulating cytokines associated with inflamma-
tion as mediators increase the affinity of the glu-
cose transporters for FDG [87]. While uptake of 
FDG continues to increase at malignant sites for 
several hours, as can be shown by an incremen-
tal increase of the standardized uptake values 
(SUV), inflammatory lesions peak at approxi-
mately 60 min, and their SUV either stabilize or 
decline thereafter. This difference in the behav-
ior of FDG in malignant versus inflammatory 
cells can be explained best by the varying levels 
of enzymes that degrade deoxyglucose- 6- 
phosphate in the respective cells. Glucose-6- 
phosphatase dephosphorylates intracellular 
FDG-6-phosphate, allowing it to leave the cell. 
It has been shown that most tumor cells have 
low levels of this enzyme, while its expression 
is high in the mononuclear cells [86–89]. For 
this reason, imaging at two time points after 
administration of FDG may prove to be impor-
tant in differentiating between these two com-
mon disorders.

Recent reports described Ga-68-Citrate and 
Ga-68-transferrin as possible agents for PET- 
imaging of infection. Ga-68 has half-life of 
68 min compared to 78.3 h for Ga-67.

The short half-life of Ga-68 (68 min) helps in 
lower dosimetry to the patient. Ga-68 compared 
to FDG is that it is positive only in cases of infec-
tion. Preliminary reports suggest Ga-68-Citrate 
PET/CT is useful in the diagnosis of suspected 
bone infections with reliable accuracy. Ga-68- 
Citrate or Ga-68-transferrin was able to detect 

infected lesions in rats and patients as focal 
uptake within 30 min [90].

4.8  Infection Imaging

Diagnosis and localization of infection by clinical 
and laboratory methods is often difficult. The 
results frequently are nonspecific and imaging may 
be needed. Imaging of infection may be achieved 
by either nuclear medicine or other strictly mor-
phological methods. Several nuclear medicine 
modalities are used to diagnose and localize soft 
tissue and skeletal infections. These include 
111In-labeled white blood cells, 67Ga citrate, IgG 
polyclonal antibodies labeled with 111In or 99mTc, 
monoclonal antibodies such as antigranulocyte 
antibodies, 99mTc HMPAO- labeled white blood 
cells, 99mTc nanocolloid, 99mTc-DMSA, 99mTc- 
glucoheptonate, 99mTc-MDP multiphase bone scan, 
111In-labeled chemotactic peptide analogs, and 
F-18-FDG. X-ray, CT, MRI, and ultrasonography 
are other modalities useful in the diagnosis and 
localization of both soft tissue and skeletal inflam-
mations. These studies are complementary to the 
physiological modalities of nuclear medicine.

4.8.1  Imaging of Soft Tissue 
Infections

The strategy for imaging soft tissue infections 
depends on the pathophysiological and clinical 
features, including whether localizing signs and 
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symptoms are present and the location and dura-
tion of the suspected infection.

4.8.2  Imaging When Localizing 
Signs Present

When there are localizing signs, morphologic 
modalities such as X-ray, US, CT, and MRI are 
first used. The advantages of these modalities are 
numerous, but most importantly, they provide 
quick results and adequate anatomic details. 
These studies can be used to guide needle aspira-
tion and abscess drainage. Ultrasound can be 
used portably for critically ill patients. One of the 
major limitations of these modalities is the inabil-
ity to differentiate infected from noninfected tis-
sue abnormalities, particularly in early stages of 
infection (phlegmon) before formation of 
abscesses.

The diagnostic accuracy of these morphologi-
cal modalities may be compromised in cancer 
patients, and the evaluation of studies that use 
these techniques may be difficult. This is because 
the interpretation of these modalities depends on 
the presence of normal anatomical markers, 
which may be altered or obliterated by either the 
cancer treatment or the cancer itself [99]. For 
example, both CT and MRI are often of little 
value in distinguishing posttreatment scarring 
from recurrent tumor.

When the results of the morphological modal-
ities are inconclusive, nuclear medicine tech-
niques may be used to detect abdominal 
infections. The ability to image the entire body is 
the major advantage of nuclear medicine modali-
ties (Fig. 4.12). Hence, radionuclide techniques 
are often used in cases with no localizing signs. 
In one study, 16% of patients suspected of having 
abdominal infection in fact had extra-abdominal 
infections as seen on 111In leukocyte scans [100]. 
Accordingly, negative morphological modalities, 
when used first, may be followed by whole-body 
nuclear imaging. Labeled WBC studies are the 
most specific for acute infections (Figs. 4.13 and 
4.14). Ga-67 is more suitable for infection of lon-
ger duration (Fig.  4.15). 99mTc HMPAO-labeled 
WBCs frequently are used in critically ill patients 
[43] after US and/or CT have yielded inconclu-

sive results. It is worthy of note that 99mTc 
HMPAO-labeled WBCs provide quicker results 
than 67Ga- or 111In-labeled WBCs. Minoja et al. 
[101] reported a sensitivity of 95%, a specificity 
of 91%, and an accuracy of 94% for 99mTc-labeled 
WBC scanning in intensive care unit patients 
with occult infections. Gallium-67 scan has been 
reported to have better diagnostic specificity than 
the C-reactive protein test for abdominal infec-
tions [102].

4.8.2.1  Imaging Abdominal Infections

Abdominal Abscess
Rapid and accurate diagnosis of an abdominal 
abscess is crucial. The mortality from untreated 
abscesses approaches 40% and may reach 100% 
in some series. The mortality among patients 
treated reaches 11% [91–98]. Delayed diagnosis 
is associated with higher mortality in spite of 
treatment. If localizing signs suggest abdominal 
infection, morphological modalities, predomi-

Fig. 4.12 Whole-body 24 h 111In-labeled leukocyte scan 
obtained in a patient with a 10-day history of fever and no 
localizing signs. Anterior and posterior images reveal 
physiological uptake in the bone marrow, liver, and spleen 
with no abnormal accumulation of labeled cells
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a b

Fig. 4.13 (a, b) 111In-labeled leukocyte study (a) shows a large acute abdominal abscess (arrow) corresponding to the 
finding (arrows) on CT (b)

a b

Fig. 4.14 (a) Ultrasonographic study of a patient with 
abdominal pain and malaise. The study helped make the 
diagnosis of abdominal abscess (arrow) and provided 

accurate localization. (b) Ultrasonography of the abdo-
men revealing infected hydatid liver cyst (circle)

nantly ultrasound (Fig. 4.14) and CT (Fig. 4.15), 
may be used first, depending on the location of 
suspected infection in the abdomen. Standard 
radiographs have low sensitivity, although when 
seen, findings are specific.

The advantages of these modalities are numer-
ous. Most importantly they provide quick results 
and adequate anatomical details. These studies 
can be used to guide needle aspiration and 
abscess drainage. Ultrasound can be used porta-
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a b

Fig. 4.15 Representative images of CT scans of the abdomen illustrating (a) periappendicular abscess (arrow) and (b) 
hepatic abscess (arrow)

Fig. 4.16 111In-labeled leukocyte scan posterior projec-
tion of the abdomen demonstrating two foci (arrows) of 
abnormal accumulation of labeled cells at the ends of a 
vascular graft indication infection of the graft

bly for critically ill patients. One of the major 
limitations of these modalities is the inability to 
differentiate infected from noninfected tissue 
abnormalities, particularly in early stages of 
infection (phlegmon) before the formation of 
abscesses.

When the results of the morphological modalities 
are inconclusive, nuclear medicine techniques 
are used to detect abdominal infections. The abil-
ity to image the entire body is the major advan-
tage of nuclear medicine modalities. Hence, 
radionuclide techniques are often used in cases 
with no localizing signs. In one study, 16 % of 
patients suspected of having abdominal infection 
were shown to have extra-abdominal infections 
as seen on 111In leukocyte scans [103]. 
Accordingly, negative morphological modalities, 
when used first, may be followed by whole-body 
nuclear imaging. Labeled WBC studies are the 
most specific for acute infections (Fig. 4.16). 
67Ga is more suitable for infection of longer dura-
tion (Fig. 4.17). 99mTc-HMPAO-labeled WBCs 
frequently used in critically ill patients after US 
and/or CT have yielded inconclusive results.

Inflammatory Bowel Disease
Upright chest radiography and abdominal series, 
barium enema, and upper GI CT scanning, MRI, 
and ultrasonography are the main imaging 
modalities used for the diagnosis. CT scanning 
and ultrasonography are best for demonstrating 
complications such as intra-abdominal abscesses 
and fistulas. Evaluation of the extent of the dis-
ease and disease activity is often difficult. A 
wide variety of approaches depicting the differ-
ent stages of the inflammatory response have 
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Fig. 4.17 A 72 h gallium-67 image of abdomen anterior 
and posterior projections for a 21-year-old female with a 
6-week history of intermittent fever. No localizing signs 

were reported. The images demonstrate increased accu-
mulation of gallium-67 in a perirenal abscess (arrow) seen 
in posterior view

been developed. Nonspecific radiolabeled com-
pounds, such as 67Ga citrate and radiolabeled 
polyclonal human immunoglobulin, accumulate 
in inflammatory foci mainly  due to  enhanced 
vascular permeability [104]. Specific accumula-
tion of radiolabeled compounds in inflammatory 
lesions results from binding to activated endo-
thelium (e.g., radiolabeled anti-E-selectin), the 
enhanced influx of leukocytes (e.g., radiola-
beled autologous leukocytes, antigranulocyte 
antibodies, or cytokines), the enhanced 
glucose uptake by activated leukocytes 
(18F-fluorodeoxyglucose), or direct binding to 
microorganisms (e.g., radiolabeled ciprofloxa-
cin or antimicrobial peptides). Scintigraphy 
using autologous leukocytes, labeled with 111In 
or 99mTc, is still considered the “gold standard” 
nuclear medicine technique for the imaging of 
infection and inflammation, but the range of 
radiolabeled compounds available for this indi-
cation is still expanding. Positron emission 
tomography with 18F-fluorodeoxyglucose has 
been shown to delineate various infectious and 
inflammatory disorders with high sensitivity. In 

a study [104], gallium, magnetic resonance 
imaging (MRI), and PET-FDG were compared 
for their ability to detect disease activity. PET-
FDG showed more than twice as many lesions 
in the abdomen of patients with Crohn’s disease 
as did gallium. Not all lesions on MRI were 
FDG positive, suggesting they might represent 
areas of prior inflammation.

4.8.2.2  Imaging Chest Infections
The role of the chest X-ray cannot be overempha-
sized. The chest X-ray should be used as the ini-
tial imaging modality for most chest pathologies. 
In many instances, however, an additional modal-
ity is needed to evaluate certain chest conditions 
including infections.

Although CT often clearly depicts chest 
pathology including infections, 67Ga is still 
used in such cases particularly if PET is not 
available. 111In leukocytes have limited utility 
for chest infections. Siemon et al. [104] studied 
67Ga imaging in a variety of pulmonary disor-
ders and has excellent sensitivity and specific-
ity (Table 4.5). Gallium-67 has also been widely 
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used in AIDS patients to detect PCP (Fig. 4.18). 
It is highly sensitive and correlates with the 
response to therapy. In a study comparing 67Ga, 
bronchial washing, and transbronchial biopsy 
in 19 patients with PCP and AIDS, 67Ga and 
bronchial washing were 100% sensitive com-

pared with 81% for transbronchial biopsy 
[106]. 67Ga is also valuable in idiopathic pul-
monary fibrosis, sarcoidosis, and amiodarone 
toxicity [107, 108]. It is also useful in monitor-
ing response to therapy of other infections 
including tuberculosis (Fig. 4.19).

111In WBC imaging is less helpful, as the 
specificity of abnormal pulmonary uptake 
(either focal or diffuse) is very low. Noninfectious 
problems that cause abnormal uptake include 
congestive heart failure, atelectasis, pulmonary 
embolism, ARDS, and idiopathic conditions 
[109]. FDG-PET has been currently used for 
infections including some chest infectious dis-
eases including sarcoidosis (Fig.  4.20) and 
Pneumocystis jirovecii Pneumonia and intersti-
tial lung disease (Fig. 4.21). More recently, F-18 
FDG has been used for Covid-19 disease 
(Fig. 4.22).

Table 4.5 67Ga findings in patients with lung pathologies 
including infections

Pathology
Patients 
(n)

Ga negative 
(%)

Ga positive 
(%)

Normal 100 100 –
Active 
tuberculosis

197 3 97

Inactive 
tuberculosis

32 100 –

Pulmonary 
abscess

18 – 100

Asbestosis 12 – 100
Cancer 264 10 90

From [105]

Fig. 4.18 Whole-body and spot chest Gallium-67 images of an AIDS patient with a 5-week history of fever. Images 
show diffuse uptake in both lungs illustrating the typical pattern of gallium-67 in PCP
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a b

Fig. 4.19 (a, b) Gallium-67 studies of a patient with 
tuberculosis. Initial study (a) showing abnormal uptake of 
the right lung (arrows) which disappeared on follow-up 

study (b) 3 months after starting therapy, indicating excel-
lent response to treatment

4.8.2.3  Imaging Renal Infections
The CT scan has good sensitivity and specificity 
in the diagnosis of renal infections. Ultrasound 
has been used frequently to evaluate the kidneys 
with suspected infections, even though it is not 
sensitive. It is used primarily to screen for obstruc-
tion or abscess when resolution of UTI is slower 
than expected with treatment. The sensitivity of 
US has been shown to be less than 60% [110] and 
is significantly inferior to that of cortical scintig-
raphy (sensitivity of 86% and specificity of 81% 
using 99mTc-glucoheptonate). Positive ultrasonog-
raphy can obviate the need for DMSA; however, 
because of a large number of false- negative results 
with reported sensitivities of 42–58% and under-
estimation of the pyelonephritis lesions, ultraso-
nography cannot replace 99mTc-DMSA [111]. To 
date 99mTc-DMSA is considered the most sensi-
tive method for the detection of acute pyelone-
phritis in children (Fig. 4.23). It also permits the 
photopenic area to be calculated as the inflamma-
tory volume which correlates with the severity of 
infection and the possibility of scar formation 
even though some of the defects detected might 
be too small to be clinically significant. Currently 
US is recommended as the initial imaging modali-

ties by the American Academy of Pediatrics and 
the National Institute for Health and Clinical 
Excellence (NICE) in atypical and recurrent UTI 
in pediatric age group [112, 113]. The pathophys-
iological basis of the ability of Doppler sonogra-
phy in detecting acute pyelonephritis is the fact 
that in the acute phase of pyelonephritis the focal 
decrease of renal perfusion due to edema causes 
vascular compression, intravascular granulocyte 
aggregation, or both, leading to capillary and arte-
riolar occlusion facilitating the detection of these 
hypovascular areas [114].

4.8.2.4  Imaging of Skeletal Infection
Several imaging techniques are being utilized for 
the detection of osteomyelitis including the stan-
dard radiograph, computerized tomography, 
magnetic resonance imaging, and several nuclear 
medicine modalities. The choice of modality 
depends on the clinical presentation, particularly 
its duration, the site of suspected infection, and 
whether the site of suspected infection has been 
affected by previous pathology. The pathophysi-
ology of skeletal inflammations and relevant 
scintigraphic considerations are discussed in 
detail in Chap. 5, on the musculoskeletal system.
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Fig. 4.20 F-18 FDG in a case of pulmonary sarcoidosis illustrating uptake in bilateral hilar adenopathy (arrow)

4 Inflammation



82

Fig. 4.21 F-18 
FDG-PET/CT 
representative images 
illustrating the pattern of 
diffuse interstitial 
fibrosis with diffuse 
hypermetabolic activity 
in both lungs (arrows)

4.8.3  Imaging When No Localizing 
Signs Present

When no localizing clinical signs are present, 
which is common in cancer and immunosup-
pressed patients, nuclear medicine procedures 
are often the imaging modalities chosen. The 
ability to screen the entire body is particularly 
important for many such cases.

The optimal choice of radiotracer again 
depends on the duration of infection. 111In-labeled 
white blood cells are the most specific for acute 
infections, but false-positive results have been 
reported with some tumors, swallowed infected 
sputum, GI bleeding, and sterile inflammation. 
False-negative results have been reported in 
infections present for more than 2 weeks. More 
rarely, such false-negative results occur for infec-
tions present for only 1 week. Gallium-67 is less 

specific than labeled WBCs, as it is taken up by 
many tumors and by sterile inflammation. Several 
radiolabeled antibody preparations and a radiola-
beled antibacterial agent have been introduced 
and evaluated, but none of these have been used 
widely. Labeled antibody scintigraphy uses anti-
granulocyte agents, most commonly intact 
murine immunoglobulin G (IgG) antibodies 
against normal cross-reactive antigen-95 (anti- 
NCA- 95, 99mTc-BW250/183, 99mTc-besilesomab 
[Scintimun®]) and the murine Fab fragment of 
the IgG antibody directed against the glycopro-
tein cross-reactive antigen-90 (anti-NCA-90, 
99mTc-sulesomab, LeukoScan®). 99mTc-IgG scin-
tigraphy is a highly sensitive technique for the 
recognition of infection but has a low specificity. 
PET-FDG has now largely taken the place occu-
pied by citrate of Gallium-67. Visualization of 
inflammatory lesions does not just rely on the 
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Fig. 4.22 70-year-old man who had interim FDG-PET/
CT for his known lymphoma. No diagnosis of Covid-19 
on arrival. Selected coronal sagittal and axial cuts show 

multiple peripheral predominantly basal infiltrates in both 
lungs consistent with Covid 19 which was later 
confirmed

presence of immune cells, but uptake requires the 
activation of these immune cells. FDG-PET 
reveals infectious and noninfectious inflamma-
tory diseases as well as malignant diseases; all 
are causes of fever of unknown origin. Recent 
studies support the use of FDG-PET (Fig. 4.24) 
in the patient with FUO [8, 115]. FDG is sensi-
tive and its short half-life does not delay the per-
formance of any additional radionuclide studies 
that might be needed.

Various chronic infectious diseases that are 
frequent clinical challenges are better diagnosed 
with the use of PET, particularly when this imag-
ing is combined with CT.  For noninfectious 
inflammatory diseases, FDG-PET has proved 
particularly helpful for the diagnosis and man-

agement of large vessels arteritis and inflamma-
tory bowel disease [85, 116, 117].

Correlation with morphological modalities 
after successful radionuclide localization of infec-
tion can be of great help. For example, this correla-
tion provides anatomical information prior to 
surgical interventions. Morphological modalities 
are useful in the management of inflammatory dis-
eases particularly if localizing signs are present. 
They have the very important advantages of better 
spatial resolution than nuclear medicine modali-
ties. X-rays, CT, MRI, and US usually yield fast 
results but unfortunately may not distinguish 
infected from noninfected tissue. Figure 4.25 illus-
trates suggested algorithms for the diagnosis of 
soft tissue infections.
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Fig. 4.23 99mTc-DMSA study in a patient with chronic pyelonephritis and significant urine outflow obstruction. Note 
the irregularly thinned cortex and the dilated pelvocalyceal system on the left affected kidney
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Fig. 4.24 FDG-PET study illustrating soft tissue infection with extensive uptake of the right lower extremity (arrows) 
of a patient with a history of traffic accident and amputation presented with fever for 3 weeks

WBC/PET
Duration ≤ 2

weeks

No localizing signs
present

Suspected Soft
Tissue Infection

Functional Imaging Inconclusive
Morphologic

imaging
X-ray, Us, CT, MRI

Localizing signs
present

Conclusive Treat

Conclusive

Treat

Confirmation or
additional

information

Duration > 2
weeks

Ga-67/PET

Fig. 4.25 A diagram illustrating a recommended strategy 
for imaging soft tissue infections. Note that in case of sus-
pected renal infection, 99mTc-DMSA scan is preferred; in 
infections of relatively long duration, labeled WBC may 

be used, but if negative, 67Ga or other labeled antibodies 
should follow before excluding chronic active infection 
due to possible false-negative results with labeled WBC
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4.9  Summary

Inflammation is a complex nonspecific tissue 
reaction to injury which can be due to trauma, 
microorganisms, ischemia, chemicals, radiation, 
or autoimmune injury. It is nonspecific, because 
it happens in the same way regardless of the type 
of injury and the number of exposures to that 
stimulus. When inflammation is due to microor-
ganisms, it is infection which has been known 
since the time of Pharos more than 3000  years 
ago.

Many morphological and functional imaging 
modalities are available to help diagnose and 
localize inflammation of the soft tissue and bone. 
It is clear that no single technique is ideal in all 
situations. The choice depends on several factors, 

including whether localizing signs are present, the 
site of possible infection, whether anatomy is nor-
mal or altered by surgery or trauma, the duration 
of symptoms and signs, and the presence of other 
underlying diseases such as cancer. For physi-
cians, understanding the pathophysiological 
changes is crucial for deciding on an appropriate 
diagnostic strategy. Understanding pathophysio-
logical changes also helps the nuclear physician 
to recognize and explain the scintigraphic patterns 
of inflammatory conditions (Table  4.6 summa-
rizes common examples). Further evaluation of 
PET in diagnosis, localizing, and follow-up of 
inflammations is a current interest. The discovery 
of new radiopharmaceuticals that will be ideal for 
more specific imaging of inflammation is an 
important topic for future research.

Table 4.6 Correlation of pathophysiological features and scintigraphic findings of infection

Pathological change at the site of infection Scintigraphic pattern
Hyperemia Locally increased accumulation of several radiotracers, 

increased flow and blood pool activity on bone scan; hyperemic 
pattern on delayed bone images may be present with soft tissue 
infection

Increased vascular permeability Increased migration of WBCs, increased accumulation of 67Ga, 
increased uptake of radiolabeled antibodies

Increased migration of WBCs and chemotaxis Increased accumulation of labeled WBCs
Increased secretion of iron-containing globulin 
by injured and stimulated WBCs

Increased accumulation of 67Ga

Localized areas of renal parenchymal damage in 
pyelonephritis

Areas of reduced or absent DMSA uptake

Dilation of PC system in pyelonephritis Prominent pelvocalyceal system on DMSA images
Formation of woven bone Increased uptake of 99mTc-MDP with prolonged accumulation 

of radiotracer
Increased expression of glucose transporters on 
cell surface

Increased uptake of 18F-FDG
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Musculoskeletal System

Abdelhamid H. Elgazzar and Saud A. Alenezi

5.1  Introduction

Bone is a rigid connective tissue which provides 
support and protection for the organs and tissue 
of the body. Certain bones such as the skull, ver-
tebrae, and ribs, marrow cavities serve as sites of 
blood formation. Bone also has an important 
function in mineral homeostasis. Scintigraphy 
plays a crucial role in the diagnosis and manage-
ment of various skeletal diseases. The expanding 
use of this imaging modality in the area of benign 
bone disorders is particularly notable.

5.2  Anatomical 
and Physiological 
Considerations

5.2.1  Bone Structure

Structure of normal adult bone can be summa-
rized in four categories:
 1. Gross level

The skeleton consists of two major parts: axial 
skeleton and appendicular skeleton (Fig. 5.1). 
The axial skeleton includes the skull, spine, 
and rib cage (ribs and sternum), while the 
appendicular skeleton involves the bones of 

the extremities, pelvic girdle, and pectoral 
girdle (clavicles and scapulae).

 2. Tissue level
Bone is divided into two types of tissues 

forming the skeleton: compact or cortical and 
cancellous, trabecular, or spongy bone. The 
spongy bone has a turnover rate of approxi-
mately eight times greater than the case of 
cortical bones and hosts hematopoietic cells 
and many blood cells. In mature bone, com-
pact bone forms an outer layer (cortex) which 
surrounds an inner one of loose trabecular, 
cancellous, or spongy bone in the medulla. 
The architecture is arranged in the Haversian 
system. The spongy portion contains hemato-
poietic cells, which produce blood cells, fat, 
and blood vessels. The compact bone consti-
tutes 80% of the skeletal mass and contains 
99% of the total body calcium and 90% of its 
phosphorus.

The appendicular skeleton is composed 
predominantly of cortical bone. The cortical 
bone is thicker in the diaphysis than in the 
metaphysis and epiphysis of long bones. The 
blood supply to the metaphysis is also differ-
ent since it is rich and consists of large sinu-
soids which make the flow of blood slower, a 
feature that predisposes to bacterial prolifera-
tion. The spine, however, is composed pre-
dominantly of cancellous bone in the body of 
the vertebra and compact bone in the end-
plates and posterior elements.
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a b

Fig. 5.1 Axial (a) and appendicular (b) skeletons

 3. Cellular level
Three types of cells are seen in bone: (1) 

osteoblasts that produce the organic bone 
matrix, (2) osteocyte that produces the inor-
ganic matrix, and (3) osteoclasts which are 
active in bone resorption [1]. Osteoclasts are 
derived from the hematopoietic system in 
contrast to the mesenchymal origin of osteo-
blasts. Osteocytes are derived from osteo-
blasts that have secreted bone around 
themselves [2].

 4. Molecular level
At the molecular level, bone matrix is 

composed primarily of organic matrix 
(approximately 35%) including collagen and 
glycoproteins and inorganic matrix (approxi-
mately 65%), which includes hydroxyapatite, 
cations (calcium, magnesium, sodium, potas-
sium, and strontium), and anions (fluoride, 
phosphorus, and chloride [3]. There is now 
strong evidence that the gut microbiome regu-
lates bone homeostasis in health and disease, 
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Table 5.1 Bone structures and their functions

Major structural 
elements Function
Bone cells
Osteoblasts Synthesize collagen and 

proteoglycans, stimulate osteoclast 
resorptive activity

Osteocytes Maintain bone matrix
Osteoclasts Resorb bone, assist with mineral 

homeostasis
Bone matrix
   Organic matrix
Collagen fibers Provide support and tensile 

strength
Proteoglycans Control transport of ionized 

materials through matrix
Sialoprotein Promotes calcification
Osteocalcin Inhibits calcium/phosphate 

precipitation, promotes bone 
resorption

Laminin Stabilizes basement membranes in 
bone

Osteonectin Binds calcium to bones
Albumin Transports essential elements to 

matrix
   Inorganic matrix
Calcium Crystallizes to provide rigidity and 

compressive strength
Phosphate Regulates vitamin D and thereby 

promotes mineralization

Modified from [1]

and that prebiotic and probiotics protect 
against bone loss [4, 5]. Table 5.1 summarizes 
the major constituents of bone and their 
function.

5.2.2  Blood Supply

Bones are richly supplied by blood and receive 
about 10–15% of the cardiac output [6]. The pat-
tern of the skeletal blood supply varies with the 
age group. In children epiphyseal, metaphyseal, 
and diaphyseal vessels are present. In adults, all 
vessels communicate together. Nutrient and peri-
osteal arteries feed a rich network of vessels to 
supply the cortex and medulla (Fig. 5.2). This vas-
culature takes the form of interconnecting capil-
laries, sinusoids, and veins. It is estimated that 

blood flow to cancellous bone containing marrow 
is 5–13 times higher than in cortical bone [7].

5.2.3  Bone Remodeling

Within all bones, a balance between osteogenesis 
and bone resorption continuously occurs, even in 
normal nonviolated bone. Remodeling occurs 
throughout life, with removal and replacement of 
bone at different rates in different parts of the 
skeleton. Bone remodeling is regulated by para-
thyroid hormone, vitamin D, and numerous other 
factors. It is estimated that 18% of the skeleton is 
replaced yearly in adults, indicating that the 
entire skeleton is replaced every 5 years. The pro-
cess is more active in cancellous bone, with a 
yearly replacement rate of approximately 25% 
compared with 2% for compact bone [8].
Turnover varies and is affected by many factors 
including drugs (Table  5.2) and disease. Most 
bone diseases are the result of bone remodeling 
abnormalities [9]. Certain diseases are character-
ized by increase in the rate of remodeling, and 
therefore known as high-turnover disorders, and 
may affect the entire skeleton or a single bone. In 
this group, both osteoblastic and osteoclastic 
activities are increased, but the amount of bone 
formed is usually less than the bone removed 
resulting in osteopenia. An exception is Paget’s 
disease which, in later stages of its course, osteo-
blastic exceeds osteoclastic activity. The stress 
fracture is not as thought due to repeated trau-
matic microfractures. It is a focal area of increased 
bone turnover secondary to the repeated stress.

5.2.4  Bone Marrow

Bone marrow is a soft tissue that is found at the 
inner aspect of the bones and has multiple impor-
tant functions [10]. It is a hematopoietic organ 
involved in the production of new blood cells. 
Also, it has a mechanical function as it contains 
bone marrow mesenchymal stem cells that con-
tribute to building the bone. In addition, bone 
marrow has an immune function as the 
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Fig. 5.2 Diagram 
illustrating blood supply 
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 hematopoietic stem cells produce multiple types 
of immune cells [11]. Bone marrow adipose tis-
sue may also have a beneficial impact on skeletal 
health [12].

Normally, almost the entire fetal marrow space 
is occupied by red (hematopoietic) marrow at 
birth. Conversion from red to yellow, non- 
hematopoietically active marrow, starts in the 
immediate postnatal period. This process begins 
in the extremities and progresses in general from 
the peripheral to the central skeleton and from 
diaphyseal to metaphyseal regions in individual 
long bones. By approximately the age of 25 years, 
marrow conversion to the adult pattern is com-

plete (Fig.  5.3). In adults, hematopoietic bone 
marrow usually is confined to the skull, vertebrae, 
ribs, sternum, pelvis, and proximal portions of the 
humerus and femur. Fatty marrow in other bones 
may contain islands of hematopoietic tissue, how-
ever, and for this reason, variations on the normal 
adult pattern of hematopoietic bone marrow are 
frequently encountered. Acquired alterations in 
the distribution of hematopoietic bone marrow 
may be due to surgery, trauma, infection, and 
other destructive processes. Furthermore, with 
increasing demand for red cells, reconversion of 
yellow-to-red marrow may take place. This pro-
cess follows the reverse order of the initial red-to-
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yellow marrow conversion. Accordingly, it starts 
in the axial skeleton, followed by the extremities 
from proximal to distal [13–15].

5.2.5  Bone Response to Injury

The principle response of bone to injury and dis-
ease is reactive bone formation. This reactive 
bone goes through stages. It is disorganized early 
but later may remodel to normal bone. This new 
disorganized bone is termed woven bone 
(Fig.  5.4) and is active with no lamellar 
arrangement.

Technetium99m diphosphonates are the radio-
pharmaceuticals most commonly used for skele-
tal scintigraphy. These agents concentrate 
predominantly in the mineral phase of bone, 
which consists of crystalline hydroxyapatite and 
amorphous calcium phosphate. Using an in vitro 
assay, Francis et  al. [16] showed that the com-
petitive adsorption of 99mTc diphosphonates to 
pure inorganic hydroxyapatite was 40 times than 
pure organic bone matrix. These radiopharma-
ceuticals do not localize to a significant degree in 
osteoblasts or in osteoid.

While several factors affect the uptake of 
diphosphonates in the skeleton, blood flow and 
extraction efficiency are the most important. 
Increased flow of blood produces increased 

Table 5.2 Inhibitors and stimulators of bone turnover

Bone turnover inhibitors
Estrogens
Estrogen receptor antagonists
Tamoxifen
Raloxifene
Calcitonin
Vitamin D derivatives
Calciferol
Calcitriol
Bisphosphonates
   Etidronate
   Pamidronate
   Alendronate
   Zoledronic acid
Tiludronate
Clodronate
Thiazide diuretics
Bone turnover stimulators
Anabolic steroids
Parathyroid hormone and peptides
Fluoride

a b c d e

Fig. 5.3 Bone marrow distribution in a long bone illustrating changes during development over the years till the adult 
pattern is reached by about 25 years of age: (a) birth; (b) 7-year-old; (c) 14-year-old; (d) 18-year-old; (e) 25-year-old
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Fig. 5.4 (a–d) Photomicrographs illustrating the differ-
ence between woven and lamellar bone. The irregular and 
disorganized nature of woven bone at different micro-
scopic magnification levels (a ×10; b ×40) is easily seen 

compared to lamellar bone depicted in c (×10) and d 
(×40). The bony spicules in lamellar structure are even, 
with occasional lacunae containing osteocytes. Cellular 
marrow is seen between the spicules of bone

uptake. Pathological foci containing woven bone 
show increased uptake due to higher extraction 
efficiency. Other factors also influence diphos-
phonate uptake:
 1. Blood flow
 2. Extraction efficiency
 3. Vitamin D
 4. Parathyroid hormone
 5. Corticosteroids
 6. Intraosseous tissue pressure
 7. Capillary permeability
 8. Acid–base balance
 9. Sympathetic tone

Accordingly, in children prominent uptake of 
the radiopharmaceutical is seen at the costochon-
dral junctions, at the metaphyseal ends of the 
normal long bones, and in the facial bones. When 
the skeleton has matured, this prominent uptake 
at the costochondral junctions and metaphyseal 
ends of long bones disappears. Overall, the skel-
etal accumulation of diphosphonates decreases 
with age, particularly in the extremities [17].

Bone scintigraphy shows many patterns, some 
specific, in a variety of benign and malignant 
bone diseases. Many of these patterns are better 
understood once the underlying pathophysiologi-
cal changes are appreciated.
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5.3  Nonneoplastic Bone 
Diseases

5.3.1  Inflammatory Bone Diseases

5.3.1.1  Skeletal Infections

Definitions
The term osteomyelitis optimally indicates 
inflammation mainly due to infection involving 
the cortical bone as well as the bone marrow and 
can progress to osteonecrosis, bone destruction, 
and septic arthritis. Osteomyelitis has a bimodal 
age distribution with peak incidences in children 
under 5 and adults over 50 years of age [18]. 
Recent studies indicate an increase in the inci-
dence and severity of acute osteomyelitis in chil-
dren, linked to the increasing prevalence of 
methicillin-resistant Staphylococcus Aureus 
(MRSA) [19, 20].

When infection starts in the periosteum, such 
as in cases of direct extension of bone infection, 
it produces periostitis. At this stage, infection 
may not yet involve the cortex or marrow, and the 
condition is called infectious periostitis. When 
infection involves the cortex, the term infectious 
osteitis is used. When the bone marrow is 
involved as well, the term osteomyelitis is applied 
(Fig. 5.5).

Classification of Osteomyelitis
The pathophysiology, imaging, and classification 
of osteomyelitis are challenging, varying with the 
age of the patient, the chronicity of infection, the 
route of infection, and the immune and vascular 

status of the patient and the affected region of the 
skeleton. Osteomyelitis may be classified as 
hematogenous and nonhematogenous [21–23] 
(Table 5.3). In hematogenous osteomyelitis, the 
metaphyses of long bones are the most common 
site. Nonhematogenous osteomyelitis occurs as a 
result of penetrating trauma, spread of a contigu-
ous soft tissue infection, or inoculation (as in 
drug addicts). Hematogenous spread is the pre-
dominant route of infection in children aged less 
than 16 years and usually causes long bone osteo-
myelitis [18, 24]. Hematogenous spread is less 
common in adults and when it occurs usually 
leads to vertebral osteomyelitis. Adult osteomy-
elitis is most commonly caused by contiguous 
spread from soft tissue infections or direct inocu-
lation [25]. Infantile osteomyelitis refers to that 
occurring prior to 1 year of age; the juvenile type 
occurs between 1 year and the age at closure of 
the physes; adult type occurs after closure of the 
physes. While gram-positive bacteria such as 
Staphylococcus aureus are the most frequent 
cause, many different organisms have been 
encountered in osteomyelitis [26–29] (Table 5.4). 
The pathogens responsible for osteoarticular 
infections in children have changed in recent 
years with alterations in immunization practices, 
emergence of resistant bacteria, and changes in 
patterns of immune-modulating diseases and 
medications in children [30].

Pathophysiological Changes
Acute hematogenous osteomyelitis occurs most 
commonly in children, affecting males approxi-
mately twice as often as females. It has a 

Fig. 5.5 A comparison of the extent of infection in osteomyelitis compared with the extent of infection in periostitis 
and in ostei
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Table 5.3 Classifications and staging of osteomyelitis

Basis of classification Types
Presentation (I) Acute, (II) subacute, (III) 

chronic
Route of infection (I) Hematogenous, (II) direct 

extension (nonhematogenous)

Age (I) Infantile (including 
neonatal), (II) juvenile, (III) 
adult

Causative organism (I) Pyogenic, (II) 
nonpyogenic

Location (I) Appendicular skeleton 
osteomyelitis: metaphyseal, 
epiphyseal, diaphyseal
(II) Axial skeleton 
osteomyelitis (examples: 
vertebral and bony pelvis 
osteomyelitis)

Multifactorial 
(Waldvogel 
classification):

(I) Hematogenous 
osteomyelitis
(II) Osteomyelitis secondary 
to contiguous infection
(III) Osteomyelitis associated 
with vascular insufficiency

Anatomy of disease 
and host physiology 
(Cierny-Mader 
classification of adult 
type)

Anatomical types: (I) 
medullary, (II) superficial, 
(III) localized, (IV) diffuse
Physiological class:
   A. Normal host
   B. Compromised host
    Systemic compromise
    Local compromise
    Local and systemic 

compromise
   C. Prohibitive: treatment 

worse than disease
Prior pathology at the 
site of interest

(I) Violated bone 
(complicated) osteomyelitis, 
(II) nonviolated bone 
osteomyelitis

Table 5.4 Organisms associated with osteomyelitis in 
different clinical settings

Clinical situation

Most likely associated 
microorganisms causing 
bone infection

All types of 
osteomyelitis

Staphylococcus aureus

Infantile osteomyelitis S. aureus and group B 
streptococci

Vertebral osteomyelitis S. aureus, Pseudomonas 
aeruginosa, Escherichia 
coli, streptococci

Diabetic foot 
osteomyelitis

S. aureus, enterococcus, 
enterobacteria

Intravenous drug 
abusers

P. aeruginosa, Klebsiella

Immunosuppressed 
patients

Salmonella, Aspergillus, 
Mycobacterium avium 
complex, Candida albicans

Sickle cell disease Salmonella, S. aureus
Hospital-acquired 
infections

P. aeruginosa, Klebsiella

Drinking raw milk in 
brucella-endemic areas

Brucellosis

Cat and human bites Pasteurella multocida, 
Eikenella corrodens

Sharp object passing 
deep into foot tissue

P. aeruginosa

Contamination of open 
wound by soil

Clostridia, Nocardia

Infected catheter-related 
bone infections

E. coli, C. albicans

 predilection for the metaphyses of long bones, 
where blood flow is rich and relatively sluggish 
and bone is relatively porous in comparison to the 
diaphysis (Fig. 5.6). Here the blood flows through 
large intramedullary venous sinusoids, a fertile 
site for bacterial lodgment and proliferation [22]. 
The process starts by implantation of organisms 
in the bone marrow. As infection becomes estab-
lished in the marrow, it provokes acute suppura-

tive neutrophilic infiltrates and edema with local 
ischemia, vasospasm, and thrombosis. Infection 
subsequently may spread from metaphyseal 
focus into the epiphysis, the joint space, the sub-
periosteal space, the shaft of the bone, and the 
surrounding soft tissues (Fig.  5.7). The disease 
has increased in frequency, virulence, and degree 
of soft tissue involvement in recent years [30].

In children between 1 and approximately 16 
years of age, the blood supply to the medullary 
space of bone enters through the nutrient artery 
and then passes through smaller vessels toward 
the growth plate. Once these vessels reach the 
metaphyseal side of the growth plates, they turn 
back upon themselves in loops to empty into 
large sinusoidal veins, where the blood flow is 
slower. The epiphyseal plate separating the 

A. H. Elgazzar and S. A. Alenezi



99

Fig. 5.6 Diagram of part of a long bone illustrating the 
more porous nature of the metaphysis, the most frequently 
affected site by hematogenous skeletal infections

Intra-articular

Epiphyseal

Soft tissue Infection Sub-periosteal

Intra-osseus

Fig. 5.7 Spread of hematogenous osteomyelitis

epiphyseal and metaphyseal blood supplies acts 
as a barrier to the spread of infection (Fig. 5.8), 
making joint involvement less common in this 
age group. In this situation, infection must first 
break through the bone to produce joint infection 
(Fig. 5.8). This occurs in the locations where the 
metaphysis is within the joint capsule (proximal 

femur in the hip joint, distal tibia in the ankle 
joint, proximal humerus in the shoulder joint, and 
rarely proximal radius in the elbow joint). 
Conversely, in infants and adults, the terminal 
branches of the nutrient artery extend into the 
epiphysis, as there is no growth plate barrier. This 
vascular communication between epiphyses and 
metaphyses facilitates the spread of infection to 
adjacent joints (Fig.  5.8). In flat bones, acute 
hematogenous osteomyelitis is found mainly at 
locations with vascular anatomy similar to that of 
the long bone metaphyses, such as the bony pel-
vis, vertebrae, and calcaneus [31].

When infection lifts the periosteum, the blood 
supply may be impaired, causing necrosis of bone 
or sequestrum (Fig. 5.9). In some cases, infection 
may stimulate osteoblastic activity, particularly 
from the periosteum, forming new subperiosteal 
bone that may envelop the infectious focus (invo-
lucrum). This osteogenesis may occasionally con-
tinue long enough to give rise to a densely sclerotic 
pattern of osteomyelitis that is referred to as scle-
rosing osteomyelitis. The infection can spread 
through the periosteum as the rise in intramedul-
lary pressure may lead to rupture of the bony cor-
tex, producing a cortical track known as a cloaca 
(Fig. 5.9). This causes elevation of the periosteum 
and disrupts the periosteal blood supply to the 
bone [32] Delayed complications from acute 
osteomyelitis include growth arrest, fracture, soft 
tissue infection, and chronic osteomyelitis [33].

It is difficult to draw the line between acute 
and chronic osteomyelitis. However, it should be 
noted that cases of clear chronic osteomyelitis 
need special handling in diagnosis and manage-
ment. Chronic osteomyelitis has variously been 
defined as symptomatic osteomyelitis with a 
duration ranging from 5 days to 6 weeks [34].

Since the pathology of osteomyelitis varies 
with age, microorganisms, prior therapy, under-
lying diseases, and other factors, it is somewhat 
inappropriate to depend only on duration of the 
disease to define chronicity. Chronic osteomyeli-
tis has less marked inflammatory cell reactions 
and may occur without preceding acute inflam-
mation. Microscopically, chronic osteomyelitis 
shows predominantly lymphocytes and plasma 
cells rather than polymorphonuclears (Fig. 5.10). 
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Fig. 5.8 (a–e) Diagram illustrating the vascular commu-
nication between the metaphysis and epiphysis of long 
bones. When the growth plate (a) is present, it acts as a 
barrier, and vessels turn on themselves forming loops. 
This acts to prevent infection that is most commonly pres-
ent in the metaphysis from extending to epiphysis and 

adjacent joint (b). Conversely, in neonates after the clo-
sure of the growth plate (c), infection extends more easily 
(d) to the joint since there is free vascular communication 
between metaphysis and epiphysis. (e) illustrates the path 
of severe infection which is able to involve the joint, when 
the growth plate is present, by breaking through the bone
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a b c

Fig. 5.9 (a–c) Diagrammatic representation of the 
sequestrum (a) showing the necrotic segment of bone 
(arrow) and involucrum (b), which has a layer of new 

bone formation (arrow) surrounding the focal infection. 
(c) illustrates cloaca with the sinus track (arrow)

Fig. 5.10 Chronic osteomyelitis. A photomicrograph of 
a specimen of bone from a patient with long-standing 
chronic osteomyelitis. Note the presence of numerous 
lymphocytes (arrow) as well as fibrosis (arrowheads) 
within the marrow space

Fig. 5.11 Radiograph showing Brodie’s abscess (arrow)
There is also fibrosis and a variable amount of 
necrotic tissue, and sequestra may form in some 
cases. The presence of necrotic tissue may also 
lead to draining sinuses or organization in the 
medullary cavity, forming a cystic cavity 
(Brodie’s abscess) (Fig.  5.11). Because these 
abscesses are avascular, levels of antibiotics suf-
ficient to eradicate the bacteria may not be 
achieved during treatment. Accordingly, bacteria 
may remain indolent for a long time (inactive dis-
ease). Reactivation of the disease may occur 
later, even years after the initial episode (active 
disease). It was recently suggested that bacterial 
biofilm formation and bacterial invasion within 
the osteocyte are contributing factors to the for-

mation of chronic and recurrent osteomyelitis 
[24]. It is important to evaluate patients for pos-
sible chronic disease and to either exclude or 
confirm the presence of chronic active infection. 
The continuation of intravenous antibiotic ther-
apy and/or surgical intervention to eradicate 
infection will depend on that determination [35].

Vertebral osteomyelitis (spondylodiskitis) is a 
specific form of osteomyelitis that has some 
unique features. It accounts for 3–5% of cases of 
osteomyelitis [36]. Sixty-nine percent of the 
patients had lumbar involvement [37] followed 
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by the thoracic and cervical spine. Several factors 
predispose to vertebral osteomyelitis:
 1. Diabetes mellitus
 2. Drug addiction
 3. Old age
 4. Oral steroid therapy
 5. Dialysis
 6. Urinary tract infection
 7. Genitourinary instrumentation
 8. Prior back surgery
 9. Bacteremia secondary to intravenous 

cannulation
 10. Spinal trauma
The disease occurs most frequently in adults with 
a mean age of 60–70 years, although it also 
occurs at all other ages, including in children. 
The pyogenic form most often is caused by 
Staphylococcus aureus, but streptococci and 
gram-negative bacteria are also involved [26–28]. 
Infection usually originates at a distant site with 
hematogenous extension to contiguous vertebral 
bodies [38] and the intervening space via the 
ascending and descending branches of the poste-
rior spinal artery. Also, the venous supply of the 
spine allows backflow from the pelvic venous 
plexus due to the lack of valves [39]. Extension to 
the posterior elements (pedicles, transverse pro-
cesses, posterior spinous processes, and laminae) 
has been noted in 3–12% of cases. However, 
involvement of posterior elements only is exceed-
ingly rare, with only 15 cases reported to date. 
Other causes include extension of infection from 
adjacent structures and complications from spi-
nal surgery and trauma.

In adults, the causative organism generally 
settles in the richly vascularized subchondral ver-
tebral endplates with eventual progression of 
infection into the adjacent intervertebral disk, 
which is relatively avascular. In childhood, infec-
tion often starts at the disks, which are nourished 
by small perforating vessels. In either case, local 
spread of infection eventually occurs and causes 
endplate destruction, disk space narrowing, and 
collapse. Figure 5.12 illustrates possible ways of 
development of vertebral osteomyelitis. These 
changes may take weeks to be seen on radio-
graphs [24, 35]. Since the disk is almost invari-
ably involved in vertebral infections, the term 
spondylodiskitis is preferred [26, 27].

Diabetic foot osteomyelitis is a unique clinical 
and pathological problem. It is a common com-
plication of diabetes, particularly when angiopa-
thy is present. It occurs in 15% of adult diabetic 
patients and, without prompt diagnosis and treat-
ment, may lead to amputation. Diabetic foot 
infections typically begin in a wound, most often 
a neuropathic ulceration. Ulceration of the foot is 
50 times more common in diabetics, and the inci-
dence of amputation of the lower extremities is 
25 times greater than among the general popula-
tion. More than 90% of osteomyelitis of the foot 
of diabetic patients occurs as a result of the spread 
of infection from adjacent foot ulcers [29, 40].

Early diagnosis is difficult, both clinically and 
radiologically, because of superimposed disease 
processes, such as neuroarthropathy, chronic soft 
tissue infection, and edema. There is particular 
difficulty in differentiating osteomyelitis from 

a b c

Fig. 5.12 (a–c) The possible ways of development and extension of infection in hematogenous vertebral 
osteomyelitis
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Diabetic neuropathy

Involvement of sensory fibres only Involvement of sympathetic 
and sensory fibers

Hypertrophic neuroarthropathy
(Charcot joint) (Mid and hind foot)

Atrophic neuroarthropathy 
(forefoot)

Fig. 5.13 Types of diabetic neuropathy. (From [19], with 
permission)

Angiopathy

Ischemia

Skin Ulceration

Peripheral
neuropathy

Immunopathy

Osteomyelitis

Fig. 5.14 Changes leading to skeletal infections in dia-
betics. (Modified from [19], with permission)

neuroarthropathy as the two conditions have sim-
ilar clinical presentations. Neuroarthropathy has 
a better prognosis than osteomyelitis and is man-
aged differently. Thus, it is critical to make the 
correct diagnosis.

Neuroarthropathy is characterized by destruc-
tive joint changes. A combination of factors is 
involved (Fig. 5.13). Loss of protective pain and 
proprioceptive sensation along with hyperemia 
secondary to loss of vasoconstrictive neural 
impulses is thought to result in atrophic neuropa-
thy, occurring most frequently in the forefoot [41].

Conversely, absence of sympathetic fibers in 
the presence of sensory fiber involvement tends 
to result in hypertrophic neuroarthropathy, which 
occurs most frequently in the mid- and hindfoot. 
Since the patient continues to walk and trauma-
tize the foot, disuse osteoporosis is usually 
absent. Unrelenting trauma may also result in 
rapidly progressive destruction, sometimes with 
disintegration of one or more tarsal bones within 
a period of only a few weeks. This is a rapidly 
progressive form of neuroarthropathy which has 
more inflammatory reaction than otherwise. A 
long history of diabetes mellitus with a combina-
tion of angiopathy, neuropathy, and immunopa-

thy predisposes to pedal osteomyelitis (Fig. 5.14). 
Metatarsal bones and the proximal phalanges are 
the most commonly involved sites [42, 43].

The severity of diabetic foot ulcers at presen-
tation is greater than previously reported, as one- 
third had both peripheral arterial disease and 
infection. The majority of ulcers (52%) were 
located on the non-plantar surface of the foot 
[44]. Diabetic foot osteomyelitis can affect any 
bone but most frequently the forefoot (90%), fol-
lowed by the midfoot (5%) and the hindfoot (5%) 
[45]. Forefoot has a better prognosis than mid-
foot and hindfoot osteomyelitis. The risk of 
above ankle amputation is significantly higher for 
hindfoot (50%) than midfoot (18.5%) and fore-
foot (0.33%) [44].

In osteomyelitis associated with sickle cell 
disease, erythrocytes become viscous and sickle 
abruptly when exposed to hypoxia, since hemo-
globin S is sensitive to hypoxemia. This may 
compromise the microvascular flow and may 
cause infarction, the most common skeletal com-
plication of sickle cell disease. For symptomatic 
sickle cell patients, distinguishing infarction 
from osteomyelitis is critical. Although less com-
mon than infarctions, osteomyelitis is the second 
most frequent bacterial infection in children with 
sickle cell disease after pneumonia [46].

Osteomyelitis may occur as a primary event or 
may be superimposed on infarcts as the necrotic 
bone is a fertile site for such secondary infec-
tions. S. aureus and Salmonella are frequent 
causative organisms.

Periprosthetic Infections: Hip and knee arthro-
plasties are two of the most frequent orthopedic 
procedures, exceeding 600,000 per year in the 
USA alone [47–49].

Between 10 and 25% of patients experience 
discomfort within 5 years after hip or knee replace-
ment [50]. This can be due to loosening with or 
without infection. Loosening is the most common 
complication after hip replacements, occurring in 
up to 50% of femoral components and in 15% of 
acetabular components by 10 years after surgery.

Periprosthetic infections are a clinically 
important complication after joint replacement. 
Although the incidence of infection was reported 
previously to be as high as 4% after the primary 
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surgery and 32% after revision of hip arthro-
plasty, the currently reported incidence of infec-
tions after total hip or knee arthroplasties is only 
0.5–2% and is less than 3% following revision 
surgery and occurs mostly within 4 months of 
operation [51, 52].

The cementless porous-coated prosthesis 
depends on bone ingrowth for fixation and 
induces more reactive bone formation than the 
cemented prosthesis. Differences between 
cemented and porous-coated hip prostheses 
largely explain the scintigraphic patterns noted 
after hip arthroplasty. Prominent although still 
“normal” activity may remain present for years, 
depending on the location of the finding and type 
of prosthesis. After knee replacement, however, 
the most common complications are fracture, dis-
location, and avascular necrosis followed by 
loosening of the tibial component, with infection 
occurring less frequently [52].

The incidence of loosening associated with 
infection is high and is found in up to 80% of 
infected prostheses [53].

Heterotopic bone formation following arthro-
plasties is not uncommon and is present in about 
50–55% of hip prostheses and 10% of knee pros-
theses [49, 54].

Infectious (septic) arthritis refers to the inva-
sion of synovial space by microbes. The synovial 
space contains synovial fluid, which is produced 
by a rich capillary network of the synovial mem-
brane. This is a viscous fluid that serves to lubri-
cate, nourish, and cushion the avascular joint 
cartilage. When the synovial space is infected, 
bacterial hyaluronidase decreases the viscosity of 
the synovial fluid. Pain is then felt with stress on 
the joint capsule.

Acute septic arthritis is usually caused by bac-
teria, while fungal and mycobacterial pathogens 
are seen more commonly in chronic arthritis. 
Acute septic arthritis is a medical emergency. 
Delay in the diagnosis and treatment may result 
in destruction of the articular cartilage and per-
manent disability. The lytic enzymes in the puru-
lent articular fluid destroy the articular and 
epiphyseal cartilage. Additionally, pus in the 
joint space increases the intracapsular pressure 
with epiphyseal ischemia. Concomitant osteomy-

elitis is not uncommon and is potentially severe 
[55]. A recent study reported 36% of patients 
with septic arthritis having concomitant bone 
infection which is called osteoarticular infection 
[56]. Other sequelae include dislocation, defor-
mity, and destruction of the femoral head and 
neck. Hence, drainage and antibiotic therapy 
must be considered without delay [34, 57].

Microorganisms usually reach the joint by a 
hematogenous route, contagiously from an adja-
cent osseous infection, or through traumatic/sur-
gical inoculation. Cetratin factors and 
disease  conditions increases the risk for infec-
tious arthritis in adults and children (Table 5.5).

The joints most commonly involved in chil-
dren are the hip (35%), knee (35%), and ankle 
(10%). When the synovium becomes hyperemic 
in septic arthritis, flow to adjacent extra-articular 
bone will also increase via anastomoses from the 
synovial vascular network to juxtaepiphyseal and 
epiphyseal vessels supplying the epiphysis and 
metaphysis. Accordingly, increased uptake of 
bone-seeking radiopharmaceutical typically is 
seen in and around affected joints [57, 59].

Chronic nonbacterial osteomyelitis is an 
autoinflammatory bone disorder, covering a clin-
ical spectrum with asymptomatic inflammation 
of single bones at one end and chronic recurrent 
multifocal osteomyelitis (CRMO) at the other 

Table 5.5 Risk factors for infectious arthritis [55–58]

Route of 
infection Risk factors
Hematogenous Human immunodeficiency virus 

infection
Immunosuppressive medication
Immunosuppressive medication
Intravenous drug abuse
Diabetes mellitus
Osteoarthritis
Rheumatoid arthritis
Sexual activity (gonococcal)

Contiguous Osteomyelitis in an adjacent bone
Skin infection
Infected skin ulcers

Direct 
inoculation

Prior intraarticular injection
Post prosthetic joint replacement
Recent joint surgery
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end. Recently, significant dysregulation of cyto-
kine responses was demonstrated in CRMO.

Chronic nonbacterial osteomyelitis primarily 
affects children and adolescents, but can occur in 
all age groups. Peak onset of the disease is between 
7 and 12 years of age with a slight female pre-
dominance. The clinical presentation is variable, 
with relatively benign, self-limiting episodes of 
monofocal bone lesions to its most severe form, 
CRMO. The exact molecular pathophysiology of 
chronic nonbacterial osteomyelitis remains largely 
unknown. Provided familial clusters and the asso-
ciation with inflammatory disorders of the skin 
and intestine suggest a genetic predisposition. The 
molecular pathophysiology of autoinflammatory 
bone disorders is complex and incompletely 
understood. Current knowledge indicates that 
bone inflammation is the net result of impaired 
immune responses with disbalanced cytokine 
expression, osteoclast differentiation and activa-
tion, osteolysis, and bone remodeling [60].

Multimodality Imaging of Skeletal Infections
In many clinical practices, skeletal infections are 
frequently encountered. For example, such infec-
tions are commonly seen in cancer patients and in 
immunosuppressed individuals. Particularly 
when comorbidity is present, the clinical presen-
tation may be confusing, and the laboratory find-
ings often are not specific. Several imaging 
modalities are now being utilized for detection of 
osteomyelitis, including standard radiography, 
computerized tomography (CT), magnetic reso-
nance imaging (MRI), and nuclear medicine 
techniques. The choice of modality depends on 
clinical presentation, duration of symptoms, site 
of suspected infection, previously known under-
lying pathology (such as fracture or tumor), and 
other factors but importantly a good understand-
ing of the pathophysiology [34].

Acute Osteomyelitis Imaging
Standard radiographs are not sensitive for early 
detection of osteomyelitis, as the changes 
(Fig.  5.15) are evident only after 10–21 days 
from the time of infection [61]. The initial imag-
ing modality in childhood osteomyelitis is con-

ventional imaging. Normal conventional imaging 
does not exclude osteomyelitis [59].

Ultrasound is useful in detecting osteomyelitis 
early, particularly in infants and children. Since 
osteomyelitis in this age group affects predomi-
nantly the end regions of long bones, ultrasound 
can detect characteristic findings associated with 
the pathological changes in these areas. Deep soft 
tissue fluid collection around the bone, periosteal 
thickening or elevation with subperiosteal fluid 
collection and increased vascularity within or 
around the periosteum are common characteristic 
features [62].

MRI has an important role in the diagnosis of 
osteomyelitis. In adults, MRI is reported to have 
a high diagnostic accuracy (95.6% sensitivity, 
80.7% specificity) with similar performance to 
PET (85% sensitivity, 92.8% specificity). 
However studies for accuracy in children are lim-
ited to draw conclusion [63]. The average overall 
accuracy of MRI is similar to that of multiphase 
bone scans. In the last decade MRI has become 
an important modality for the diagnosis of acute 
osteomyelitis in children [30, 56]. Since it is both 
sensitive for the detection of early osteomyelitis 
and also shows accurately the extent of disease 
with any associated soft-tissue extension without 
the risks associated with radiation exposure [64]. 
Accordingly the current recommendation is to 

Fig. 5.15 A radiograph of an adult patient with osteomy-
elitis showing the typical radiographic changes of bone 
demineralization, bone lysis, and cortical lucency (arrow)
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start with plain X-ray followed by MRI for the 
diagnosis of acute osteomyelitis [65].

Bone scintigraphy is very sensitive in the 
early diagnosis of osteomyelitis [66, 67] and can 
show the abnormality as early as 24 h after infec-
tion [68].

Typically, there is focally increased flow, 
blood pool activity, and delayed uptake 
(Fig. 5.16). When the bone has not been previ-
ously affected by other pathological conditions 
(nonviolated), the bone scan has high accuracy 
and is a cost-effective modality for diagnosis of 
osteomyelitis with both sensitivity and specificity 
of 90–95% [35].

However, there have been some reports of 
proven early acute osteomyelitis demonstrating 
either reduced or normal accumulation of the 
radiopharmaceutical, particularly in neonates. 
These reports were based on the use of earlier 
gamma instrumentation. With the use of modern 
technology, the more recent reports show high 
accuracy of bone scan (Fig. 5.17) in the diagnosis 
of neonatal osteomyelitis [69–71].

Tuson et al. [70] found that the positive pre-
dictive value of reduced uptake (a “cold” scan) in 
a selected group of patients was higher (100%) 
than that of a typical “hot” scan (82%), confirm-
ing an earlier report [72] that a “cold” scan indi-
cates more virulent disease. Cold lesions had an 
average shorter history (4 days) than did hot 
lesions (7 days) [72]. A more recent report on 
seven cases with cold scan osteomyelitis also 
confirmed the prior data regarding the more 
aggressive nature of this infection that was also 
associated with elevated ESR, significantly ele-
vated temperature and resting pulse, longer hos-
pital stay, and higher rate of surgical interventions 
[73]. Cold foci on bone scan in cases of osteomy-
elitis are thought to be secondary to increased 
intraosseous and subperiosteal pressure.

SPECT/CT had added value in the detection 
of osteomyelitis. In a study on 85 children sus-
pected of having osteomyelitis, bone scan with 
SPECT/CTSPECT/CT was significantly superior 
to planar scan and changed the diagnosis and 
treatment planning in 14/85 (16.5%) patients. It 
increases the accuracy of the diagnosis in the 
evaluation of osteomyelitis compared to planar 

three-phase bone scintigraphy/SPECT.  Planar 
bone scan/SPECT predicted the correct diagnosis 
in 82% of patients with proven osteomyelitis, 
while SPECT/CT predicted the correct diagnosis 
in 98% patients. Additionally, SPECT/CT was 
statistically more successful in detection of 
chronic osteomyelitis and useful in differentiat-
ing chronic from acute osteomyelitis (kappa 
value of 0.541 for planar scan/SPECT and 0.944 
for SPECT/CT) [33].

If bone has been affected by a previous pathol-
ogy (violated), particularly after orthopedic sur-
gical procedures, which can be common in cancer 
patients especially with orthopedic tumors, the 
bone scan will still be highly sensitive, but the 
average specificity is only approximately 34% 
[35]. In such situations, unless the bone scan is 
unequivocally negative, an additional modality 
should be used, particularly scanning with leuko-
cytes labeled with 111In-oxine or 99mTc- 
hexamethyl propylene amine oxime (HMPAO). 
Overall, 111In-leukocyte studies have a sensitivity 
of approximately 88% and a specificity of 84% 
for osteomyelitis [34]. This modality is particu-
larly useful for excluding infection in previously 
violated bone sites such as in postsurgical and 
posttraumatic conditions; 99mTc-HMPAO-labeled 
leukocytes have sensitivity and specificity similar 
to those labeled with 111In and can be used par-
ticularly in peripheral locations such as the 
extremities. In a recent meta-analysis study 
tc99m labeled leukocyte studies showed the 
highest accuracy compared to PET and MRI with 
a sensitivity of 91% and specificity of 92% [74]. 
Combined labeled leukocytes and bone scans 
have a better accuracy than labeled leukocyte 
scans alone and can help to localize abnormal 
foci [75–77].

Since labeled leukocyte scans show uptake by 
active bone marrow, it may be difficult to differ-
entiate this normal marrow uptake from abnor-
mal uptake due to infection. Furthermore, 
surgical procedures may alter the bone marrow 
distribution significantly. Bone marrow scan 
using 99mTc-sulfur colloid or nanocolloid may be 
used to improve the specificity of such studies.

Labeled antibodies have also been used for the 
diagnosis of osteomyelitis: 111In- or 99mTc-labeled 
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Tc99m MDP
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Fig. 5.16 A case of osteomyelitis in a nonviolated bone as seen on 99mTc multiphase bone scan. Regionally increased 
flow (a), blood pool activity (b), and delayed uptake (c) are noted in the left distal tibia
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Tc99m MDP

Anterior

a b c

Fig. 5.17 Neonatal osteomyelitis involving right tibia. There is increased flow (a), increased blood pool (b) in the right 
tibia, and corresponding increased delayed activity (c) in the area of involved bone

Fig. 5.18 111In-labeled leukocyte and 6-h MN3 images 
(plantar views) from a diabetic patient with osteomyelitis 
of the left second metatarsal (arrows). While both studies 

are positive, the superior image quality of the technetium- 
labeled compound can be easily appreciated. (Courtesy of 
Dr. Christopher Palestro, with thanks)

human nonspecific polyclonal antibodies (IgG) 
and monoclonal antibodies such as labeled anti-
granulocyte antibodies. These agents are easier to 
prepare and use than labeled leukocytes. 
LeukoScan (anti-NCA-90) (Fig.  5.18) and 
fanolesomab (anti-NCA-95) were reported to 

have similar or better accuracy (90%) to labeled 
WBC scan [78].

However, more recent studies showed con-
fecting results and suggest that these agents do 
not achieve the level of accuracy that was sug-
gested earlier and are not accurate enough to 
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replace labeled WBC imaging for orthopedic 
infection [79, 80].

In a preclinical study, Koort et al. [81] studied 
16 rabbits in two groups of 8: one group was a 
control and the other was infected with S. aureus 
directly into the tibia. In the infected group, 
metaphyses were resected and replaced with a 
preinfected block of bone cement; in the control 
group, the metaphyseal defect was replaced by 
bone cement injected with sterile saline. Two 
weeks later, the bone cement in both groups was 
surgically removed and osteomyelitis was con-
firmed in the infected group. At 3 and 6 weeks, a 
peripheral CT and 18F-FDG positron emission 
tomography (PET) were performed. PET images 
showed not only higher 18-FDG activity in the 
osteomyelitic group but also continuous elevated 
uptake at 6 weeks. Using standardized uptake 
values, the control group showed a decrease from 
1.9 to 1.2 at weeks 3 and 6, respectively, whereas 
the infected group measured a 3.1 at week 3 and 
5.5 at week 6. The results showed that intact 
bones have low 18F-FDG uptake and normal 
bone healing (seen in the control group) will have 
a transient increase in uptake just to normalize 
within a 6-week period. Bone infection, however, 
showed a markedly higher, constant uptake. This 
study indicates that 18F-FDG-PET can differen-
tiate bone healing from infection. The study also 
proposes that 3–6 months should be allowed fol-
lowing surgical or traumatic bone healing just to 
lower the chance of a false positive.

Reports described Ga-68-citrate and Ga-68- 
transferrin as possible agents for PET imaging of 
infection. (68)Ga has half-life of 68  min com-
pared to 78.3 h for 67Ga. Ga-68-citrate or Ga-68- 
transferrin was able to detect infected lesions in 
rats within 5–10  min postinjection, but a focal 
intense uptake at the lesion (SUV(max)) was 
visualized only at 30 min. In the patient studies, 
infection lesions were detected within 30  min 
postinjection. Blood pool and liver activities 
decreased during the period of study. There is no 
chemical difference between Ga-67-citrate and 
Ga-68-citrate, except for the radiolabel. 
Background uptake of Ga-68 and uptake by liver, 
cardiac blood pool activity is much lower than 
6Ga-67 at 60-min postinjection period. The short 

half-life of Ga-68 (68 min) may be advantageous 
from low dosimetry to the patients. The advan-
tage of Ga-68 compared to FGD is that it is posi-
tive only in cases of infection. Preliminary reports 
suggest Ga-68-citrate PET/CT is useful in the 
diagnosis of suspected bone infections with reli-
able accuracy [82].

Imaging of Specific Forms 
of Musculoskeletal Infections

Diabetic Foot Osteomyelitis
Despite this limitation, plain X-ray has been and 
still the first imaging modality to consider in 
patients with a suspicion of diabetic foot osteo-
myelitis according to the Infectious Diseases 
Society of America /IWGDF guidelines [83]. 
Bone scanning is very sensitive but not specific 
for detecting infection in diabetics. It is usually 
positive in cases of neuroarthropathy as well as of 
infection, with a lower specificity ranging from 0 
to 70% (average 27%) [34]. Accordingly, the 
bone scan cannot reliably distinguish infection 
from neuroarthropathy. The three-phase bone 
scan, using the parameter of arterial hyperemia 
only on flow studies for scan interpretation along 
with increased activity on blood pool and delayed 
images for diagnosing osteomyelitis, as stated 
earlier, may improve the specificity. Also, the 
specificity can be further improved with adding a 
fourth phase of imaging with acquiring a 24-h 
delayed image.67Ga is not helpful in resolving the 
question of osteomyelitis in the diabetic foot, 
since it is also usually positive in noninfected 
neuroarthropathy. Indium-111 leukocyte imaging 
has been reported to be both sensitive and spe-
cific for diabetic foot infections. However, sensi-
tivities range from 50 to 100% and specificities 
from 29 to 100% [26]. All ulcers exposing bone 
were found to be associated with osteomyelitis, 
and such patients may thus be treated without the 
need for imaging [84]. Patients with ulcers not 
exposing bone were recommended to have 
111In-leukocyte studies to detect osteomyelitis. 
False-positive results have been reported in sev-
eral conditions, including rapidly progressive 
neuroarthropathy, and the specificity varies in the 
literature. The vast majority of neuroarthropa-
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thies are not rapidly progressive and show no 
abnormal accumulation of labeled leukocytes. 
111In-white blood cell imaging shows signifi-
cantly increased uptake. Combined bone/labeled 
leukocyte imaging improves the accuracy of the 
diagnosis of foot osteomyelitis and its differenti-
ation from soft tissue infection. Grerand [75] 
reported a sensitivity of 93% and a specificity of 
83% for this dual-isotope technique and con-
cluded that it can reliably determine the site and 
extent of diabetic foot osteomyelitis. False- 
positive results however can still occur in some 
cases of noninfected neuroarthropathy [85]. A 
decreasing lesion-to-background ratio of labeled 
WBCs between 4 and 24 h helps to differentiate 
the condition from osteomyelitis, which usually 
does not show a decreasing ratio (Fig.  5.19). 
Because of the poor spatial resolution of labeled 
leukocyte studies, uptake in soft tissues could be 

incorrectly attributed to bone uptake and vice 
versa. Dual-isotope studies for diabetic foot 
allow for better localization of white blood cell 
activity and consequently help to increase the 
accuracy in differentiating osteomyelitis from 
cellulitis [86, 87].

Collective studies have shown an average sen-
sitivity of 83% for both labeled leukocyte and 
combined bone/leukocyte scintigraphy. The aver-
age specificity, however, improved from 64% for 
the leukocyte scan to 80% when it was combined 
with bone scintigraphy [34].

SPECT/CT (Fig.  5.20) imaging for diabetic 
foot osteomyelitis with99mTc-MDP and In-111- 
labeled leukocyte scans was more accurate in 
diagnosing and localizing infection compared 
with conventional planar imaging. Additionally, 
it provided clear guidance and promoted many 
limb salvage procedures. Its use was associated 
also with considerably reduced length of hospi-
talization [67, 68]. A novel standardized hybrid 
image-based scoring system, Composite Severity 
Index (CSI), derived from Tc99m-WBC SPECT/
CT images was found to have prognostic value in 
diabetic foot infections. In a study of 77 patients, 
CSI of 0 had a 92% chance of favorable outcome, 
which fell progressively to 25% as indices rose to 
≥7 [88].

Combined 111In-labeled leukocyte and 99mTc- 
sulfur colloid marrow scans further improve the 
specificity, differentiating marrow uptake of 
labeled leukocytes from uptake by actual bone 
infection. Simultaneous SPECT/CT of 99mTc- 
sulfur colloid (SC) and 111In white blood cells 
(WBC) provides essentially perfect spatial regis-
tration of the tracers within anatomical sites of 
interest. Quantitation of this method for compen-
sation for scatter and crosstalk was reported 
recently to be useful experimentally for improv-
ing quality, bias, and precision of 99mTc activity 
estimates in simultaneous dual-radionuclide 
imaging of osteomyelitis [89]. SPECT/CT with 
In-111-labeled leukocyte combined with bone or 
bone marrow scan is currently the best imaging 
modality for diagnosing diabetic foot osteomy-
elitis [90].

MRI can differentiate between soft tissue and 
bone infections. This is particularly important in 

Fig. 5.19 (a, b) Simultaneous99mTc MDP and 
111In-labeled leukocyte bone scan illustrating the decreas-
ing leukocyte uptake in the area of neuroarthropathy 
(arrow) and increasing uptake in the area of osteomyelitis 
at the region of the right heal (arrowhead)
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diabetics and has been found useful in the diag-
nosis of diabetic foot osteomyelitis. Several 
investigators found MRI to be clearly superior 
to the plain films and bone scintigraphy, with a 
 sensitivity and specificity approaching 100%. 

These studies, however, involved mostly severe 
infections with significant pathological changes. 
Newman et al. [91] reported a sensitivity of only 
29% for relatively low-grade osteomyelitis 
compared with 100% for labeled leukocyte 

a

b

Blood Pool Delayed Planter Tc-99m HDP Planter In-111 WBC

Tc-99m HDP

In-111 WBC

SPECT CT FUSED SPECT/CT

Fig. 5.20 A 59-year-old male diabetic patient S/P right 
great toe amputation presented with discharging ulcers on 
the right foot plantar surface, R/O osteomyelitis. (a) The 
blood pool image demonstrates foci of increased blood 
pool activity involving the probable distal third toe and 
mid-right foot. The delayed bone scan plantar image dem-
onstrates foci of increased radiotracer uptake in the same 
regions. On the In-111 WBC plantar image, there are two 
foci of abnormal uptake also probably in the same areas 
(black arrows). (b) In the selected dual-isotope SPECT/
CT transaxial slices, there is increased Tc-99m HDP 
uptake in the right intermediate and lateral cuneiforms 
and intercuneiform joint without corresponding abnor-
mality on the simultaneously obtained In-111 WBC 

images (brown arrows). These findings are consistent 
with arthritic changes. (c) In the adjacent dual-isotope 
SPECT/CT transaxial slices, there is increased In-111 
WBC uptake in a region of plantar ulcer without corre-
sponding abnormal uptake on Tc-99m HDP bone scan 
consistent with soft tissue infection (blue arrows). (d) In 
another dual-isotope SPECT/CT transaxial slices, there is 
focal increased uptake in the right third distal phalanx on 
both bone scan and In-WBC scan images consistent with 
a small focus of osteomyelitis (red arrows). Based on 
these images, the patient was effectively treated with soft 
tissue debridement of the large plantar ulcer and distal 
right third toe partial amputation as well as antibiotics and 
was saved from a major foot amputation
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scanning of the same patients. The specificity 
was similar for both modalities. Cook et al. also 
reported a sensitivity of 91% and a specificity of 
only 69% [92].

Morrison et al. reported a lower accuracy for 
diabetic compared with nondiabetic cases, with 
sensitivity and specificity of 82 and 80%, 

respectively, for diabetic osteomyelitis com-
pared with 89 and 94% for nondiabetic bone 
infections [93].

Beltran [94] reported the characteristic pattern 
of osteomyelitis as a high signal intensity from 
the marrow space on T2-weighted images. 
However, this finding itself is not specific for 

c
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Fig. 5.20 (continued)
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osteomyelitis and can be seen with other condi-
tions, including rapidly progressive neuroar-
thropathy, and the pattern may be indistinguishable 
from that of osteomyelitis.

Labeled antigranulocyte antibodies are 
another alternative to be used for diabetic foot 
infection and have an advantage of earlier results 
and less demanding technique. The technique as 
mentioned earlier has been reported to be very 
sensitive; however, the specificity is again less 
than adequate with conflicting results.

PET/CT also provides faster results (typically 
within 2 h). A recent systemic review and meta- 
analysis compared MRI, labeled leukocyte scin-
tigraphy, and FDGPET/CT for the detection of 
diabetic foot osteomyelitis to a reference stan-
dard of bone biopsy. Despite the comparable 
sensitivity of all the different imaging modali-
ties, ranging from 89 to 93%, the specificity of 
99mTc- HMPAO labeled leukocyte scintigraphy 
and FDGPET/CT (92%) was higher than MRI 
(75%) [95].

Vertebral Osteomyelitis (Spondylodiskitis)
The incidence of vertebral osteomyelitis is 
increasing, attributed to an ageing population 
with inherent co-morbidities and improved case 
detection [96]. Signs and symptoms of vertebral 
osteomyelitis are usually vague and insidious, 
and thus, the diagnosis and treatment may be 
delayed. Plain radiographs are neither sensitive 
nor specific for the diagnosis of vertebral infec-
tion. The bone scan may be sensitive, but it is not 
specific for vertebral osteomyelitis.

Computed tomography scan is quite sensitive 
for vertebral osteomyelitis but, like the bone 
scan, it is not specific. However, CT is used to 
guide needle biopsy.

Magnetic resonance imaging, however, is both 
sensitive and specific for vertebral osteomyelitis. 
Gadolinium-enhanced magnetic resonance imag-
ing (MRI) is the imaging technique of choice to 
evaluate spinal infection [97]. It has excellent 
sensitivity and specificity (96% and 94%, respec-
tively) [98, 99].

Changes of vertebral osteomyelitis have been 
reported to be seen on MRI as early as those on 
bone scan [100], although in one report, these 

changes were late, even later than plain film 
changes [101].

A recent prospective study on 32 patients 
using 18F–FDG-PET/CT and MRI reported 100% 
sensitivity for both modalities and a specificity of 
90.9% for 18F–FDG-PET/CT and 91.7% for 
MRI.  MRI detected more epidural/spinal 
abscesses[102].

Love reported on a small number of patients 
with vertebral osteomyelitis and found that 
SPECT 67Ga and bone scans are more sensitive 
and specific than planar gallium and bone scintig-
raphy (91 and 92% vs. 64 and 85%, respectively). 
The authors found that 67Ga SPECT alone has 
identical accuracy to combined SPECT Ga and 
bone and suggested the use of 67Ga SPECT alone 
in the diagnosis of vertebral osteomyelitis since it 
was also sensitive and slightly more specific than 
MRI in their series [103]. 67Ga has a sensitivity of 
more than 90% and a specificity of up to 100% 
when combined with 99mTc-MDP or alone with 
SPECT acquisition [104], although the authors 
prefer the combined approach using SPECT/CT 
if Gallium is to be used [105].

For planar imaging interpretation, the degree 
of bone uptake is compared with that of 67Ga to 
achieve the high specificity of this combined 
approach (Figs. 5.21 and 5.22).

Standard radiographs are neither sensitive nor 
specific for the diagnosis of the relatively com-
mon spondylodiskitis. Bone scanning is also sen-
sitive but is not specific. In cases of proven 
vertebral osteomyelitis, bone scan results have 
been negative as late as 2 weeks following the 
onset of symptoms [106].

Labeled leukocyte scanning using both 111In 
and 99mTc-HMPAO is neither sensitive nor spe-
cific. This low sensitivity is due to different pat-
terns of uptake—normal, decreased, or 
increased—in cases of proven vertebral osteomy-
elitis [107, 108]. In studying 71 patients with sus-
pected vertebral osteomyelitis, Palestro et  al. 
[107] found that 111In-leukocyte scintigraphy 
demonstrated increased or decreased uptake in 
patients with proven osteomyelitis. Increased 
uptake was associated with a high specificity of 
98%, but it was only 39% sensitive for the condi-
tion. The photopenic pattern was neither sensitive 
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Bone Gallium
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Fig. 5.21 Sequential bone/gallium scans—negative for osteomyelitis in a patient with compression fracture (gallium 
uptake is less than MDP uptake). (Courtesy of Dr. Christopher Palestro, with thanks)

(54%) nor specific (52%) for osteomyelitis. In a 
study of 91 patients with suspected vertebral 
osteomyelitis, Whalen et al. [108] reported a sen-
sitivity of 17%, a specificity of 100%, and an 
accuracy of 31% for 111In-leukocyte imaging. 
The authors found photon-deficient areas at the 
sites of proven osteomyelitis in 50% of 18 
patients, and they were included in the false- 
negative scans. Because the diagnosis of verte-
bral osteomyelitis is often delayed, most 
infections are chronic in nature, which can 
explain the low sensitivity of 111In leukocytes in 
their diagnosis. Photopenic areas on 
111In-leukocyte imaging in proven vertebral 
osteomyelitis could be secondary to secretion of 
antichemotactic factors by some causative organ-
isms such as Pseudomonas aeruginosa and 
Klebsiella pneumoniae, which prevent enough 
accumulation of labeled cells at the site of infec-
tion [109, 110].

In a study performed on 30 consecutive 
patients, positive PET scans were found in all 
five cases with disc space infection. None of the 
patients with degenerated disc space demon-
strated FDG uptake, even in the presence of sub-
stantial end-plate abnormalities, the authors 
suggested that FDG-PET may be useful for 

excluding disc space infection in equivocal MR 
findings [111].

FDG-PET is sensitive, has superior image 
quality, and is completed in a single session. The 
specificity of FDG-PET may also be superior to 
that of conventional tracers because degenerative 
bone disease and fractures usually do not pro-
duce intense FDG uptake [112].

Accordingly if MRI is not conclusive or there 
is a condraindication for its use, F-18 FDG-PET/
CT is the modality of choice with Ga-67 as an 
alternative [113–118].

Chronic Osteomyelitis
The radiological diagnosis of chronic active 
osteomyelitis is neither sensitive nor specific, 
while bone scintigraphy is very sensitive but not 
specific. This low specificity is due to the chronic 
bone repair that is associated with increased bone 
metabolism and increased uptake on bone scan in 
the absence of active infection. It is therefore dif-
ficult to differentiate healing from chronic active 
disease, although increased activity on all phases 
of the bone scan is suggestive of chronic active 
disease. The bone scan, accordingly, cannot con-
firm the presence of active disease, but a negative 
scan excludes it.
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Tc99m MDP Ga-67

a b
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Fig. 5.22 Sequential bone/gallium scans. Posterior 
whole body images of bone (a) and Ga-67 (b) studies are 
shown, demonstrating increased uptake on both studies 

(arrows) at the site of L2/L-3. However, the degree of 
uptake is significantly higher on the Ga-67 study than 
bone, indicating spondylodiscitis
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67Ga citrate imaging is more specific than 
bone scanning for chronic osteomyelitis. False 
positives still occur in conditions such as healing 
fractures, tumors, and noninfected prostheses. 
Combined 99mTc-MDP and 67Ga scans can be 
helpful in making the diagnosis of active disease. 
As Tumeh et  al. [119] suggested when 67Ga 
uptake exceeds 99mTc-MDP uptake in intensity or 
differs in spatial distribution, active osteomyelitis 
usually is present.

There is controversy regarding the role of 
111In-labeled leukocytes in the diagnosis of 
chronic osteomyelitis. Since the majority of 
labeled cells are polymorphonuclear cells, the 
test is usually normal in true chronic osteomyeli-
tis. However, due to the difficulty in making a 
clinical distinction between acute and chronic 
active disease, results are variable and may be 
confusing with no advantage of 111In-leukocytes 
over 67Ga, as there was no significant difference 
between them in the sensitivity and specificity for 
both conditions [120, 121].

Determining the presence or absence of 
sequestra is important, as their presence may 
require surgical treatment. The CT scan is a sen-
sitive modality for the detection of sequestra. 
MRI was found useful in detecting sequestra and 
was also useful in identifying the presence and 
sites of active chronic infection [122].A study 
[123] confirmed the lack of specificity of multi-
phase bone scans for chronic osteomyelitis and 
suggested a possible role for labeled IgG as a 
more specific agent in both central and periph-
eral chronic bone infections. Thus, among the 
commonly used modalities, combined bone and 
67Ga scanning is highly recommended for detect-
ing chronic active osteomyelitis if PET is not 
available.

F18-FDG PET has been found valuable to 
assess the activity of chronic osteomyelitis by 
confirming the presence of metabolically active 
infection and guide appropriate treatment [124]. 
A meta-analysis study showed that FDG-PET not 
only is the most sensitive (96%) imaging modal-
ity for detecting chronic osteomyelitis but also 
has a greater specificity (91%) than radiolabeled 
WBC scintigraphy, bone scintigraphy, or MR 

[125]. Several studies reported that the overall 
sensitivity is 95–100% and specificity is 86–100% 
[124–128].

Periprosthetic Infection

• Making the distinction between mechanical 
failure of a prosthesis and infection is not 
easy. Symptoms and signs of early infection 
are not specific and may even be similar to 
those of the normal healing process. The 
erythrocyte sedimentation rate and leukocyte 
count are not sensitive, and the standard radio-
graphic appearance of infection can mimic 
that of mechanical loosening. Aspiration 
arthrograms are relatively more accurate, but, 
again, the sensitivity as reported by Johnson 
et  al. [52] is only 67%. The late stages of 
infection can be detected more easily on the 
basis of clinical findings. It is crucial, how-
ever, to initiate treatment in the early stage, as 
progression to a serious infection may occur 
rapidly [129].
In case of hip replacement, knowledge of the 

type of implant is important to plan a diagnostic 
strategy. In cemented total hip replacements, 
periprosthetic uptake patterns are variable during 
the first 12 months after joint replacement. On 
bone scintigraphy of the cemented hip replace-
ment, focal uptake at the tip of the femoral com-
ponent is most typical of loosening, while diffuse 
uptake around the shaft is most typical of infec-
tion. These patterns are not specific, however, 
and there are controversies regarding their value 
in discriminating loosening from infection. 
Labeled white blood cells with or without mar-
row scanning may be needed. In cementless, 
porous-coated hip arthroplasty (which depends 
on bony ingrowth for fixation instead of on 
cement), postoperative uptake on bone scintigra-
phy remains for 2 years or longer in asymptom-
atic patients [130, 131].

In knee replacement, postoperative increased 
uptake may also be seen on bone scintigraphy in 
more than 60% of femoral components and about 
90% of tibial components for a long time, even 
when patients are asymptomatic [132].
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Accordingly, for both cemented and porous- 
coated hip and knee replacements, a bone scan is 
most useful in excluding infections when it is 
clearly negative.

Combined bone and 67Ga scans have better 
specificity than either scan alone (Fig.  5.23). 
However, 111In-leukocyte imaging has proven to 
have better accuracy than combined 67Ga/bone 
scan. Still, false-positive 111In-leukocyte results 
occur as a result of physiological uptake by cel-
lular bone marrow. Oswald et  al. [131] found 
focal or diffuse accumulation of 111In leukocytes 
around the prostheses for up to 2 years in 48% of 
uncomplicated cases. Addition of 99mTc-sulfur 
colloid bone marrow to 111In-leukocyte scanning 
helps improve the specificity and is the recom-
mended modality. The study is considered posi-
tive for infection when the 111In-leukocyte uptake 
exceeds 99mTc colloid activity on the bone mar-
row scan in extent and/or focal intensity (discor-
dant pattern). If the relative intensity and 
distribution of 111In-labeled leukocyte localiza-
tion are equal to that of 99mTc colloid (concordant 
pattern of normal marrow), the study is consid-
ered negative for infection [133].

Accordingly, the optimal procedure for diag-
nosing infection of joint replacements is com-
bined labeled leukocyte/marrow scintigraphy 
(Figs.  5.24 and 5.25), which has a diagnostic 
accuracy of more than 90% [133].

Combined 111In-WBC and 99mTc-sulfur colloid 
SPECT/CT are adequate tools to diagnose (pros-
thetic) bone and joint infections [134]. With a sen-
sitivity of 100%, specificity of 91%, and accuracy 
of 95%, it seems to be significantly better than 
FDG-PET. 99mTc-WBC is a very sensitive tool 
(95%) for imaging of infection in patients with 
metallic implants. Specificity is also high (93–
100%) with SPECT/CT, but it seems dramatically 
lower (53%) in case of 99mTc-WBC SPECT alone. 
The improvement of specificity by addition of CT 
to SPECT is of substantial importance, as has 
been shown in multiple studies [135, 136].

Antibody imaging (Fig.  5.26) has also been 
used to diagnose infections in patients with hip 
and knee prostheses with a sensitivity of 70–100% 
and a specificity of 83–100% for 99mTc- 
antigranulocyte antibodies and a sensitivity of 
92% and a specificity of 88% for 111In-labeled 
IgG [137].

Fig. 5.23 Sequential bone/gallium scan—positive for infection of the right total hip replacement (incongruent distribu-
tion of two radiotracers). (Courtesy of Dr. Christopher Palestro, with thanks)
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Fig. 5.24 Combined leukocyte/marrow scan with congruent uptake pattern in the left hip region (arrows) indicating no 
infection. (Courtesy of Dr. Christopher Palestro, with thanks)

a b

Fig. 5.25 In-111 labeled leukocyte image (a) for a 
patient with a history of bilateral hip replacements. There 
is accumulation of leukocytes at the right hip with no cor-
responding uptake on sulfur colloid bone marrow (arrows) 

image (b) indicating right periprosthetic infection show-
ing incongruent pattern compared to the left side which 
shows no evidence of infection and essentially congruent 
leukocyte and sulfur colloid uptake pattern
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Tc99m-MN3

Anterior Posterior

Fig. 5.26 Antigranulocyte  
antibody uptake indicating 
infected left knee 
prosthesis. (Courtesy of 
Dr. Christopher Palestro, 
with thanks)

Annexin-V imaging shows greater uptake 
with infection than with aseptic loosening and 
has a high negative predictive value for prosthetic 
infection [138] (Fig. 5.27).

FDG-PET has been shown to be useful in 
detecting infections and differentiate it from 
loosening in patients with hip and knee prosthe-
ses [139, 140]. Initial studies reported sensitivity 
and specificity for detecting infection of approxi-
mately 90 and 89% for hip and 90 and 72% for 
knee periarthroplasty infections, respectively 
[140]. A more recent data reported an overall sen-
sitivity of 91–100% [135]. Specificity, however, 
is strongly dependent on the used criteria to 
report infection based on both localization and 
intensity of FDG uptake, ranging from 9 to 97% 
[137]. Specificity is generally higher in hip pros-
theses, compared with knee prostheses [135]. 
Although the intensity of FDG uptake as deter-
mined by SUV values is important in making the 
diagnosis of malignancy, this is not the case with 
periprosthetic infections. Infected prostheses 
often show moderate increased uptake which is 
not higher than that noted with aseptic loosening 
[139]. However, the location of the increased 
uptake is more important in differentiating infec-
tion from loosening since infection is character-
ized by uptake along the interface between bone 
and the prostheses, while in loosening it is around 
the neck and head [139]. Using this criterion, a 
sensitivity of 92% and a specificity of 97% have 
been reported [135]. This criterion however 
remains to be validated in a prospective study. A 
recent meta-analysis found that the sensitivity 
and specificity of FDG-PET for diagnosing lower 

extremity prosthetic joint infection were 87% 
and 82%, respectively, lower than what has been 
reported for combined leukocyte-marrow imag-
ing over 30 years [141]. In a study of 34 patients 
ga-68 and F-18FDG PET/CT were compared and 
evidence that 68Ga-citrate PET/CT may have a 
complimentary role to 18F-FDG PET/CT in 
detecting prosthetic joint infections, since it was 
found to have a higher specificity (88% vs. 38%) 
and the ability to discriminate between an infec-
tious condition and sterile inflammation [142].

FDG-PET/MR was reported to have sensitiv-
ity of 100% in a small series of 7 patients [143]. 
A more recent study confirmed the value of this 
technique and the superior anatomic details 
obtained by MRI is addition to the molicu-
lar  information of PET in one single study [144].

Osteomyelitis in Patients with Sickle Cell 
Disease. Differentiating bone infarct from osteo-
myelitis clinically is difficult. Initial radiographs 
either are normal or show nonspecific changes. 
On bone scintigraphy, the findings vary. If bone 
scintigraphy is performed a week after the onset 
of symptoms, healing of the infarct may cause 
increased uptake rather than the typical pattern of 
cold defect. To add more difficulty, osteomyelitis 
may also cause cold defects rather than increased 
uptake [35, 46, 145].

Addition of 67Ga or 99mTc-sulfur colloid imag-
ing to bone scans enhances the specificity and 
can resolve the majority of diagnostic problems 
related to osteomyelitis in patients with sickle 
cell disease [145]. If the bone scan shows areas of 
increased uptake, a bone marrow scan can be 
added. If a marrow scan in the area of interest is 
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a

b

c

Fig. 5.27 A 68-year-old 
male with bilateral total 
knee replacement 
prostheses and a 
complaint of pain on the 
right side. Bone scan (a) 
showed increased blood 
pool and delayed 
activity around the right 
knee prosthesis (arrow). 
Whole-body leukoscan 
images (b) show 
increased accumulation 
around the right knee 
prosthesis corresponding 
to the bone scan findings 
and confirmed further by 
SPECT/CT of bone scan 
and SPECT/CT of 
leukoscan (c)
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normal, it indicates osteomyelitis, while if radio-
colloid photon deficiency is seen it suggests heal-
ing infarct. Conversely, if the bone scan shows a 
photon-deficient area, 67Ga may help to 
 differentiate osteomyelitis by showing an incon-
gruent pattern spatially or more 67Ga uptake than 
that on the bone scan. Infarcts will show a con-
gruent pattern [46].

Labeled leukocytes have also been used, 
although we encountered technical difficulties in 
labeling cells of sickle cell patients with failed 
scans. MRI and contrast-enhanced CT scans have 
also been reported to be of help in patients with 
nondiagnostic radiographs and bone scans.

Malignant Otitis Externa
Malignant otitis externa is severe inflammation 
of the soft tissue of external auditory canal com-
monly caused by pseudomonas aeruginosa. It is 
an aggressive, highly morbid, and rarely life- 
threatening infection. Infection may spread to 
involve the periosteum and bone of the skull base 
[146]. It affects elderly patients with diabetes 
particularly and needs quick diagnosis and man-
agement. CT scan can help make the diagnosis. 
Ga-67 is highly sensitive in detecting infection 
but lacks the resolution to assess bone involve-

ment. F-18 FDG PET/CT (Fig. 5.28) can be of 
value in assessing the infection and bone involve-
ment and was found to have a sensitivity of 96% 
and a specificity of 91%, with the highest accu-
racy for confirming or excluding osteomyelitis 
compared to all other modalities [147]. It can 
monitor treatment response. Gallium-67 is an 
alternative to monitor the response to therapy.

Infectious (Septic) Arthritis. Ultrasonography 
and also MRI are mainly used for the identifying 
the condition [148]. Bone scan is not routinely 
used and the condition can be seen when bone 
scan is performed for suspected osteomyelitis. 
However, it has been reported that identifying 
joint involvement and distinguishing bone from 
joint infection can be achieved in up to 90% of 
cases using bone scintigraphy [149, 150].

Bone scintigraphy, however, cannot distinguish 
infectious from noninfectious arthropathy. 
Detailed clinical information should always be an 
integral part of bone scan interpretation. Sundberg 
et  al. [150] compared the interpretation of bone 
scans with and without knowledge of clinical 
information in 106 children suspected of having 
septic arthritis. The bone scan interpretation was 
correct in 13% when read without clinical history 
and in 70% when clinical information was 

F-18 FDG

CT PET Fused PET/CT

Fig. 5.28 Selected cuts of F-18 FDG study for a 73-year- 
old female with severe external otitis known to be due to 
pseudomonas aeruginosa for assessment of bone involve-
ment. There is intense metabolic activity (arrow) along the 
external auditory canal with extension to the petrous bone. 

CT component shows total opacification of mastoid air 
cells, the auditory canal’s soft tissue, middle ear cavity, 
tympanic cavity, and Eustachian tube. There is also sig-
nificant rarefaction of the petrous bone
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included. It is possible in the vast majority of cases 
to make the distinction if certain criteria are fol-
lowed. Periarticular distribution of the abnormal 
uptake that is largely limited to the joint  capsule 
and has a uniform pattern indicates septic arthritis. 
Osteomyelitis, however, shows abnormal uptake 
beyond the confines of the joint capsule or shows 
nonuniform uptake within the joint capsule [150]. 
To simplify the utilization of the many imaging 
modalities, Table 5.6 is provided to summarize the 
strengths and limitations of different modalities in 
the diagnosis of skeletal infections, Table 5.7 sum-
marizes the correlation between scintigraphic and 
pathophysiological changes in skeletal infections, 
and Fig. 5.29 presents a suggested algorithm for 
the diagnosis of skeletal infection.

5.3.1.2  Noninfectious Skeletal 
Inflammation 
and Inflammatory-Like 
Conditions

Chronic Nonbacterial Osteomyelitis
The term chronic nonbacterial osteomyelitis 
describes a rare group of autoinflammatory bone 
diseases, including chronic recurrent multifocal 
osteomyelitis, synovitis, acne, pustulosis, hyperos-
tosis, osteitis (SAPHO) syndrome, and diffuse scle-
rosing osteitis. The disorders are chronic in nature, 
but it can present with episodic flairs and periods of 
remission, hence the term chronic recurrent osteo-
myelitis. The more severe form of this group is the 
chronic recurrent multifocal osteomyelitis These 
conditions represent sterile bone lesions. This con-
dition is primarily a childhood disorder but have an 
adult-onset presentation [151–153].

Chronic Recurrent Multifocal Osteomyelitis
Chronic recurrent multifocal osteomyelitis is a non-
infectious inflammation of bone that has been con-
sidered as an autoinflammatory disorder of children 
and young adults that is characterized by nonbacte-
rial osteomyelitis. Cultures do not show an infec-
tious source and biopsy shows nonspecific 
inflammation. Antibiotics do not alter the course of 
the disease and symptoms are better treated with 
antiinflammatory medications. The disease has a 
relapsing and remitting course with patients typi-
cally present with bone pain in the affected sites. 
Common sites of involvement include the metaphy-

ses of the long bones, clavicles, spine and pelvis. 
Other sites include the mandible, scapula, ribs, ster-
num, hands, and feet. The cause of CRMO remains 
uncertain, although the several studies have sug-
gested a genetic component. Radiographs typically 
show lysis and sclerosis usually seen in the metaph-
ysis of long bones and the medial clavicles. The 
condition is often bilateral and multifocal at presen-
tation. Since this disease frequently involves multi-
ple sites, some of which are asymptomatic. 
Whole- body MRI is recommended both to help aid 
in the diagnosis with multifocal involvement and 
document the extent of disease. During the active 
phase, there is bone marrow edema and often peri-
ostitis and soft tissue inflammation. Significant fluid 
collections, abscess, sinus tracts, and sequestra are 
not typical features of CRMO and are more often 
seen with bacterial osteomyelitis. Because of the 
lack of a diagnostic test, CRMO remains a diagno-
sis of exclusion. The most common CRMO differ-
ential diagnosis is represented by infections, 
malignant bone tumors, Langerhans cells histiocy-
tosis. Although generally a self-limiting disease, 
CRMO can have a prolonged course and result in 
significant morbidity [151–155].

Bone scintigraphy shows multiple foci of 
increased uptake of variable intensity and on fol-
low- up some of the preexisting foci may disap-
pear and new one may be seen.

Osteitis Condensans Ilii
This non-specific inflammatory condition of the 
iliac bone affecting mainly women of child- 
bearing age shows increased uptake in the iliac 
bone at the region of sacroiliac joints on the bone 
scan that is usually bilateral symmetric but can be 
asymmetrical and unilateral.

Osteitis Pubis
An inflammatory condition of the pubic bones 
that follows delivery, pelvic operations, and in 
athletes. Scintigraphically, there is intense uptake 
in the para articular regions of the pubic bones. 
MRI may show moderate to severe bone marrow 
edema at the pubic symphysis region.

Infantile Cortical Hyperostosis (Caffey- 
Silverman Disease)
This rare inflammatory condition of early infancy 
shows extensive periosteal new bone formation, 
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Table 5.6 Summary of commonly used imaging modalities for skeletal infection

Modality Advantages Disadvantages
Typical findings and overall 
accuracy

Standard 
radiograph

Cost-effectiveness: no 
additional imaging needed if 
positive

Low sensitivity findings 
take up to 2–3 weeks to 
appear, delaying 
diagnosis

Cortical destruction (very 
sensitive finding)

Identify other causes of 
symptoms (fracture)

Low specificity to 
identify infection in 
violated bone

Soft tissue swelling with 
obliteration of fat planes

Assess comorbidities such as 
fractures and arthritis

Endosteal scalloping; cortical 
tunneling
III defined radiolucent lesions
Osteopenia
Sensitivity: 28–94% (average of 
56%)
Specificity: 3–92% (average of 
75%)

Computed 
tomography

Excellent visualization of the 
cortex

Less resolution than 
plain radiography

Increased attenuation of bone 
marrow. Periosteal reaction and 
new bone formation Sequestrum

Multiplanar and thin slice 
reconstruction enhance 
ability to evaluate infection 
and identify sequestra

Beam-hardening artifact Intraosseous and/or soft tissue gas

MRI Excellent delineation of soft 
tissue vs. bone infections

Bone marrow edema is 
nonspecific—can be 
seen in osteonecrosis, 
fractures, and metabolic 
bone disease

Cortical destruction

Evaluation of bone marrow 
edema

Specificity is lower with 
small bones and in 
complicated cases of 
infection

Increased T2 signal (particularly 
on STIR)

Excellent for suspected 
vertebral osteomyelitis

Decreased T1 signal and 
post-gadolinium enhancement

Very useful in neonatal pelvic 
osteomyelitis to identify 
associated soft tissue 
abscesses

Sensitivity: 60–100% (average: 
92%)

No ionizing radiation Specificity: 50–95% (average: 
91%)

Multiphase bone 
scan

Earlier detection than plain 
film (24–48 h after infection)

Specificity decreases 
when other pathologies 
are present

Focal increased uptake on blood 
flow, blood pool, and delayed 
images

Very high sensitivity for 
infections even in the 
presence of other 
comorbidities

Scans will stay positive 
for a long time after 
infection heals, 
therefore is not ideal for 
monitoring response to 
treatment

Sensitivity: 95%

Whole-body imaging allows 
for detection of infection at 
other unsuspected sites

Specificity: nonviolated bone: 
92%; violated bone 0–76% 
(average of 30%)

WBC scan High specificity for infection 
improves bone scan 
specificity in the setting of 
violated bone

If used alone, difficult 
to differentiate bone vs. 
soft tissue infections

Focal increased uptake

(continued)
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Table 5.6 (continued)

Modality Advantages Disadvantages
Typical findings and overall 
accuracy

Alone or with 
bone scan

Scans normalize as early as a 
few days and so may be used 
to monitor response to 
therapy

A tedious procedure Dual imaging will show 
concordant uptake with bone scan 
in positive studies
Average sensitivity: 88%
Average specificity: 88% 
(91–94% when combined with 
bone scan)

67Ga scintigraphy Early detection of infection Positive findings can be 
nonspecific and may be 
positive in other settings 
such as tumor and 
inflammation

Combined scanning is considered 
positive when they are spatially 
incongruent or spatially congruent 
with greater gallium intensity than 
bone scan

Alone or with 
bone scan

Scans return to normal in 6 
weeks with successful 
therapy, allowing use for 
monitoring treatment

Average sensitivity: 89% (better 
with SPECT/CT)

Useful for chronic active and 
vertebral osteomyelitis

Average specificity: 70% (better 
with SPECT/CT)
Particularly useful for vertebral 
osteomyelitis when PET is not 
offered

Bone marrow scan 
as an addition to 
WBC scan alone 
or along with bone 
scan

Improves specificity for 
infection vs. inflammation in 
complicated cases, such as 
postarthroplastic infections

Adds time and cost to 
the diagnostic imaging

Infection is confirmed when no 
bone marrow activity present 
corresponding to the positive area 
on labeled WBC scan. If activity 
is present, it indicates 
physiological bone marrow as a 
cause of WBC uptake

Ultrasound Excellent for rapid and 
accurate detection of joint 
effusions

Poor modality to 
visualize bone

Fluid collection adjacent to the 
cortex of infected bone with 
communication to the medullary 
cavity

Identify soft tissue and 
subperiosteal abscesses

Occasionally, superficial local 
defects and periosteal reactions in 
advanced cases of osteomyelitis

No radiation Absence of joint effusion will rule 
out septic arthritis

PET Useful in chronic active 
osteomyelitis and 
periprosthetic infections as a 
single modality. Can be 
useful in early assessment of 
the response to therapy

Availability Focally increased uptake with 
moderate to high SUV Sensitivity: 
95–100% (chronic active 
osteomyelitis); 90% (preprosthetic 
infection)

Expense Specificity: 86–100% (chronic 
osteomyelitis); 89% hip 
periprosthetic infection; 72% knee 
periprosthetic infection

which appears on bone scans as areas of irregularly 
increased uptake described by Bahk as “pumpy” 
[156]. The standard radiograph however is the most 
valuable diagnostic study for this condition where it 
shows layers of periosteal new bone formation, with 

cortical thickening in  variable combinations of the 
long bones, mandible, and clavicle. MRI, overall, 
adds little important additional information for the 
clinical evaluation of the condition, but it is useful if 
infection and tumor are suspected [157, 158].
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Sternoclavicular Hyperostosis
Bone scintigraphy shows increased uptake in the 
involved areas, which are usually bilateral and 
symmetrical, which  is the typical scintigraphic 
feature of this chronic noninfectious inflamma-
tory condition [156].

Osteitis Condensans of the Clavicle
This condition on bone scan shows intense uni-
lateral focal uptake in the medial end of the clav-
icle and the sternoclavicular joint, which is 
clearly seen on pinhole imaging.

Transient Synovitis
Transient synovitis is the most common cause of 
acute hip pain in children and most commonly 
affects children between 3 and 10 years. It is a 
self-limited, non-specific, inflammatory joint dis-
ease of transient nature among children [159].

Table 5.7 Correlation of imaging findings and patho-
physiological features of infection

Vasodilation of blood 
vessels

Increased flow and blood 
pool activity on bone scan, 
increased 67Ga- and 
99mTc-nanocolloid 
accumulation

Pathological change at 
the site of infection

Imaging pattern

Increased permeability 
and chemotaxis

Increased accumulation of 
111In- or 99mTc-labeled WBC

Increased secretion of 
iron-containing 
globulin by injured and 
stimulated WBC

Increased accumulation of 
67Ga

Formation of woven 
bone

Increased uptake of 
99mTc-MDP on delayed 
images with persistent 
accumulation beyond 3–4 h

Increased expression of 
glucose transporters

Increased accumulation of 
18F-FDG on activated 
inflammatory cells

Fig. 5.29 Algorithm for the diagnosis of skeletal infection utilizing multiple modalities based on the location and prob-
able pathophysiology of the suspected infection
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Other terms for this hip condition are toxic 
synovitis, irritable hip syndrome, and transitory 
arthritis. The condition causes arthralgia and 
arthritis secondary to a transient inflammation of 
the synovium of the hip. Boys are affected much 
more often than girls. It preferentially affects the 
hip or knee and subsides without antibiotics. 
Resolution of symptoms generally occurs in a 
week and may be accelerated by NSAIDs. The 
etiology, full understanding of pathophysiology, 
and how to exclude other more serious conditions 
causing the same presentation are still unsettled 
[160]. However, the most likely mechanisms 
include viral infection and a hypersensitivity 
reaction to infection occurring elsewhere in the 
body.

The basic radiographic abnormality is capsu-
lar distension, and in most patients, no abnormal-
ities are detected. It is however useful to evaluate 
for other etiologies of pain. Bone scan is also use-
ful [160, 161].

On bone scan, the condition demonstrates dif-
fusely increased joint activity on the blood flow 
and blood pool images. There is diffusely 
increased tracer uptake in the periarticular bones 
covered with the synovium on delayed images. 
The degree of uptake is minimal, barely delineat-
ing the femoral head and acetabular fossa. This 
may be so subtle so that it can hardly be recog-
nized on planar images. Pinhole imaging, how-
ever, can identify subtle changes. Other patterns 
include normal or decreased uptake. MRI is help-
ful in differentiating the condition from infec-
tious arthritis [161].

5.3.2  Avascular Necrosis 
(Osteonecrosis)

Avascular necrosis of bone results from imbal-
ances between oxygen demand and supply of 
osseous tissues. There are many causes for osteo-
necrosis (Table 5.8).

In some cases, the underlying cause cannot be 
determined, and in this situation the term pri-
mary, idiopathic, or spontaneous osteonecrosis is 
used. The degree of vascular obstruction also 
plays a role in the development of avascular 

necrosis and the resulting scintigraphic and 
radiological changes observed.

Following the interruption of blood flow, the 
blood-forming and mesenchymal cells of the 
marrow as well as the primitive osteoblasts are 
affected first and die within 6–12 h after the inter-
ruption of the blood supply. Bone cells including 
osteocytes and mature osteoblasts die 12–48  h 
later, followed by the fat cells, which are most 
resistant to ischemia and die 2–5 days after the 
interruption of blood flow (Table  5.9). This 
sequence of events may explain why the bone 
marrow scintigraphic changes of decreased 
uptake appear earlier than the bone scan abnor-
malities. The bone marrow is affected earlier than 
the bone cells, which are relatively more resistant 
to ischemia [162, 163].

Ischemia does not directly affect the mineral-
ized bone matrix or cartilage. The articular carti-
lage receives most of its nutrition by direct 
absorption from synovial fluid. Cartilage, how-

Table 5.8 Causes of osteonecrosis

1. Trauma
2. Hemoglobinopathies
3. Exogenous or endogenous hypercortisolism
4. Renal transplantation
5. Alcoholism
6. Pancreatitis
7. Dysbaric (ex. Caisson disease)
8. Small vessel disease
9. Gaucher’s disease
10. Hyperuricemia
11. Irradiation
12. Synovitis with elevation of intra-articular pressure 
Idiopathic (spontaneous osteonecrosis)

Table 5.9 Cell death after blood supply interruption

Cell

Time of death after 
interruption of blood 
supply

Blood-forming cells 6–12 h
Mesenchymal cells 6–12 h
Primitive osteoblasts 6–12 h
Bone cells including 
osteocytes and mature 
osteoblasts

12–48 h

Fat cells 2–5 days
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ever, cannot resist persistent elevation of intra-
capsular pressure for more than 5 days, after 
which degeneration begins.

The reparative process is initiated and car-
ried out by neovascularization through the col-
lateral circulation, advancing from the periphery 
of the area of necrosis or by recanalization of 
occluded vessels. This granulation tissue pro-
vides all the elements necessary for the forma-
tion of bone matrix and new bone deposition by 
young osteoblasts. This repair process may be 
altered. Often bone collapse results from struc-
tural weakening and external stress. Bone col-
lapse and cartilage damage can result in 
significant deformity [162, 163].

When osteonecrosis occurs in growing skeleton, 
it is included in the group of disorders collectively 
called osteochondrosis. Osteochondrosis involves 
the epiphyses or apophyses of the growing bones. 
The process is due to osteonecrosis in some cases 
and trauma or stress in others (Table 5.10) [164]. In 
addition to avascular necrosis, osteochondrosis 
often demonstrates similar pathological features 
such as transchondral fractures, reactive synovitis, 
and cyst formation. Some common forms of osteo-
necrosis are described below.

Generally the common sites affected by osteo-
necrosis include the femoral head, humeral head, 
knee, femoral and tibial metadiaphysis, scaphoid, 
lunate, and talus [165].

Although MRI has been considered the gold- 
standard diagnostic modality for osteonecrosis, 

the disease can be diagnosed even at a very early 
stage using nuclear medicine imaging techniques. 
Available literature suggests that SPECT/CT 
bone scan and 18F-Sodium fluoride PET/CT have 
similar or better results in comparison to MRI in 
the evaluation of osteonecrosis of the femoral 
head. They also provide both morphological and 
functional information about the diseased part 
and, therefore, can indicate whether the disease is 
active or healed [166].

Posttraumatic Osteonecrosis. Following a 
fracture, bone death of variable extent on either 
side of the fracture line is relatively common. 
Necrosis of a relatively large segment of bone 
following fracture or dislocation, however, is 
generally restricted to sites that possess a vulner-
able blood supply with few arterial anastomoses. 
Examples include the femoral head, the body of 
the talus-scaphoid bone (Fig.  5.30), and the 
humeral head [167].

Other locations include the carpal hamate and 
lunate and the tarsal navicular bone. These bones 
are characterized by an intra-articular location 
and limited attachment of soft tissue, in addition 
to the peculiarities of their blood supply [162].

Legg-Calvé-Perthes Disease. This condition 
represents osteonecrosis of the femoral head in 
pediatric populations, especially boys 4–7 years 
old. The blood supply to the adult femoral heads 
is via the circumflex femoral branches of the pro-
funda femoris artery. This adult pattern of femo-
ral head vascularity usually becomes established 
after closure of the growth plate at approximately 
18 years of age. In infancy and childhood, vari-
able vascular patterns can be noted. The changing 
pattern of femoral head vascular supply with age 
may explain the prevalence of Legg-Calvé- 
Perthes disease in children between the age of 4 
and 7 years and the high frequency of necrosis 
following femoral neck injury in this age group. 
Fractures of the femoral neck, more often intra-
capsular than extracapsular fractures, are the 
most common cause. Others include dislocation 
of the hip and slipped capital femoral epiphysis. 
Table 5.11 summarizes the changes that charac-
terize the stages of the disease which vary from 
the sequence of changes of other types of osteo-
necrosis as described earlier.

Table 5.10 Osteochondroses

Involved bone Disease
Capital femoral 
epiphysis

Legg-Calvé-Perthes 
disease

Metatarsal head Freiberg’s disease
Carpal lunate Kienböck’s disease
Tarsal navicular Köhler’s disease
Capitellum of humerus Panner’s disease
Phalanges of the hand Thiemann’s disease
Tibial tuberosity Osgood-Schlatter disease
Proximal tibial epiphysis Blount disease
Vertebral body Scheuermann’s disease
Patella Sinding-Larsen-Johansson
Calcaneus Serress disease
Ischiopubic 
synchondrosis

Van Neck’s disease
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Table 5.11 Stages of Legg-Calvé-Perthes disease

Stage Presentation
First (incipient 
stage): several 
weeks

Edema
Hyperemia
Joint fluid in many cases
Widening of joint space
Bulging of joint capsule

Second 
(necrotic 
stage): several 
months to 1 
year

Death of femoral head (usually starts in anterior half and may extend to other parts)
Softening of the metaphyseal bone at the junction of the femoral neck and capital epiphyseal plate
Cysts may be present

Third 
(regenerative)

Procallus formation replacing dead head
Collapse and flattening of the femoral head
Femoral neck may become short and wide

Fourth 
(residual)

Remodeling occurs
Newly formed bone becomes organized into a line of spongy bone
Restoration of femoral head to normal shape, more likely if only anterior portion is involved

a b

c

R

R

R

L

L

L

Flow Blood pool

Delayed

Fig. 5.30 (a–c) Posttraumatic osteonecrosis. 
Osteonecrosis of the talus bone in a 34-year-old male with 
history of foot trauma 2 months earlier. Flow images (a) 
show an ill-defined area of decreased flow in the region of 

the left talus, better seen on blood pool images (b), which 
also show a rim of increased blood pool activity. On 
delayed images (c), there is a photon-deficient area in the 
left talus surrounded by a rim of increased activity
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MRI is a very useful modality in the diagnosis 
and predicting the course of the disease particu-
larly later in the fragmentation stage [168, 169].

Bone scintigraphy is also useful although it is 
currently infrequently used as MRI is commonly 
used. For bone scintigraphy, pinhole imaging 
must be used routinely in this young age-group 
patients with suspected Legg-Calvé-Perthes dis-
ease rather than parallel hole. Additionally, since 
the anterolateral aspect of the femoral head (the 
principal weight-bearing region) is typically 
involved, but no region of the head is necessarily 
spared and involvement is usually not uniform, 
pinhole imaging using frog leg and straight ante-
rior position is recommended for better resolving 

of the abnormalities in this condition. Pinhole 
imaging is preferred to SPECT in the diagnosis of 
this condition in children as it provides magnifica-
tion while preserving the resolution of the images.

Bone scintigraphy is a sensitive as well as spe-
cific modality for the diagnosis of this condition 
showing typically a cold area with or without a 
rim of increased uptake (Fig. 5.31). The sensitiv-
ity and predictive value of early postoperative 
bone scan for detection of early avascular necro-
sis of the femoral head after surgical treatment of 
slipped capital femoral epiphysis were evaluated 
by Fragniere et al. [170].

The authors reviewed records of 49 patients 
(64 hips) operated on between 1980 and 1997 

Fig. 5.31 A 6-year-old boy with left hip pain and no his-
tory of trauma. Pinhole images of the hips in anterior 
(upper row) and frog leg (lower row) positions. Left hip 

shows photon deficiency (arrow) indicating osteonecrosis 
of the left femoral head (Legg-Calvé-Perthes disease)
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with a mean follow-up of 3 years. Sixty-one out 
of 64 hips went through an early postoperative 
bone scan. The three hips that developed AVN 
showed significant decrease in radionuclide 
uptake. There were neither false-positive nor 
false-negative cases in this series [170]. The 
authors concluded that bone scintigraphy has an 
excellent sensitivity and predictive value for 
detection of AVN after surgical treatment of 
slipped capital femoral epiphysis.

Bone scintigraphy has also been proven also 
to have prognostic value. Conway introduced a 
prognostic classification [171] of two pathways; 
pathway A is defined by the early appearance of a 
lateral column formation (before any radiological 
sign) in the capital femora, epiphysis indicating 
early and rapid revascularization. This pathway is 
associated with good outcome. The pathway B is 
defined by centrally extended scintigraphic activ-
ity from the base of the capital femoral epiphysis 
or by the absence of the activity in the epiphysis 
(lateral column formation) after 5 months. The 
value of scintigraphy in predicting the course of 
the disease was illustrated by Tsao who studied 
44 consecutive patients treated for Legg-Calvé- 
Perthes disease who underwent serial bone scans 
and followed up clinically for an average period 
of 4.4 years. The bone scintigraphy classification 
characterizes pathway A by early formation of 
the lateral column, which is not seen in the path-
way B. Pathway A included 20 hips with an aver-
age age at presentation of 6.1 years. At last 
follow-up, none of the patients of this group had 
“head-at-risk” signs or required operative treat-
ment. Conversely, pathway B had 20 hips with an 
average age at presentation of 5.8 years. At last 
follow-up, 18 patients had head-at-risk signs with 
11 patients requiring operative treatment. Bone 
scintigraphy classification preceded the radio-
graphic head-at-risk signs by an average of 3 
months, allowing earlier treatment and correlated 
with subsequent femoral head involvement [172].

The prognostic value of this classification was 
also more recently reconfirmed by Comte et al. 
[173] who showed that the presence of lateral 
column formation (pathway A) has a positive 
predictive value of 85% for good outcome. 
However, the pathway B with the absence of lat-
eral column formation has a 97% positive predic-

tive value for poor final outcome [173]. It was 
found that the appearance of hyperactivity of the 
metaphyseal growth plates is an additional prog-
nostic information since it indicated poor 
outcome.

Dysbaric Osteonecrosis. This type of osteone-
crosis occurs in patients subjected to a high- 
pressure environment, such as deep-sea divers. 
The exact cause of ischemia is debated. 
Immobilization of gas bubbles blocking the vas-
cular channels is considered to be the major fac-
tor by many investigators. The presence of 
intravascular gas bubbles is seen even after ultra-
sound, and other techniques [174] have docu-
mented asymptomatic decompression. Shoulders, 
hips, knees, and ankles are commonly involved in 
this type.

Sickle Cell Disease Necrosis. Sickle cell dis-
ease is a relatively common hereditary hemato-
logical disorder. The disease is caused by the 
replacement of glutamic acid of B-chains with 
valine. The disease has numerous consequences; 
one of the most common is injury to bone. 
Osteonecrosis and osteomyelitis are the most 
common bony complications [175].

The bone manifestations occur similarly in 
other hemoglobinopathies and affect most com-
monly femora, tibiae, and humeri [176, 177]. 
Since sickle cell osteonecrosis most commonly 
involves the femoral and humeral heads although 
it can affect any bone of the skeleton, it is possi-
ble that the increased length of the nutrient arter-
ies supplying the marrow in the long bones makes 
them more susceptible to occlusion. Necrosis of 
the femoral head is one of the significant skeletal 
disorders in sickle cell disease patients. Neonates 
who have sickle cell disease do not often develop 
osteonecrosis because of the high fetal hemoglo-
bin level. Although the pathogenesis of the vas-
cular occlusion leading to an infarct is not entirely 
clear, vaso-occlusion of the marrow is considered 
to be one of the main culprits in sickle cell crisis. 
Since hemoglobin S is sensitive to hypoxemia, 
erythrocytes become viscous and sickle abruptly 
when exposed to hypoxia. Although the exact 
pathophysiology of this condition in sickle cell 
disease patients is not entirely clear, it is pro-
posed to be due to red cell sickling and repetitive 
vaso-occlusion leading to tissue hypoxia, inflam-
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mation, and subsequent bone necrosis (infarct), 
the most common skeletal complication of sickle 
cell disease and subsequently results in collapse. 
Signs of acute infarction can include warmth, 
tenderness, erythema, and swelling over the site 
of vaso-occlusion [176]. However, these clinical 
signs are nonspecific and may also occur in acute 
osteomyelitis which may occur as a primary 
event or may be superimposed on infarcts as 
necrotic bone is a fertile site for such secondary 
infections [176, 177].

Thus, recognition of bone marrow infarction 
often relies on the use of imaging modalities. 
MRI is useful for determining the anatomic site 
and the extent of acute infarcts and contributes to 
differentiating acute infarcts from acute osteo-
myelitis [178, 179]. However it has not been 
found to have the specificity or sensitivity of 
radionuclide studies by some researchers [177].

The scintigraphic diagnosis may be straight-
forward using bone scan which shows photon- 
deficient areas in early stages. SPECT and 
pinhole are very valuable particularly in resolv-
ing a photon-deficient area in the middle of the 
increased uptake at the reparative process. In this 
stage, it can be difficult to differentiate osteone-
crosis from osteomyelitis, and adding 67Ga or 
bone marrow scanning may be essential. Acute 
chest syndrome in sickle cell patients is charac-
terized by chest pain that can mimic several pul-
monary disorders including pulmonary embolism 
and pneumonia [180]. This condition is believed 
to be a sequel of osteonecrosis of the ribs and is 
usually associated with pulmonary infiltrates on 
chest X-ray. Whole-body imaging cannot be 
overemphasized and should include ribs in addi-
tion to the area of interest if different (Fig. 5.32).

Idiopathic (Primary or Spontaneous) 
Osteonecrosis. This is a unique entity with cases 
presenting with no clear underlying disorders. 
The femoral head is the most common site 
involved in osteonecrosis in general [166]. It is 
usually bilateral and can lead to secondary osteo-
arthritis. It may also affects the femoral condyles, 
tibial plateau, wrists, and humoral heads.

Spontaneous Osteonecrosis of Femoral 
Head. Although no specific cause is recognized 
for this condition, the most popular hypothesis 
is an abnormality of fat metabolism, leading to 

marrow fatty infiltration or vascular emboliza-
tion [181].

Legg-Calve-Perthes disease represents a juve-
nile form of idiopathic osteonecrosis of the femo-
ral head [182].

Primary osteonecrosis of the femoral head 
affects adult men more frequently than women 
and is usually seen between the fourth and sev-
enth decade of life. Unilateral and bilateral 
involvement may be detected. The reported inci-
dence of bilateral disease has varied from 35 to 
70%, influenced predominantly by the method of 
examination and the length of follow-up. Despite 
the high frequency of bilateral involvement, it 
usually first manifests as a unilateral symptom-
atic condition that can be related to osseous col-
lapse in the more severely affected sites. The 
pathological findings are virtually identical to 
those in other varieties of osteonecrosis. To dem-
onstrate photopenia in the femoral head, SPECT 
(85%) is more sensitive than planar imaging 
(55%) [183].

Figure 5.33 illustrates the value of SPECT in 
the diagnosis of the condition.

Spontaneous Osteonecrosis of the Knee 
(SONK). Although osteonecrosis around the knee 
is observed in association with steroid therapy, 
sickle cell anemia, other hemoglobinopathies, and 
renal transplantation, it may also occur in a spon-
taneous or idiopathic fashion. This entity occurs 
most characteristically in the medial femoral con-
dyle. It can also affect the medial portion of the 
tibial plateau, the lateral femoral condyle, or the 
lateral portion of the tibial plateau alone or in com-
bination with the medial femoral condyle. It char-
acteristically affects older women and is 
characterized by abrupt onset of knee pain. Signs 
of localized tenderness, stiffness, effusion, and 
restricted motion may also be present. Unilateral 
involvement predominates over bilateral 
 involvement. Initially, radiographs are normal. 
Weeks or months pass before changes in the 
weight- bearing articular surface of the medial 
femoral condyle can be seen. The pathogenesis of 
this condition is not clear. Vascular insufficiency 
associated with age is a proposed etiology. 
Traumatic microfractures in the subchondral bone 
with secondary disruption of the local blood sup-
ply have also been suggested. A predominant role 
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b

a

Fig. 5.32 (a, b) 99mTc-MDP whole-body (a) and spot 
images including blood pool image of the knee regions 
(b) of a 17-year-old female with sickle cell disease com-
plaining of left thigh bony pain. Note the photon-deficient 
linear area in the medial aspect of the left distal femur 
(arrow) indicating acute infarction, while the multiple 
areas of increased uptake in the humeri and femora par-

ticularly distal left represent older infarcts in healing 
phase. Note also periarticular uptake throughout the skel-
eton representing the pattern of bone marrow expansion 
associated with the underlying condition of sickle cell 
anemia. Another associated finding of the disease is the 
prominent kidney uptake diffusely on the delayed images 
as seen in this example

A. H. Elgazzar and S. A. Alenezi



133
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c

Fig. 5.33 (a–c) Bone scan from a case of osteonecrosis of the femoral head. SPECT images show a central cold area, 
confirming the diagnosis

of meniscus injury in the pathogenesis of sponta-
neous osteonecrosis has also been proposed. 
X-rays are usually normal at the time of presenta-
tion and may even remain so for the entire course 
of the disease. Bone scintigraphy is a more sensi-
tive modality and is usually helpful in early detec-
tion. Scintigraphy may reflect the likely 
pathogenesis of microfractures with vascular dis-
ruption. In the first 6 months, there is increased 
flow, blood pool activity, and uptake on delayed 
images (Fig.  5.34). From 6 months to approxi-
mately 2 years, blood flow decreases as well as the 

blood pool activity, while delayed uptake may per-
sist. After 2 years the bone scan tends to return to 
normal except in patients who develop joint col-
lapse and secondary osteoarthritis [184].

Osteochondritis dissecans (which affects 
young patients and does not classically involve 
the weight-bearing surface of the femoral con-
dyle) should not be confused with spontaneous 
osteonecrosis. Also osteoarthritis, commonly 
affecting the knee, is usually limited to the sub-
chondral bone, whereas osteonecrosis tends to 
involve the adjacent shaft.
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Fig. 5.34 (a–c) A case of osteonecrosis of the left knee, 
illustrating the typical pattern on bone scintigraphy. Note 
the focal increased flow and blood pool with correspond-

ing focally increased uptake on delayed image  in the 
region of left medial femoral epicondyle (arrow) 

5.3.3  Complex Regional Pain 
Syndrome-1 (CRPS-1) or 
Reflex Sympathetic Dystrophy 
(RSD)

Complex Regional Pain Syndrome-1 (Reflex 
sympathetic dystrophy) is a clinical syndrome 
which has been defined according to the criteria 
of the International Association for the Study of 
Pain (IASP) as a clinical syndrome characterized 

by pain, allodynia, hyperalgesia, edema, abnor-
mal vasomotor and sudomotor activity, move-
ment disorder, joint stiffness, regional osteopenia, 
and dystrophic soft tissue changes [185].

The pathophysiology of CRPS-1 (RSD) is 
not well understood. It is believed that an imbal-
ance between the sympathetic and neuroceptive 
sensory systems occurs after an event usually 
traumatic. Normally, afferent C and A delta 
fibers carry information from skin neuroceptors 
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to the neurons in the dorsal horn of the spinal 
cord. From this region, information is trans-
ferred to higher central nervous system levels 
and also directed through sympathetic neurons 
and their efferent fibers. These sympathetic 
fibers control the tone of distal arterioles and 
capillaries. It is postulated that trauma, which 
could be trivial, causes an alteration or imbal-
ance of these nociceptive- sympathetic contact 
sites, resulting in vasomotor disturbances, pain, 
and dystrophic changes which form the features 
of this condition. It is now believed that the 
pathophysiology of this syndrome is, at least in 
part, a disease of both the central and peripheral 
nervous systems [185].

Synovial histopathological changes have been 
found in patients with CRPS-1. The most com-
mon changes are proliferation of synovial cells, 
subsynovial fibrosis, and vascular proliferation.

Vascular changes can be demonstrated on 
bone scintigraphy blood pool images, which 
show increased periarticular activity. A unifying 
pathophysiological mechanism in CRPS-1 can 
be proposed, related to an initial triggering injury 
causing an imbalance between the nociceptors 
and the autonomic nervous system (sympathetic 
and parasympathetic) to the affected area. As a 
result, vasomotor disturbances take place with 
vasodilatation as a prominent feature, leading to 
increased blood flow to the synovial and osseous 
tissues. The synovium reacts with cell prolifera-
tion and eventually secondary fibrosis. There is a 
lack of inflammatory cellular infiltration. The 
adjacent bone undergoes increased turnover 
locally, with some resorption. This explains the 
presence of radiographic and bone scintigraphic 
changes typical of CRPS-1, as well as the 
changes at the level of the synovium. The clini-
cal course of the condition, which may be under-
recognized and could vary with the location, 
consists of three stages: acute, dystrophic, and 
atrophic [186].

The first stage is characterized clinically by 
pain, stiffness, tenderness, and swelling of the 
involved joint. In stage 2, there is still pain, ten-
derness, and wasting of subcutaneous tissues and 
muscles. Thickened fascia and loss of color with 
cold skin are also seen. Stage 3 may last for 
months or becomes chronic. This stage is charac-

terized by pronounced wasting of the muscles 
and subcutaneous tissue. The skin is atrophic, 
and smooth-appearing contractures are frequent.

Three-phase bone scintigraphy is the most 
sensitive modality for the diagnosis of the condi-
tion [187]. The scintigraphic pattern depends on 
the duration or stage of the disease [59].

In the first or acute stage (20 weeks), all three 
phases of bone scan typically show increased 
activity (Fig. 5.35). After 20 and up to 60 weeks 
during the dystrophic phase, the first two phases 
are normalized, while the delayed phase images 
show increased periarticular uptake. After 60 
weeks (atrophic phase), the flow and blood pool 
images show decreased perfusion, with normal 
uptake on delayed images. In children with 
CRPS-1, decreased perfusion and uptake are the 
most common manifestations (Table  5.12). A 
unilateral decrease in the metaphyseal band of 
activity may be the most striking feature.

Radiopharmaceuticals other than 99mTc-MDP 
have also been reported to have potential use in 
the diagnosis. These include Tc-99m-labeled 
human serum albumin [188], combined N-13 
ammonia and 6-[F-18] fluorodopamine [189], 
F-18 FDG,Tc-99m sestamibi [190], In-111 
octreotides, and I-123 MIBG [191].

N-13-ammonia radioactivity has been reported 
to be less on the affected side than in the unaf-
fected side, while the F-18 FDG activity is sym-
metrical. Accordingly FDG activity is high in the 
affected side [192]. I-123 MIBG, however, was 
found to be decreased in the affected side reflect-
ing the impaired sympathetic dysfunction with 
congruent reduction in perfusion [193].

Recently, F-18 FDG PET/MRI was found to 
have improved sensitivity over conventional MRI 
in the detection of musculoskeletal changes, 
especially in early stages before the onset of irre-
versible muscle or skin atrophy [194].

Different protocols were used to treat CRPS-1 
including medications orally and parenterally or 
sympathetic blocks, which include the tumor 
necrosis factor α antibody Infliximab [193], and 
physical therapy with varying degrees of success. 
The main aim of the treatment is to restore the 
function of the affected limb. Bone scintigraphy 
can be used not only to help in the diagnosis but 
also to monitor the disease with treatment.
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Table 5.12 Scintigraphic patterns of CRPS-1

Pattern on bone scans Flow on angiogram Blood pool Uptake in delayed images
Typical Increased Increased Increased
Atypical
CRPS-1 of children and adolescents Decreased Decreased Increased
Paralysis, immobilization Decreased Decreased Increased
Subacute Normal Normal Increased
Late phase of CRPS-1 Normal, decreased Normal, decreased Variable
Persistent use of painful limb Decreased Decreased Decreased

Modified from [59] with permission

a b

c d

Fig. 5.35 (a–d) 99mTc-MDP whole-body and spot images 
of a 40-year-old male with CRPS-1 (RSD) involving the 
right upper extremity. Whole-body blood pool images (a) 
and blood pool spot image of the hands (b) show increased 

activity in the right shoulder wrist and hand. Delayed 
whole-body and spot images (c, d) show periarticular 
increased uptake in the right shoulder, elbow, wrist, and 
hand

A. H. Elgazzar and S. A. Alenezi



137

5.3.4  Fibrous Dysplasia

Fibrous dysplasia is a benign, developmental, 
noninherited condition. It is relatively common, 
although the etiology is not known. The condi-
tion may involve a single bone (monostotic) or 
multiple bones (polyostotic) and typically results 
in enlargement and deformity of the involved 
bone. Pathologically it is characterized by slow, 
progressive replacement of the medullary cavity 
of bone by fibrocollagenous tissue containing 
poorly formed and randomly arranged trabeculae 
of woven bone, islands of cartilage, and cystic 
formations of varying size. The cytoplasm of 
osteogenic cells within the bone spicules and of 
the stellate and spindle-shaped cells in the stroma 
stains histochemically for alkaline phosphatase. 
A study using C-11 methionine PET in two cases 
of fibrous dysplasia indicated the presence of 
viable tumorlike cells [195].

Elevated serum alkaline phosphatase levels 
have been observed in about one-third of patients, 
usually with the polyostotic form. Alkaline phos-
phatase is not a sensitive indicator of the disease 
but correlates with its extent and severity. This 
finding indicates the presence of active osteoblasts 
with increased blood flow and blood pool activity 
and increased uptake of bone imaging agents [59].

The lesions are monostotic in 70–80% of 
patients and polyostotic in up to 30% of cases 
[162]. Multiphase bone scan shows intense uptake 
(Fig. 5.36), reflecting hyperemia as well as oste-
oid matrix, which is almost always asymmetrical. 
However, not every case has intense uptake since 
rarely it shows barely increased uptake probably 
due to concurrent bone infarct. F-18 NaF has also 
been found to be useful in the evaluation of the 
disease activity and correlates quantitatively with 
the clinical outcomes[196]. The condition may be 
associated with an  endocrine abnormality 
(McCune-Albright syndrome), which includes 
precocious puberty and abnormal skin pigmenta-
tion in the form of café au lait spots [197].

5.3.5  Trauma

Trauma to the musculoskeletal system may affect 
bone, cartilage, muscles, and joints. To each of 

these structures, trauma may cause immediate 
damage and late changes.

5.3.5.1  Fractures
A fracture is defined as a break in the continuity 
of a bone. Fractures can be classified according 
to several features (Table  5.13). Based on the 
extent of the break, fractures are classified as 
complete or incomplete. A complete fracture 
breaks the bone all the way through, while with 
incomplete fracture, the bone is broken but stays 
as one piece. Fractures are also classified as open 
(previously called compound) if the skin is bro-
ken and closed (previously called simple) when 
the skin at the site of fracture is not broken [198].

The fracture pattern depends on the mecha-
nism of injury. Compression load produces a 
compaction or oblique fracture. Bending load has 
a tendency to produce a flat transverse fracture. 
However, bending load on one side is associated 
with compression on the other side, which may 
affect the pattern of the fracture. Torsional force 
tends to produce a spiral fracture.

Other classifications are based on the number 
of bone pieces, the direction of the fracture line, 
and other factors (Table 5.13). Pathological frac-
tures occur at the sites of preexisting abnormali-
ties that weaken bone. A minimal force that 
usually would not cause the fracture of a normal 
bone may produce a pathological fracture. A 
transchondral fracture (osteochondritis disse-
cans) represents fragmentation and separation of 
portions of cartilage or cartilage and bone. This 
type is most prevalent in adolescents and occurs 
typically in the head of the femur, ankle, knee-
cap, elbow, and wrist [198].

The role of scintigraphy in fracture diagnosis 
is limited to those cases of radiologically occult 
fractures and fractures of the small bones of the 
hands and feet.

Stress Fractures. Stress fractures are due to 
repeated stress, each episode of which is less 
forceful than required to fracture the bony cor-
tex. The stress fracture is not as thought due to 
repeated traumatic microfractures. It is a focal 
area of increased bone turnover secondary to the 
repeated stress. The process starts with resorp-
tion cavities before being coupled by an osteo-
blastic response to replace the absorbed bone. 
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Fig. 5.36 (a–e) Whole-body blood pool and delayed 
images, spot blood pool and 3-h images of the head, and 
representative images of the SPECT study of the skull 
(a–e) show increased blood pool activity and intensely 

delayed uptake in the left mandible illustrating the scinti-
graphic pattern of fibrous dysplasia on multiphase bone 
scan
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Table 5.13 Classification of fractures

Based on extent of the break:
   1. Complete: bone is broken all the way through
   2. Incomplete: bone is still in one piece
Based on skin condition:
   1. Open: broken skin
   2. Closed: intact skin
Based on resulting number of bone fragments:
   1. Comminuted: multiple bone fragments
   2. Noncomminuted: only two fragments
Based on direction of fracture line:
   1. Linear: line is parallel to the long axis of bone
   2. Oblique: line is at oblique angle to the shaft of 

the bone
   3. Spiral: line encircles the bone
   4. Transverse: line is perpendicular to the long axis 

of bone
Based on cause of fracture:
   1. Excessive force on normal nonviolated bone: 

classic traumatic fracture
   2. Pathological fracture: break at the site of 

preexisting pathology
   3. Stress fractures:
    Fatigue fractures: abnormal stresses applied to 

normal bones
    Insufficiency fractures: usual stresses to abnormal 

bones
   4. Transchondral fracture (osteochondritis 

dissecans)

Table 5.14 Location of stress fracture by activity

Location Activity or event
Sesamoids of 
metatarsal bones

Prolonged standing

Metatarsal shaft Marching; stamping on 
ground; prolonged standing; 
ballet; postoperative 
bunionectomy

Navicular Stamping on ground; 
marching; long-distance 
running

Calcaneus Jumping; parachuting; 
prolonged standing; recent 
immobilization

Tibia: mid and distal 
shaft

Long-distance running

Proximal shaft 
(children)

Running

Fibula: distal shaft Long-distance running
Fibula: proximal 
shaft

Jumping; parachuting

Patella Hurdling
Femur: shaft Ballet; long-distance running
Femur: neck Ballet; marching; long- 

distance running; gymnastics
Pelvis: obturator ring Stooping; bowling; 

gymnastics
Lumbar vertebra 
(pars interarticularis)

Ballet; lifting heavy objects; 
scrubbing floors

Lower cervical, 
upper thoracic 
spinous process

Clay shoveling

Ribs Carrying heavy pack; golf; 
coughing

Clavicle Postoperative radical neck
Coracoid of scapula Trap shooting
Humerus: distal shaft Throwing a ball
Ulna: coronoid Pitching a ball
Ulna: shaft Pitchfork work; propelling 

wheelchair
Hook of hamate Holding golf club, tennis 

racquet, baseball bat

From [185] with permission

The process of rarefaction is faster than the 
osteoblastic process and will progress if the indi-
vidual continues stressful activity and trauma. 
Complete fracture through the zone of rarefac-
tion may occur.

If this occurs in normal bones, the resulting 
fractures are called fatigue fractures, while if 
they occur on abnormal bones, as in osteoporosis, 
they are termed insufficiency fractures. Bone 
scintigraphy is much more sensitive than stan-
dard radiographs in detecting stress fractures. 
Fatigue fractures are common in athletes, mili-
tary recruits, and dancers (Table  5.14). With 
repeated loading, bone loses its stiffness and 
strength. A fatigue fracture appears as a micro-
fracture which causes pain but may not be 
detected on a plain radiograph. The progress of 
the process depends on the amount of further 
load applied to the bone. If scintigraphy is per-
formed in the acute phase of less than 4 weeks, 

the flow and blood pool images show increased 
activity. Later, only delayed uptake will be seen. 
The delayed uptake is typically focal or fusiform, 
involving less than one-fifth of the bone 
(Fig. 5.37). Because bony remodeling continues 
for an extended time period, focal uptake on the 
delayed images resolves last. Uptake gradually 
diminishes in intensity over 3–6 months, but 
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Table 5.15 Scintigraphic grading for stress fractures

Grade Pattern
1 Small, ill-defined cortical area of mildly 

increased activity
2 Better-defined cortical area of moderately 

increased activity
3 Wide to fusiform, cortical-medullary area of 

highly increased activity
4 Transcortical area of intensely increased 

activity

a

b

Fig. 5.37 (a) Representative images of a 99mTc-MDP 
bone scan for a 23-year-old man with an 8-week history of 
right shin pain. There is fusiform focus of prominent 
increased uptake in the shaft of the right fibula illustrating 

the pattern of fatigue fracture. (b) Another example of 
stress fracture in the foot with focally increased flow and 
blood pool with corresponding focus of increased uptake 
on delayed images

some increased uptake can last up to 1 year, even 
in uncomplicated stress fractures [199].

A grading system based on the scintigraphic 
appearance, classifies stress fractures into 
milder or more severe (Table  5.15) [201]. The 
minimally symptomatic grade 1 and grade 2 
stress fractures typically resolve more quickly 
and completely. This grading system can assist 
in prescribing the requisite rest and rehabilita-
tion intervals [201].

The pattern of uptake of stress fractures is dif-
ferent from the pattern of a shin splint, which is 
another consequence of stress also known as 
Medial Tibial Stress Syndrome and occurs in the 
same patient population as fatigue fractures. The 
pain usually occurs on the anterior part of the tibia 
due to repetitive activity-related trauma to the tis-

sues surrounding tibia. Pain from shin splints can 
be generalized across the lower two- thirds of the 
tibia; in contrast, pain from a stress fracture is 
localized (Fig. 5.37) [202]. Shin splints typically 
show normal flow and blood pool images, with an 
elongated linear pattern of increased uptake on 
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delayed images (Fig. 5.38). They are most com-
monly found in the tibiae and may coexist with 
fatigue fractures in the same patient. The scinti-
graphic pattern seen with shin splints is due to sub-
periosteal bone formation [203].

Spondylolysis. Spondylolysis is a condition in 
which there is a loss of continuity of bone of the 
neural arch of the vertebra due to trauma or more 
likely to stress. The gap or loss of continuity most 
commonly occurs at the junction of the lamina 
when the vertebra is viewed from above or between 
the superior and inferior articular processes (pars 
interarticularis or facetal joints) when viewed from 
the side. This condition most frequently affects the 
fourth and fifth lumbar vertebra, may or may not 
be symptomatic, and usually does not result in any 

neurological deficit but is a common cause of low 
back pain, particularly in children and young 
adults [204]. The diagnosis is principally radio-
logical (CT, MRI), and scintigraphy is reserved for 
detection of radiologically occult stress changes 
and for assessing metabolic activity of the condi-
tion. Typically, a focal area of increased uptake is 
seen in the region of the pars interarticularis 
(Fig. 5.39). SPECT is much more sensitive than 
planar imaging in detecting the abnormality. 
SPECT/CT is preferred to SPECT only [205]. The 
treatment of this condition is usually conservative, 
with the use of back support, and usually corrects 
the problem.

Spondylolisthesis is the forward or occasion-
ally backward movement of one vertebra over 

a b

Fig. 5.38 Tc99m MDP whole-body and spot images for 
33-year-old military man with history of lower back pain 
and bilateral leg pain more over the medial aspects for 
1-year duration. Whole-body blood pool images (a) are 
unremarkable. Delayed whole-body (b) and spot images 

of the legs (c) and chest (d) demonstrate a focal area of 
increased uptake on the seventh rib, posteriorly, which is 
probably traumatic and increased linear uptake over the 
tibial bone bilaterally postero-medially indicating bilat-
eral medial tibial stress syndrome (Shin splint)
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Fig. 5.38 (continued)

A. H. Elgazzar and S. A. Alenezi



143

a b

c

d

Fig. 5.39 (a–d) Planar (a), representative coronal cut 
(b), transaxial (c), and sagittal (d) cuts of SPECT study of 
a young male athlete complaining of low back pain. The 

study shows focally increased uptake in both sides of L-3 
seen in both planar and SPECT images in a case of 
spondylolysis
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another (Fig. 5.40a–c) as a result of fracture of 
the neural arch. It is again most commonly seen 
in the fifth lumbar vertebra, in which there is a 
forward shift of L-5 on the sacrum [204]. It is less 
commonly seen at L-4. In addition to parallel- 
hole high-resolution acquisition, pinhole and/or 
SPECT is needed, along with correlation with the 
plain radiographs of the lumbar spine.

5.3.5.2  Fracture Healing
Fracture union is simply defined as sufficient 
growth of bone across the fracture line. The 

healing process of a fracture is outlined as 
follows:
 1. Formation of hematoma following the frac-

ture event: When a fracture disrupts the peri-
osteum and blood vessels in the cortex, 
marrow, and the adjacent soft tissue, bleeding 
occurs, and a hematoma forms between the 
bony fracture ends, beneath the periosteum 
and within the medullary cavity.

 2. Invasion of granulation tissue into the hema-
toma: Necrosis of the bone tissue adjacent to 
the fracture takes place immediately. This 

a b

c

Fig. 5.40 (a) Spondylolisthesis without spondylolysis. 
Degenerative anterior spondylolisthesis. Apophyseal joint 
osteoarthritis allows the inferior articular processes to 
move anteriorly, producing forward subluxation of the 
superior vertebra on the inferior vertebra. (b) 
Spondylolisthesis without spondylolysis but with back-

ward subluxation of the superior vertebra. (c) 
Spondylolisthesis with spondylolysis. The bilateral 
defects through the pars interarticularis allow anterior dis-
placement of vertebral body on its neighbor, but the align-
ment of the apophyseal joints is normal. (Adapted from 
Resnick [199])
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necrotic tissue along with the effect of the 
traumatic force induces inflammatory 
response with features of acute nonspecific 
inflammation including vasodilatation, 
extravasation of plasma and leukocytes, and 
infiltration with leukocytes. Within 48  h, 
blood flow to the entire bone increases with 
organization of the hematoma around the bro-
ken ends of bone into a fibrous network.

 3. Procallus is formed along the outer surface of 
the shaft and over the broken ends of bone by 
the bone-forming cells in the periosteum, end-
osteum, and marrow.

 4. Callus starts to form with synthesis of colla-
gen and matrix by osteoblasts. Mineralization 
with calcium deposition follows to complete 
the formation of calluses (woven bone).

 5. Remodeling: The unnecessary callus is 
resorbed as the process of healing continues, 
trabeculae are formed, and remodeling leads 
to alignment of the cortical bony margins and 
marrow cavity. Bone accordingly heals by 
forming new tissue rather than scar tissue.

 6. Modeling: Reshaping of cortex.
Several factors affect the fracture healing, and 

if disturbances happen, delayed, nonunion, or 
malunion could result (Table  5.16). Delayed 
union indicates that union does not occur at the 
expected time which is difficult objectively to be 

determined and varies with the site of fracture, 
although overall it is usually 3–4 months after the 
fracture. Nonunion indicates failure of the bone 
ends to grow together. Instead of new bone, dense 
fibrous fills the gap between the broken ends and 
uncommonly by fibrocartilaginous tissue. 
Necrotic tissue is not seen unless infection is 
present in the area of nonunion. Delayed union 
and nonunion are commonly seen in tibia, fibula, 
and scaphoid bones. Less common sites are 
humerus, radius, ulna, and clavicle. Occasionally, 
the gap between the bone ends contains a space 
filled with fluid. In this case, the term false joint 
or pseudoarthrosis is applied, and persistent 
uptake of 99mTc-MDP continues to be seen after 
the usual period of healing or postoperative 
changes. The fracture is considered nonunited 
after 6 months, although in certain locations such 
as in case of central fracture of the femoral neck 
which is considered nonunited after only 3 
months. Nonunion is classified predominantly 
according to the radiological appearance into 
hypervascular (hypertrophic) and avascular (atro-
phic) and is based on the capability of biologic 
reaction. Hypertrophic nonunion is rich in callus 
as seen on standard radiographs and has rich 
blood supply in the ends of the fragments with 
the potential to heal under the correct stable envi-
ronment [206].

Atrophic nonunion, however, is considered 
relatively avascular at the ends of the fragments, 
acellular, and inert, and consequently it lacks the 
ability to heal under the correct and stable envi-
ronment [206]. This type is typically seen in tib-
ial fractures treated by plate and screws. Both 
types contain fibrous tissue, hyaline cartilage, 
fibrocartilage, and areas of bone formation. 
However, the amount and type of bone formation 
differ between the two types. As expected, the 
hypertrophic type contains more areas of new 
bone which ossifies by both endochondral and 
intramembranous ossifications. Atrophic non-
union, however, has only a few areas of bone for-
mation which forms predominantly by 
endochondral ossification [206]. Radiographs 
show most of these changes but do not reflect the 
biologic changes that were recently studied by 
Reed and associates [206] who found that hyper-

Table 5.16 Factors affecting fracture healing

1. Patient age: nonunion is rare in children unless there 
are other conditions present such as neurofibromatosis, 
infection, or extensive soft tissue damage

2. Weight bearing: stimulates healing of fractures
3. Fixation: stimulates union but does not accelerate 
repair itself
4. Nerve damage: is associated with rapid union with 
unknown mechanism
5. Damage of intramedullary canal and nailing: this 
may lead to delayed repair or to extensive reactive 
osteogenic activity
6. Blood supply: interrupted blood supply may cause 
delayed healing
7. Infection: may lead to delayed healing
8. Excessive use of steroids can cause delayed healing
9. Extent of fracture: severely displaced fractures, 
open fractures, loss of fragments, and extensive soft 
tissue damage cause delayed healing
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trophic nonunion shows increased apoptosis or 
programmed cell death (PCD) in both types. 
Malunion describes healing of a bone in a non-
anatomical orientation.

Scintigraphy plays no role in the diagnosis 
and management of most fractures. Exceptions 
include occult fractures of the small bones of the 
hands and feet, fractures of abused children 
[207], and delayed union or nonunion of frac-
tures. Bone scintigraphy often is used to detect 
stress fractures and can also play a role in the 
follow-up of these injuries, as noted above. 
Scintigraphy also has a role in assessing the heal-
ing of fractures and bone grafts.

5.3.5.3  Trauma to Bone Adjacent 
Structures

Skeletal muscle damage in variable degrees is 
common with fractures. The incidence of sepsis 
and other fracture-related complications is sig-
nificantly influenced by the severity of muscle 
and soft tissue damage. The classical criteria for 
assessing skeletal muscle damage—color, con-
sistency, bleeding, and contractility—are subjec-
tive. Research on animals and humans shows the 
feasibility of more accurate objective methods to 
assess skeletal muscle damage using radionu-
clide imaging techniques. Since muscle injury 
causes release of the muscle protein myosin from 
the injured cells, 111In-labeled antimyosin anti-
bodies can be used to detect and assess the extent 
of skeletal muscle damage [208, 209].

Tears to tendons are called sprains, while liga-
ment tears are called strains. These injuries usu-
ally do not cause abnormal uptake on bone 
scintigraphy. Conversely, complete separation of 
tendons or ligaments from their attachments is 
called avulsions, and these do cause abnormal 
uptake on bone scans.

5.3.6  Growth Plate Injury

The physis, or growth plate, is recognized as the 
site of endochondral ossification and is responsi-
ble for a bone’s growth in length. Although the 
band of increased uptake seen on scintigraphic 
bone images is referred to as the growth plate, it 

actually does not correspond to the lucent band 
present on a bone radiograph that is also referred 
to as the growth plate. The radionuclide growth 
plate corresponds to the dense band of bone in the 
metaphysis adjacent to the radiographic growth 
plate and is described in radiographic anatomy as 
the zone of provisional calcification. A key to the 
comparison of growth plate uptake is having both 
plates symmetrically positioned on the same large 
view. Two- or three-phase imaging is recom-
mended in growth plate evaluation. Both flow and 
blood pool images show information on plate 
activity. They often show differences in plate func-
tion more clearly than the delayed images. The 
normal physis scintigraphic appearance of the 
growth plate changes with age. In the infant and 
young child, the physis has a thicker, oval-shaped 
appearance. With maturation, it becomes linear, 
and in adolescence the closing physis shows pro-
gressively decreasing activity. Growth plates in 
different areas of the skeleton close at different 
times. Skeletal maturation occurs earlier in females 
than in males. In addition to condition such as 
trauma and infection, which directly affect the 
physis, the plate can be influenced by mechanical 
stresses such as differential weight-bearing and 
conditions producing regional hyperemia. 
Rheumatoid arthritis, chronic synovitis, and 
lesions such as fibrous dysplasia can accelerate 
closure or a growth plate located in the involved 
region.

Physiological status of the growth plate is dif-
ficult to evaluate using morphologic imaging. 
Scintigraphic imaging compliments anatomical 
studies by reflecting the physiological status of 
the growth plate and has the advantage quantita-
tion. It can also detect the abnormalities earlier 
than morphologic modalities and can help par-
ticularly in detecting segmental growth plate 
arrests that are difficult to determine by these 
modalities [210–212].

On scintigraphy, differences in activity and 
configuration of growth plates can be identified 
particularly on early blood pool images 
(Fig.  5.41) which show the differences better 
than on delayed images [213].

Both sides must be symmetrically positioned 
within the field of view. Segmental closure can 
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a b c

Fig. 5.41 (a–c) Growth plate injury. Whole-body ante-
rior (a) and posterior bone scan of a 4-year-old boy with 
pain in his left knee. The scan shows increased uptake in 

the lateral aspect of the left distal femoral growth plate. 
Standard radiograph (c) and MRI images of the same 
patient illustrating the same injury

be better identified using pinhole view and quan-
titation [213, 214]. In addition to asymmetric 
and segmental differences in uptake, blurred 
growth plate appearance can also be seen with 
adjacent epiphyseal and/or metaphyseal injury 
[213]. These findings are not permanent as 
shown by Etchebehere et al. [214] who studied 
18 children with uncomplicated femoral frac-
tures by multiphase bone scintigraphy at three 
different time intervals (2–5, 6–12, and 18–24 
months). Visual analysis of the blood flow, equi-
librium, and delayed images showed increased 
activity in the distal femoral growth plates dur-
ing the first and second time intervals, but not 
during the third [214].

Scintigraphy is considered the only imaging 
modality capable of assessing the magnitude of 
physeal stimulus caused by femoral fractures 
and to predict a favorable or unfavorable out-
come of leg length by semiquantitative analysis. 
SPECT imaging was found useful to detect and 
locate decreased metabolism associated with 
posttraumatic closure of the physeal plate which 
predicts growth arrest and deformities [210, 215, 
216], although pinhole magnification imaging is 
superior to SPECT and is the preferred method 
of imaging. SPECT/CT is found helpful for 
quantation of the osteoblastic activity in the 
growth plates and has the potential to improve 
the management of children with growth disor-
der [217].

Injury to the physis or growth plate in children 
may lead to growth arrest and/or angular defor-
mities in the limbs. On scintigraphy, normal 
growth plates appear as thin well-demarcated lin-
ear activity. However, based on quantitative data 
in normal children, greater activity presents in 
the medial half of the distal femoral growth plate 
than the lateral half, while in the proximal tibial 
growth plate, the lateral half shows more activity 
than the medial [214]. Stress factors and mechan-
ical loading influence the scintigraphic uptake at 
the growth plate. For example, when an extremity 
is placed at rest, as with prolonged immobiliza-
tion, activity in the growth plate decreases in 
comparison with the contralateral weight-bearing 
extremity. This can occur also in ambulatory 
patients with a gait disturbance which results in 
differential weight-bearing. Conversely, 
increased growth plate uptake can occur on a 
regional basis in response to trauma, infection, 
and any condition that relates to increased meta-
bolic activity in the skeleton. Systemic and meta-
bolic diseases can result in a generalized increase 
in growth plate uptake throughout the skeleton. 
Trauma and infection may result in uniform 
increased activity in the plate or segmental abnor-
mal uptake. Fractures and slipped capital femoral 
epiphysis result in uniformly increased plate 
activity at the involved location. Segmental 
increase and decrease in a growth plate are of 
particular importance, since it is associated with 
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the development of angular deformities. Insults 
such as trauma and infection directly involve the 
growth plate or if such injury occurs near the 
plate, the segmental abnormal uptake will be 
seen, and deformity may follow. A fracture in the 
metaphysis of a long bone can, for example, pro-
voke angular deformity by stimulating an adja-
cent growth plate. Harcke described the increased 
growth plate activity with metabolic bone disease 
and documented a return to normal after success-
ful treatment. Such injuries particularly fractures 
may cause permanent closure of segments of 
growth plates [218].

Partial arrest of the growth plate occurs when 
osseous or cartilaginous bridge forms across the 
plate. If this occurs laterally, the relative acceler-
ated activity of the medial growth plate will 
result in valgus deformity, while if the bar is 
located in the medial side and normal physis 
continues to grow laterally, it will cause varus 
deformity [219].

These angular deformities could also occur 
secondary to contiguous chronic hyperemia of a 
metaphysis or epiphysis such as after a fracture to 
these locations which stimulates the activity of 
the adjacent part of the physis resulting in unequal 
growth with subsequent deformity [220].

Computed tomography and magnetic reso-
nance imaging are accurate in identifying seg-
mental closure [221].

5.3.7  Metabolic Bone Diseases

The osseous bone response to injury, regardless 
of the type, is characterized by increased remod-
eling and new bone formation in an attempt to 
repair the damage or to contain the noxious 
insult. This process is evidenced by focal 
increased uptake of bone-seeking agents. In con-
trast, in metabolic bone disease, a general imbal-
ance of the processes of bone formation and 
resorption is present. The net effect resulting 
from these two processes determines the 
 scintigraphic patterns observed in metabolic 
bone disease.

Metabolic bone disease, however, is usually 
linked to alterations of the calcium metabolism 

by one or more of a number of physiological fac-
tors. Increased rates of bone turnover are present 
in most metabolic bone disorders often associ-
ated with decreasing calcium content of the 
affected bone. This explains why most metabolic 
disorders result in generalized increased radio-
pharmaceutical uptake on bone scintigraphs, 
reflecting this increased bone turnover.

The regulation of calcium and bone metabo-
lism is multifactorial and complex. Parathyroid 
hormone (PTH) plays an important role in these 
mechanisms by acting on two major target 
organs, bone and kidney. Its effects on the kidney 
are closely related to those of vitamin D. The two 
main actions are (1) to increase resorption of cal-
cium and magnesium and (2) to decrease phos-
phate reabsorption. The effect of PTH on bone is 
also modulated by vitamin D and is mainly to 
promote efflux of calcium from bone, acting 
through osteoclasts [222].

In some disorders, however, abnormal bone 
formation has a more localized character as is the 
case in hypertrophic osteoarthropathy, the patho-
genesis of which is still poorly understood, 
although neurovascular abnormalities may be 
present.

5.3.7.1  Paget’s Disease (Osteitis 
Deformans)

Paget’s disease of bone is common in temperate 
areas, where the prevalence is estimated to be 
3–4% among individuals over the age of 55 years 
and 10% among those above 80 years of age. It is 
uncommon among persons under the age of 55 
and in areas with warm weather such as the 
Middle East. The disease is asymptomatic in 
90% of affected subjects.

The etiology of Paget’s disease is not known; 
viral infection has been suggested, although 
direct recovery of a virus has not been made. It 
was proposed that a slow virus is the causative 
agent. It is postulated that the primary residence 
of the virus is the osteoblast, while the osteoclast 
represents a site of viral assembly. The infected 
osteoblasts produce excessive interleukin-6, 
which stimulates bone resorption and activates 
c-fos proto-oncogenes, which interfere with nor-
mal bone development.
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The skeletal distribution of Paget’s disease 
suggests that the disease predominates in bones 
containing red marrow and may be dependent on 
the blood supply. Normal hematopoietic bone 
marrow may be replaced by loose fibrous con-
nective tissue. With time, the increased osteo-
blastic and osteoclastic activity ceases, marrow 
abnormalities return to normal, and the affected 
bones become sclerotic [167].

The disease simply represents a state of 
increased metabolic activity in bone with abnor-
mal and excessive bone resorption and forma-
tion. The chronic acceleration of remodeling 
may lead to enlargement and softening of the 
bones affected.

Paget’s disease begins with active and exces-
sive resorption (resorption or lytic phase) which 
may progress rapidly and results in softening of 
bone. Pathological fractures frequently occur, 
particularly of the femur and tibia. In this phase 
the bone trabeculae are slender and very vascular. 
Giant osteoclasts are present and have been 
shown to take up 67Ga [171]. This is followed by 
a mixed phase characterized by accelerated for-
mation as well as resorption of bone. If bone for-
mation predominates, this can be called the 
osteoblastic phase, and the term mixed can be 
reserved for those with approximately equal 
resorption and formation. The final phase (the 
sclerotic or burned-out phase) is characterized 

predominantly by new bone formation, more dis-
organized structure, thick trabeculae, and less 
prominent vascular sinusoids [223].

The morphology of the resorptive phase of 
Paget’s disease is characterized by the presence 
of increased numbers of large multinucleated 
osteoclasts that may assume bizarre shapes and 
contain as many as 100 nuclei; normal osteo-
clasts have 5–10 nuclei (Fig.  5.42a, b). In the 
mixed phase, a profusion of osteoblasts and 
osteoclasts, evidence of high bone turnover, 
coexists in a matrix of highly vascularized fibrous 
tissue. This may facilitate the development of 
microfractures in long bones and basilar invagi-
nation when the base of the skull is diffusely 
involved. The late sclerotic phase is characterized 
by a disordered mosaic pattern of thickened 
lamellae containing irregular patterns of cement 
lines where waves of bone formation have suc-
ceeded in areas of previous bone resorption.

Although Paget’s disease is diagnosed eco-
nomically with standard radiographs, other 
modalities are needed particularly scintigraphy 
given the limitations of the standard radio-
graphs. The early radiological lesions of Paget’s 
disease reflect severe localized osteolysis. These 
are typically “flame-shaped” (Fig.  5.43) or 
inverted “V” lesions that most commonly occur 
proximal to the distal epiphysis of a long bone 
and that gradually progress to the opposite end 

a b

Fig. 5.42 (a) A microscopic picture of mixed 
osteoblastic- osteoclastic stage of Paget’s disease. A line 
of osteoblasts is present at the center right forming new 
bone (arrow), and lacunae containing multinucleate 
osteoclasts is seen at the center left and lower center 

(arrowhead). The result is a patchwork mosaic of bone 
without an even lamellar structure. This phase is preceded 
by a predominantly lytic phase and is followed by a 
“burned-out” sclerotic phase. (b) Under polarized light, 
the irregularities of the bony lamellae are apparent
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Fig. 5.43 Radiograph of a femur bone affected with 
Paget’s disease demonstrating the typical osteolytic pat-
tern (flame-shaped) of the disease

of the bone. Osteoporosis circumscripta is the 
term applied to osteolytic lesions in the skull. In 
the vertebrae, osteolytic lesions may simulate 
malignancy. As the disease evolves, the ingrowth 
of fibrovascular tissue “mixed stage” and a high 
rate of bone remodeling may lead to deformity 
of the skull, enlarged dense vertebral bodies, 
and slowly progressive deformities of weight-
bearing bones. Microfractures may occur on the 
convex side of the femur or tibia, increasing the 
degree of deformity and leading to the trans-
verse or “banana” fracture that is typical of 
Paget’s disease. Pelvic involvement may be lim-
ited to the ilia and pubic rami, but it may involve 
the acetabulum or both the acetabulum and the 
femur. It should be noted that radiologically the 

pagetic process may be seen to involve subchon-
dral bone but not to cross the joint space. In 
addition, Paget’s patients are also susceptible to 
the development of inflammatory arthritis: 
gouty arthritis, rheumatoid arthritis, psoriatic 
arthritis, and ankylosing spondylitis have each 
been reported in association with Paget’s dis-
ease. However, it is osteoarthritis that most 
often is the most common source of chronic 
joint pain and limited mobility.

MRI imaging can demonstrate the presence 
and extent of several characteristic disease com-
plications, including basilar impression, spinal 
stenosis, and secondary neoplasm [224]. MRI 
can add also diagnostic value to other imaging 
modalities used for the diagnosis of Paget’s dis-
ease, including radiographs, computed tomogra-
phy, and bone scintigraphy, by demonstrating 
marrow changes when present and can contribute 
to a noninvasive diagnosis of Paget’s disease in 
atypical presentations [225].

Although bone densitometry studies have lit-
tle to do with the diagnosis of Paget’s disease, the 
bone density pattern should be known to avoid 
misinterpretation of density data. Although bone 
density may be increased in bone that is affected 
by Paget’s disease, density in noninvolved bones 
is unaffected. High DXA values may alert to the 
possibility of Paget’s disease, especially if the 
value deviates from the expected normal sequence 
in lumbar vertebrae. Osteoporotic vertebrae may 
be overlooked if the average value of bone min-
eral density is taken in the lumbar spine without 
reviewing each vertebra [226]. On multiphase 
bone scan, dynamic flow and early static images 
show varying degrees of hyperemia at the sites of 
involvement depending on the stage of the dis-
ease, the earlier the phase, the more the hyper-
emia (Fig.  5.44). On delayed static images, 
Paget’s disease appearance depends on the stage 
of the disease. During the active lytic phase, 
involvement of Paget’s disease is characteristi-
cally seen as intense increased uptake which is 
uniformly distributed throughout the region 
affected (Figs.  5.44 and 5.45). An exception to 
this characteristic pattern of the early phase is the 
skull pagetic lesion which shows intense uptake 
at the periphery of the lesion while the center is 
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Fig. 5.44 A 76-year-old female with lytic lesion in the right 
tibia. Monostotic Paget’s disease. Diffusely increased blood 
pool activity (a) in the right tibia is more obvious proximally 
with corresponding increased delayed uptake (b). The 

increased uptake involves the entire tibia but with grades of 
uptake from mild to intense representing uptake patterns in 
early active phase and later phases

cold which is referred to as osteoporosis circum-
scripta [227]. With time, the disease activity 
gradually decreases towards the sclerotic phase, 
and uptake of the bone imaging agents decreases 
as well. With time, the sclerotic phase may show 
practically no abnormal uptake of the radiophar-
maceuticals, and hence, the disease can be 
detected by X-ray and missed by bone scanning. 
This is in contrast to the early lytic phase when 
bone scan is much more sensitive than radio-
graphs. The bone scan will identify approxi-
mately 15–30% of lesions not visualized on 
X-rays [227, 228].

An advantage of bone scan could be contrib-
uting partly to this which is its ability to detect 
abnormalities in bones that are difficult to 
explore by radiographs such as sternum, ribs, 
and scapula [229].

Conversely, in about 5% of cases, the radio-
graph may demonstrate diffuse pagetic involve-
ment, for example, of the pelvis, whereas the 

bone scan reveals little uptake of the isotope. In 
this circumstance, the alkaline phosphatase level 
may be normal or only slightly elevated, reflect-
ing lesions that are sclerotic, relatively inactive, 
or “burned out.” Affected bones may also appear 
increased in size but with preservation of the nor-
mal configuration. Characteristically, in this 
phase, the transition between the affected bone 
and adjacent normal bone is characteristically 
narrow during this active phase. Renier and 
Audran reported in a large series of 200 patients 
with Paget’s disease, 169 (85%) with polyostotic 
involvement with data suggesting that the disease 
process spreads across a joint in some patients, 
even in the absence of degenerative joint disease. 
The authors reported several cases with extensive 
pagetic lesion seen on one side of a joint and a 
considerably smaller lesion on the other side. The 
study also found that Paget’s disease may involve 
paired bones and involvement could be symmet-
rical [230].
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Fig. 5.45 Whole-body tc99m delayed images demonstrating a polyostotic type of the disease affecting more than one 
location (thoracic spine and left tibia)
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The disease is often nonuniform within the 
skeleton. Individual-involved bones can simulta-
neously present more than one stage of the dis-
ease process, reflecting variations of the duration 
of the disease at different sites.

Paget’s disease may show absent and expanded 
bone marrow uptake or a mixture of both. This 
can be explained by the presence of areas of 
advanced, sclerotic disease with active bone mar-
row and areas of earlier active disease with 
replaced bone marrow. Since 111In-WBCs are 
taken up by hematopoietic bone marrow, uptake 
is therefore seen in areas of Paget’s disease with 
active marrow. This can mimic the uptake in 
infection, particularly when it is focal [231].

5.3.7.2  Osteoporosis
Bone mass gradually increases during childhood 
and increases rapidly once the skeleton 
approaches maturity and longitudinal skeletal 
growth slows [232] till it reaches the peak bone 
mass in the second decade, although this is some-
what controversial [233].

At maturity, black men have denser skeleton 
than white men and black women (Fig.  5.46a), 
whereas white women have the least dense bones 
[234]. Generally, men have an average 20% 
greater peak bone mass than women [235]. Peak 
bone mass appears to be a major factor in deter-
mination of the risk of developing osteoporosis.

After reaching its peak, bone mass begins to 
decrease at a rate of 0.25–1% per year. Men 
demonstrate a gradual rate of bone loss that per-
sists throughout the remainder of adult life. 
Women, however, undergo rapid rate of bone 
loss in the perimenopausal and postmenopausal 
periods [236].

Loss of trabecular bone exceeds that of com-
pact bone. Some investigators have determined 
that 50% of trabecular bone and 30% of compact 
bone will eventually be lost [236]. Generally life-
time bone losses for men are 20–30%, while 
some women may lose 50% or more [234]. In 
postmenopausal period, women show a normal 
age-related annual bone loss of 1–2% in appen-
dicular bone and about 4–6% or even 8% in the 
spinal trabecular bone [237, 238].

The factors related to bone loss in the peri-
menopausal and postmenopausal periods include 
age-related factors, estrogen deficiency, calcium 
deficiency, and other factors such as physical 
activity, smoking, alcohol consumption, and 
medications.

Remodeling has a crucial role in maintaining 
the integrity of normal bone and altering the bone 
architecture in response to stress. Trabecular 
bone is remodeled more rapidly than cortical 
bone [234]. Trabecular bone has a turnover rate 
approximately four to eight times as high as that 
of compact bone and is highly responsive to met-
abolic stimuli [236, 239].

This high-turnover rate in trabecular bone 
makes it a primary site for detecting early bone 
loss and for monitoring the response to interven-
tions [240, 241].

Osteoporosis is the most common metabolic 
disorder of the skeletal system. It affects approxi-
mately 20 million older Americans, 90% of 
whom are postmenopausal [175]. Osteoporosis is 
“a condition in which bone tissue is reduced in 
amount increasing the likelihood of a fracture” 
[242, 243].

It results from osteoclastic bone resorption not 
compensated by osteoblastic bone formation. In 
other words, the bone is qualitatively normal but 
quantitatively abnormal.

Osteoporosis is characterized by abnormal 
reduction in bone density and hence a decrease in 
the amount of calcified bone mass per unit vol-
ume of skeletal tissue. The basic mechanism 
behind this condition is decreased bone forma-
tion (osteoid formation), even though calcium 
deposition may be normal. The disease develops 
when the process of bone resorption and forma-
tion (remodeling cycle) is disrupted, leading to 
an imbalance. The complete remodeling cycle 
that consists of activation of basic multicellular 
units, bone resorption, and bone formation nor-
mally takes about 4 months in adults. In patients 
with osteoporosis, this remodeling cycle may 
require up to 2 years. This can be attributed to an 
increase in the number of activated basic multi-
cellular units, leading to resorption at more sites, 
increased rate of resorption, increased frequency 
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Fig. 5.46 (a) Histogram illustrating the peak BMD among men and women. Note that white women have the lowest 
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of activation of basic multicellular units, and 
delay in bone formation. Osteoporosis also 
occurs when the numbers of osteoblasts and 
osteoclasts in bone are inadequate.

There are numerous causes of osteoporosis, 
many of which are metabolic in nature 
(Table  5.17). Types of osteoporosis not consid-
ered metabolic in nature include juvenile osteo-
porosis, which affects younger individuals and is 
idiopathic rather than metabolic. The disease 
may be generalized, involving the major portions 
of the axial skeleton, or regional, in one segment 
of the appendicular skeleton. Both compact and 
spongy bones are lost, but loss of spongy bone 
exceeds that of compact bone.

Senile osteoporosis, which is the most com-
mon type, often produces increased susceptibility 
to fractures in old age. Since men have greater 
peak bone mass than women, men are affected by 
senile osteoporosis later in life. It is estimated 
that women lose about 50% of their spongy 
bones, while men lose 25% when affected by the 
disease. Postmenopausal osteoporosis is also 
common; deficiency of estrogen leads to 
decreased bone formation. Estrogen is necessary 
to stimulate production of new osteoblasts, which 
otherwise fail to lay down sufficient bone matrix. 

Prolonged use of steroids or steroid overproduc-
tion, as in Cushing’s syndrome, may cause osteo-
porosis. This hormone increases the ability of the 
body to resorb bone [244].

Smoking lowers circulating estrogen levels in 
premenopause women and accelerates the onset 
of menopause, and these are risk factors for 
osteoporosis. Smoking is also a risk factor for 
osteoporosis in men. Osteoporosis has also been 
reported to be prevalent among patients with liver 
cirrhosis. In one study, the prevalence of spinal 
osteoporosis was 20% in cirrhotic patients com-
pared with 10% in controls [245].

Table 5.18 summarizes risk factors of involu-
tional osteoporosis.

Since the condition results in brittle or porous 
bone, patients suffer more than normal from frac-
tures. Compression fractures of the spine, distal 
radius, and femoral neck are more common in the 
presence of osteoporosis. Repeated and multiple 
vertebral fractures, commonly in the thoracic 
spine, may lead to kyphosis and other spinal 
deformities [244, 246, 247].

Fractures of ribs, sternum, pelvis, and feet are 
also common in osteoporotic patients.

Regional and transient osteoporosis occurs in 
a segment of the appendicular skeleton when 
there is disuse or immobilization of a limb, such 
as would happen with paralysis or healing of a 

Table 5.17 Etiology and classification of osteoporosis

Primary
   1. Involutional
   Type I: postmenopausal
   Type II: age related (senile)
   2. Idiopathic
   Juvenile
   Adult
Secondary
   1. Prolonged immobilization
   2. Steroid therapy
   3. Diabetes mellitus
   4. Prolonged heparin administration
   5. Sickle cell disease
   6. Cushing’s syndrome
   7. Rheumatoid arthritis
   8. Scurvy
   9. Multiple myeloma
   10. Osteogenesis imperfecta (brittle bone disease)
   11.  Disuse or immobilization of a limb (regional 

osteoporosis)

Table 5.18 Risk factors for primary involutional 
osteoporosis

1. Sex (female)
2. Age, advancing
3. Positive family history
4. Race, Caucasian or Asian
5. Slender body habitus
6. Early or surgical menopause
7. Late menarche
8. Calcium deficiency
9. Alcohol, smoking, caffeine
10.  Medications: steroids, heparin, thyroid hormones, 

anticonvulsants
11. Sedentary lifestyle
12. Hypogonadism in men
13. Anorexia nervosa
14. Hyperparathyroidism
15. Hyperthyroidism
16. Primary or secondary amenorrhea
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fracture in a cast. Osteoporosis usually appears 
after about 8 weeks of immobilization but can 
develop earlier in individuals younger than 20 or 
older than 50 years.

Osteoporosis sometimes is obvious on plain 
radiographs. Quantification of bone density from 
plain radiographs is difficult and inaccurate. 
Dual-photon absorptiometry, X-ray absorptiom-
etry, and computed tomography scans are all 
used to measure bone mineral density and evalu-
ate osteoporosis. The goal of treatment is to slow 
down the rate of calcium and bone loss and to 
avoid the complications that can be disabling and 
life threatening.

Bone densitometers measure the radiation 
absorption by the skeleton to determine bone 
mass of the peripheral, axial, and total skeleton. 
Common techniques include single-photon 
absorptiometry (SPA) of the forearm and heel, 
dual-photon (DPA) and dual-energy X-ray 
absorptiometry (DXA) of the spine and hip, 
quantitative computed tomography (QCT) of the 
spine or forearm, and radiographic absorptiome-
try (RA) of the hand. Although osteoporosis 
sometimes is obvious on plain radiographs, quan-
tification of bone density from plain radiographs 
is difficult and inaccurate. Quantitative bone den-
sitometry is now well established in clinical prac-
tice. DXA however is the most widely used 
technique and is considered the gold-standard 
method for the measurement of bone mineral 
density (BMD). It has the advantages of good 
precision, short scan times, and stable 
calibration.

Bone loss measurement is performed by vari-
ous methods of densitometry. Densitometry is 
used to (1) assess patients with a high risk for 
metabolic bone disease and estimate the status 
and severity of osteoporotic bone loss in peri-
menopausal women; (2) estimate fracture risk for 
the spine, hip, and wrist; and (3) monitor the 
effectiveness of treatment. The goal of the treat-
ment is to slow down the rate of calcium and 
bone loss and avoid the complications that can be 
life threatening.

A measurement of hip BMD has been shown 
to be most reliable in the risk of hip fracture [248, 
249], while the spine is considered the optimum 

site for monitoring response to therapy [250] 
because vertebrae are rich in the metabolically 
active trabecular bone. The radiation dose to the 
patient from a DXA scan is very low (1–10 uSv) 
[251] which is comparable to the average daily 
radiation dose of 7 uSv from natural background. 
For the interpretation of DXA, T- and to a lesser 
extent Z-score are used. Score relates the indi-
vidual’s density to that of young healthy adults, 
and Z-score relates to that of the same age group. 
T-score is calculated by determining the differ-
ence between a patient’s measured BMD and the 
mean BMD of healthy young adults, matched 
for gender and ethnic group, and expressing the 
difference relative to the young adult population 
SD.

Based on the T-score values, WHO defined 
osteoporosis and osteopenia [252].

An individual with at T-score  < −2.5 at the 
spine, hip, or forearm is classified as having 
osteoporosis, a T-score between −2.5 and −1 is 
classified as osteopenia, while a T-score > −1 is 
regarded as normal (Figs. 5.47 and 5.48).

Instead of comparing the patient’s BMD with 
the young adult mean, the Z-score compares the 
bone density of the individual to the mean BMD 
expected for the patient’s peers (age matched). 
Although Z-score is not as widely used as T-score, 
it remains a useful concept since it expresses the 
patient’s risk of having an osteoporotic fracture 
relative to their peers. It is estimated that for 
every reduction of 1 SD in BMD, the likelihood 
of fracture increases by 1.5–2.5. Accordingly 
patients with a Z-score < −1 are at a substantially 
increased risk of fracture compared to their peers 
with a Z-score of 0. Presenting bone density 
result using T- and Z-score is advantageous since 
it avoids the confusion present when using the 
actual BMD values that differ among different 
equipment [253].

5.3.7.3  Osteomalacia and Rickets
Osteomalacia is due to abnormal mineralization 
of bone, predominantly as a result of vitamin D 
deficiency, with a decrease in bone density sec-
ondary to lack of both calcium and phosphorus. 
Note that in osteomalacia, the amount of osteoid 
(bone formation) is normal, while osteoid is 
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decreased in osteoporosis. In other words, there 
is inadequate and delayed mineralization of 
osteoid in spongy and compact bones, which 
have a normal remodeling cycle as opposed to 
delayed cycles in osteoporosis. Simply put, in 
osteomalacia the osteoid tissue is normal in 
amount but soft since it lacks calcium, while in 
osteoporosis, there is a lack of osteoid tissue as 
a whole.

If osteomalacia occurs in growing bones prior 
to closure of the growth plate, it is called infantile 
osteomalacia, or rickets. Growing bones fail to 
mineralize and become soft, with resultant defor-
mities. Growth plates and metaphysis are disor-
ganized in patients with rickets, with a decrease 
in the length and width of the growth plates. 
Nutritional (vitamin D deficiency) rickets is now 
a rarity in the industrial world because of food 
fortification. Most cases result from hereditary 
inborn errors of vitamin D metabolism or end- 
organ unresponsiveness as is exemplified in this 
case of hypophosphatemic rickets.

Clinically, osteomalacia is manifested by pro-
gressive generalized bone pain, muscle weak-
ness, hypocalcemia, pseudofractures, and, in its 
late stages, a waddling gait. Osteomalacia due to 
vitamin D depletion appears not to be suspected 
or diagnosed promptly in susceptible patients, 
probably because physicians are not sufficiently 
aware of this rare condition. In a study of 17 
patients with osteomalacia due to vitamin D 
depletion, only 4 were suspected by the referring 
physicians, although a gastrointestinal disorder 
that can lead to vitamin D depletion was present 
in every patient [254].

Characteristic pseudofractures were seen in 
only seven patients. Six of the 23 patients with 
diffuse demineralization had an “osteoporotic- 
like pattern” without pseudofractures. Prominent 
articular manifestations were seen in seven 
patients, including a rheumatoid arthritis-like 
picture in three, osteogenic synovitis in three, 
and ankylosing spondylitis-like in one. Two 
other patients were referred to us with the diag-
nosis of possible metastatic bone disease attrib-
utable to polyostotic areas of increased 
radionuclide uptake caused by pseudofractures 
(Fig.  5.49). Six patients also had proximal 

myopathy, two elderly patients were diagnosed 
as having polymyalgia rheumatica, and two 
young patients were diagnosed as having fibro-
myalgia. One of the patients who presented with 
increased bone density was misdiagnosed as 
possible fluorosis. Osteomalacia is usually 
neglected when compared with other metabolic 
bone diseases and may present with a variety of 
clinical and radiographic manifestations mim-
icking other musculoskeletal disorders [255]. 
Eight women aged 17–72 years, six with osteo-
malacia and two with primary hyperparathyroid-
ism, were studied by bone scans and Tc99m (V) 
DMSA scans. Many of the fracture and pseudo-
fracture sites detected on bone scans were also 
visualized on 99Tcm(V)-DMSA scans which 
were suggested by the authors to have a potential 
as a screening method in patients with metabolic 
bone disease [256, 257].

5.3.7.4  Bone Changes 
of Hyperparathyroidism

Overactivity of the parathyroid gland(s) results in 
excess secretion of parathyroid hormone, which 
promotes bone resorption and consequently leads 
to hypercalcemia and hypophosphatemia. 
Primary, secondary, and tertiary hyperparathy-
roidism all share elevated serum calcium and 
parathyroid hormone but show different scinti-
graphic patterns.

Primary hyperparathyroidism is caused by 
benign adenoma in approximately 80% of cases. 
Hyperplasia is generally the cause in the remain-
der of cases, and carcinoma is a very rare cause 
(Fig.  5.50). Secondary hyperparathyroidism is 
due to compensatory hyperplasia in response to 
hypocalcemia. For example, this may occur in 
long-standing renal failure. Reduced renal pro-
duction of 1,25-dihydroxyvitamin D3 (active 
metabolite of vitamin D) leads to decreased 
intestinal absorption of calcium, resulting in 
hypocalcemia. Failure of the tubules to excrete 
phosphate results in hyperphosphatemia. 
Hypocalcemia is compensated for by parathyroid 
hyperplasia and excess production of parathyroid 
hormone [246, 247].

Tertiary hyperparathyroidism describes a con-
dition of persistent parathyroid hormone over-
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a b c

Fig. 5.49 (a–c) Osteomalacia. Whole-body bone scan of 
a 19-year-old patient with osteomalacia. Note the 
increased uptake in the costochondral junctions, spine, 

mandible, and the fracture of the left femur seen better on 
the spot image of the pelvis (b) and on the radiograph (c)

production (even after a low calcium level has 
been corrected) as a result of autonomous hyper-
plastic parathyroid tissue.

In all forms of hyperparathyroidism, there is 
increased bone resorption associated with 
increased osteoblastic activity, leading to increased 
uptake of bone-seeking radiopharmaceuticals. 
This is least prominent in primary compared with 
the other forms of hyperparathyroidism.

After parathyroidectomy for primary or sec-
ondary hyperparathyroidism, hypocalcemia is 
generally transient and normal parathyroid tissue 
recovers function quickly (usually within 1 week) 
even after long-term suppression. Severe and 
prolonged hypocalcemia may occur in some 
cases despite normal or even elevated levels of 
parathyroid hormone leading to hungry bone 
syndrome [258].

5.3.7.5  Renal Osteodystrophy
Renal osteodystrophy is a metabolic condition of 
bone associated with chronic renal failure. It is a 
frequent complication of renal insufficiency that 
became more prevalent recently due to the 
improved survival of patients with renal failure. 
This led to increased number of patients with the 
condition, changed our understanding, and 
defined the forms of the disease [259, 260].

The pathogenesis of renal osteodystrophy is 
incompletely understood. However, two mecha-
nisms predominate: secondary hyperparathyroid-
ism and abnormal vitamin D metabolism 
following reduced renal function. Renal insuffi-
ciency results in decreased excretions of phos-
phate leading to hyperphosphatemia which in 
turn causes decrease in serum calcium and conse-
quently secondary hyperparathyroidism. 
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Fig. 5.50 Functioning parathyroid carcinoma. A 45-year- 
old female was referred for bone scan to evaluate the 
cause of generalized bony pains. The study (a) showed 
generalized increased bone uptake particularly in the cal-
varium indicating metabolic bone disease. Parathyroid 
hormone was found to be high and Tc-99m sestamibi pin-

hole study was obtained and showed a focus of increased 
uptake on early image (b) with retention of activity 
(arrow) on delayed image (c). Tc-99m pertechnetate thy-
roid scan (d) shows a solitary cold nodule corresponding 
to the finding on sestamibi study and was proved to be 
parathyroid carcinoma
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Conversely, since renal tissue is the site of activa-
tion of 25-hydroxycholecalciferol into 
1,25- dihydroxy form of vitamin D which is the 
active form of the vitamin, chronic renal failure 
causes decrease in the formation of the active 
form. This leads to reduced gastrointestinal 
absorption of calcium, producing hypocalcemia.

The major skeletal changes of the disease 
include osteitis fibrosa, osteitis fibrosa cystica, 
rickets, osteomalacia, osteosclerosis, and extraos-
seous calcification including tumoral calcinosis. 
Slipped capital femoral epiphysis, avascular 
necrosis including Legg-Calvé-Perthes disease in 
children, and brown tumors are other associated 
pathological features [259–263].

Osteitis fibrosa is characterized by extensive 
medullary fibrosis and increased osteoclastic 
resorption linked to PTH hypersecretion. When 
cystic lesions are present, it forms cystitis fibrosa 
cystica. Osteomalacia is mainly due to vitamin D 
insufficiency, hypocalcemia, acidosis, aluminum 
toxicity, and exceptionally to hypophosphatemia. 
It should be mentioned that aluminum overload 
directly inhibits the osteoblast.

The clinical presentation of renal osteodystro-
phy is influenced by the patient’s age at onset of 
renal failure, the etiology of the renal disease, geo-
graphic location, dietary contents (protein, phos-
phate, and calcium), and treatment modalities. The 
reported prevalence of each bone change men-
tioned varies and does not correlate well with the 
clinical findings and laboratory data. Currently, the 
disease is believed to occur in three major types: 
high-turnover disease (Table  5.19), low-turnover 
disease, and a mixed disease [260, 261, 264, 265].

An additional term of adynamic or aplastic 
bone disease has emerged recently and has been 
used synonymously as low turn over disease but 
should be considered actually as an extreme vari-
ant of the low-turnover type [266].

The prevalence of different forms of the dis-
ease has changed significantly over the last 
decade. The high-turnover form is the most com-
mon and presents typically with osteitis fibrosa 
and is linked to the development of secondary 
hyperparathyroidism, and hence, it is sometimes 
described as “predominant hyperparathyroid 
bone disease.”

High-turnover renal osteodystrophy is usually 
associated with tubular interstitial nephritis as an 
underlying disease of renal failure since it is a 
slowly progressing form of renal pathology com-
pared to glomerular disease which has a rapidly 
progressive course with a lesser risk of develop-
ing high-turnover disease.

The low-turnover type may present with 
osteomalacia and osteoporosis which can also 
occur in the high-turnover disease. The mixed 
form shows both osteomalacia and osteitis 
fibrosa. Differentiation of different forms is usu-
ally based on clinical data, laboratory findings, 
and standard radiographs although it can be 
difficult.

Radiologically, skeletal deformities, thicken-
ing of cortical bone, thickened irregular trabecu-
lar, osteonecrosis, extraosseous, calcification, 
and brown tumors can all be seen with variable 
frequency. Brown tumors present as well-defined 
lytic lesions that may cause expansion on stan-
dard radiographs since they may involve the cor-
tical bone.

Scintigraphically, diffusely increased uptake 
with increased skeletal to renal uptake ratio 
occurs in high-turnover form. This uptake may be 
homogenous or heterogenous with focal findings 
depending on the predominant pathophysiologi-
cal process (Fig. 5.51). One or more of the typical 
finding metabolic bone disease on bone scan may 
be seen (Table 5.20). Low-turnover form shows 
typically decreased uptake unless complicated by 
a focal pathology. A mixture of those findings is 
seen in mixed form. It should be noted that there 
is no consistency in the patterns seen on standard 

Table 5.19 High-turnover disorders

Generalized disorders
   Primary hyperparathyroidism
   Renal osteodystrophy (certain forms)
   Type 1 (postmenopausal) osteoporosis
Localized disorders
   Focal osteoporotic syndromes
   Disuse atrophy
   CRPS-1 (RSD)
   Transient osteoporosis
   Paget’s disease
   Stress fractures
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Fig. 5.51 Renal osteodystrophy. A whole-body bone 
scan of a patient with long-standing renal failure. The 
scan illustrates diffusely increased skeletal uptake. Note 

the typical sites of abnormal uptake in the mandible, ster-
num, and costochondral junctions of this case of renal 
osteodystrophy
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Table 5.20 Bone scan findings in metabolic bone 
disease

Generalized increased uptake with increased contrast 
between bone and soft tissue
Generalized decreased uptake
Increased uptake in long bones
Increased uptake in axial skeleton
Increased uptake in periarticular areas
Increased uptake in the calvaria
Increased uptake in the mandible
Increased uptake in the costochondral junctions 
(beads)
Increased uptake in the sternum (tie sternum)
Foci of increased uptake due to fractures, 
pseudofractures, and brown tumor
Faint or absent kidney

radiographs and bone scan in patients with renal 
osteodystrophy. Bone scan can be helpful in dif-
ferentiating cases with osteitis fibrosa and 
osteomalacia.

5.3.7.6  Hypertrophic 
Osteoarthropathy

Hypertrophic osteoarthropathy is a rheumatic 
disorder characterized by bone pain, joint pain, 
and nearly always clubbing of fingers and/or 
toes. Two types of hypertrophic osteoarthropa-
thy are recognized: primary and secondary. The 
primary type (also called pachydermoperiosto-
sis) is less common and occurs in adolescence, 
with spontaneous arrest of the process in young 
adulthood. A variant has been reported in a 
family [267].

The secondary form follows a variety of path-
ological conditions, predominantly intrathoracic. 
Lung cancer and other intrathoracic malignan-
cies, benign lung pathologies, and cyanotic heart 
disease are common causes. Abdominal malig-
nancies, hepatic and biliary cirrhosis, and inflam-
matory bowel disease are less common causes 
[268, 269].

Nasopharyngeal carcinoma has also been 
reported as a cause [270].

Pathologically, the condition is a form of peri-
ostitis and may be painful. Additionally, clubbing 
of fingers and toes, sweating, and thickening of 
skin may also be seen. In the tubular bones, there 
is periosteal new bone formation. This pathologi-

cal feature explains the typical scintigraphic pat-
tern of diffusely increased uptake along the 
cortical margins of long bones, giving the appear-
ance of “parallel tracks.”

The scintigraphic abnormalities are usually 
confined to diaphyseal regions, although they 
may also occur in the epiphyseal bone (Fig. 5.52). 
The changes are usually bilateral but can be uni-
lateral in approximately 15% of cases [269].

The tibiae and fibulae are affected most com-
monly, followed by the distal femur, radius, ulna, 
hands, feet, and distal humerus. Scapula, patella, 
maxilla, mandible, and clavicle are less fre-
quently affected and rarely the ribs and pelvis. 
The condition has no prognostic significance as 
there was no significant difference in survival 
between lung cancer patients with and others 
without hypertrophic osteoarthropathy [271].

The changes disappear following successful 
treatment of the lung cancer or other inciting 
pathologies, and scintigraphy is useful in evaluat-
ing the response to treatment of this paraneoplas-
tic syndrome [272].

5.3.8  Arthropathy

Arthritides may begin primarily with synovial 
and intra-articular disease or with bone involve-
ment. The characteristics of synovitis include 
increased blood flow and tissue blood volume, 
interstitial edema, and cellular infiltration. There 
is often some overlap with primary periarticular 
bone disease since synovitis may be associated 
with bone erosion, and primary bone disease may 
have an element of synovitis [273].

No unified classification for the many types of 
joint diseases is available. Arthropathies are 
grouped into two main categories: inflammatory 
and noninflammatory [274, 275].

(Table 5.21). The inflammatory joint diseases 
are further classified into infectious and nonin-
fectious. The infectious type is caused by bacte-
ria, mycoplasmas, fungi, viruses, or protozoa, 
while the noninfectious type is caused by immune 
reactions such as rheumatoid arthritis and anky-
losing spondylitis or deposition of crystals in and 
around the joint as in gout, which is caused by 
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Fig. 5.52 Hypertrophic osteoarthropathy in a patient with lung cancer. Note the diffusely increased uptake in all bones 
of the lower extremities with a parallel track pattern in the femurs and tibiae

A. H. Elgazzar and S. A. Alenezi



165

Table 5.21 Main types of joint disease with major 
examples

A. Inflammatory joint disease
   1. Infectious
    Infectious arthritis
   2. Noninfectious
    Rheumatoid arthritis
    Crystal deposition arthropathies (gouty arthritis, 

CPPD)
    Sacroiliitis
    Neuropathic joint disease
    Spondyloarthropathies
     Ankylosing spondylitis
     Psoriatic arthritis
     Reactive arthritis (formerly Reiter’s disease)
     Inflammatory bowel disease-associated 

arthritis
B. Noninflammatory joint disease
   1. Primary osteoarthritis
   2. Secondary osteoarthritis

deposition of monosodium urate crystals. 
Alternatively, the group of inflammatory joint 
disease can also be subclassified into immuno- 
inflammatory such as rheumatoid arthritis; infec-
tious, crystal deposition; and arthritis associated 
with connective tissue disease such as in systemic 
lupus erythematosus and those associated with 
vasculitis such as Behcet’s disease. The nonin-
flammatory joint disease is exemplified by the 
common osteoarthritis or degenerative joint dis-
ease, which can be idiopathic (primary) or sec-
ondary. It should be noted that certain conditions 
such as neuroarthropathy and sacroiliitis have 
multiple overlapping pathogenetic features 
including immunologic, vascular, and degenera-
tive. MRI, US, bone scintigraphy, and PET have 
all been used for diagnosis and assessment of dis-
ease severity and follow-up of therapy.

5.3.8.1  Rheumatoid Arthritis
Rheumatoid arthritis, an autoimmune disease, 
causes inflammation of connective tissue, mainly 
in the joints. It is thought that microvascular 
injury and mild synovial cell proliferation occur 
first, along with obliteration of small blood ves-
sels. Synovial inflammatory response is triggered 
by immune complexes in the blood and synovial 

tissue through activation of plasma protein com-
plement. This complement activation stimulates 
release of kinin and prostaglandin, which causes 
an increase in vascular permeability in the syno-
vial membranes and attracts leukocytes out of the 
circulation to the synovial membrane. As the 
condition becomes chronic, synovial prolifera-
tion, supported by neovascularization, leads to 
pannus formation which is highly invasive. 
Inflammation eventually may spread from the 
synovial membrane to the articular cartilage, the 
joint capsule, and the surrounding tendons and 
ligaments with resultant pain, loss of function, 
and joint deformity [274, 276]. The small joints 
of the hands and joints in the feet, wrists, elbows, 
ankles, and knees are the most commonly 
affected. On bone scintigraphy, there is increased 
perfusion and delayed uptake periarticularly in 
the areas of the joints affecting commonly the 
small joints of the hand, wrists, and feet and 
elbows, ankle, and knees. Tc-99m polyclonal 
human immunoglobulin-G (HIG) has been 
shown to be a successful agent in the depiction of 
active inflammation in rheumatoid arthritis [277].

Scintigraphy is more sensitive but less specific 
than radiography in the depiction of abnormal 
joints in rheumatoid arthritis, especially in the 
peripheral joints. Active disease may be detected 
scintigraphically before becoming clinically evi-
dent [278, 279].

The pattern of symmetric peripheral joint 
involvement can usually be distinguished scinti-
graphically from that of the rheumatoid variants 
(ankylosing spondylitis, psoriasis, Reiter’s syn-
drome, etc.), which tend to have more central 
skeletal involvement and asymmetric peripheral 
articular uptake. While bone scintigraphy can-
not always distinguish progressive disease from 
joints responding to therapy with osteoblastic 
repair, radiolabeled IgG and leukocytes have 
considerable prognostic sensitivity [280, 281].

18F-FDG PET is found to be accurate in assess-
ing the metabolic activity of synovitis and mea-
sure the disease activity in rheumatoid arthritis 
[282, 283]. Since FDG uptake in affected joints 
have strong correlations with various clinical 
parameters [282]. It has also been found to be 
useful in assessing response to therapy [284].
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5.3.8.2  Ankylosing Spondylitis
Stiffening and fusion (ankylosis) of the spine and 
sacroiliac joints causing most frequently low 
back pain and stiffness characterize the chronic 
inflammatory joint disease ankylosing spondyli-
tis, which is the most common type of the sero-
negative spondyloarthropathies. It affects 
predominantly the axial joints, particularly the 
sacroiliac joints. Other joints such as the hips, 
knees, and shoulders are involved in approxi-
mately 30% of patients. The condition usually 
affects boys and begins in adolescence with 
inflammation of fibrocartilage in cartilaginous 
joints (primarily in the vertebrae) along with 
infiltration of inflammatory cells (mainly macro-
phages and lymphocytes) in the fibrous tissue of 
the joint capsule, cartilage, and periosteum. This 
process is followed by repair of cartilaginous 
structures by proliferation of fibroblasts that 
secrete collagen, which later becomes organized 
into fibrous scar. This scar eventually undergoes 
calcification and ossification, causing loss of 
flexibility and fusion of joints.

Recent progress in pathophysiology of this 
disease with immune cells and innate cytokines 
suggested to be crucial in its pathogenesis, espe-
cially human leukocyte antigen (HLA)-B27 and 
the interleukin-23/17 axis although pathogenesis 
is still unsettled [285]. Scintigraphically, patterns 
vary with the disease stage; in early stage scintig-
raphy reveals typical although not always sym-
metrical intense tracer uptake in both sacroiliac 
joints. Later as the spine becomes involved, pin-
hole scintigraphy reveals patchy uptake in apoph-
yseal joints, horizontal band-like uptake in the 
discovertebral junctions [286].

5.3.8.3  Gouty Arthritis
Uric acid crystallizes when it reaches certain 
concentrations in fluids, forming insoluble crys-
tals that can precipitate in the connective tissue of 
different parts of the body. When this process 
involves the synovial fluid, it causes acute inflam-
mation of the joints. Although the effect is the 
same, classic gouty arthritis is caused by deposi-
tion of monosodium urate crystals, while deposi-
tion of calcium pyrophosphate dihydrate crystals 
causes pseudogout [287].

The disease is rare in children and premeno-
pausal women and uncommon in men under 30 
years of age. Gout is closely linked to purine 
metabolism and kidney function. An accelerated 
rate of purine synthesis may occur in some indi-
viduals leading to overproduction of uric acid, 
since the latter is a breakdown product of purine 
nucleotides. In other individuals, the rate of 
breakdown (rather than synthesis) of purine 
nucleotides is accelerated, resulting also in over-
production of uric acid.

Uric acid is eliminated predominantly through 
the kidney. Urate excretion by the kidney may be 
sluggish due to a decrease in glomerular filtration 
of urate or an acceleration of urate reabsorption. 
Sluggish excretion of urate occurs in primary 
gout. Urate crystals are deposited in the renal 
interstitium, causing impaired renal flow, and 
may also precipitate to cause renal stones.

Monosodium urate crystals trigger an acute 
inflammatory response in the synovial membrane 
and other tissues of the joints. Leukocytes, par-
ticularly neutrophils, are attracted out of the cir-
culation to phagocytose the crystals. Trauma is 
the most common aggravating factor. Therefore, 
because of the chronic strain during walking, the 
great toe is a common presenting site (50% of 
initial attacks).

On bone scan, there is increased flow, blood 
pool activity, and delayed uptake in the areas of 
the joint involved. The first metatarsophalangeal 
joint, ankle, and the knee are the joints most often 
affected on bone scintigraphy with the most typi-
cal being that of the metatarsophalangeal joint of 
the great toe called podagra. A case of gouty 
tophus of the patella was evaluated by PET using 
a combination of an amino acid analog emitter 
l-[3-F-18]-alpha-methyl tyrosine (FMT), which 
does not accumulate in malignancies showed 
increased metabolic activity while FDG, did not 
show appreciable activity suggesting that PET 
may be useful for the preoperative evaluation of 
gouty tophus including detection and differentia-
tion from malignant tumors [288].

5.3.8.4  Osteoarthritis
Idiopathic osteoarthritis is the most common type 
of noninflammatory joint disease. The idiopathic 
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and the secondary form of osteoarthritis have the 
same pathological characteristics. Although it 
affects any joint, those most commonly involved 
are in the hands, wrists, lower cervical spine, 
lumbar spine, sacroiliac, hips, knees, ankles, and 
feet. Aging is an important risk factor, although 
the cause of osteoarthritis is unknown. Premature 
cartilage degeneration due to an inherited genetic 
defect encoding for the structural components of 
articular cartilage has been suggested as the etiol-
ogy of this condition.

Primary or osteoarthritis of unknown cause 
progresses with age. Secondary osteoarthrosis 
occurs when the predisposing cause is known, e.g., 
following intra-articular fracture, rheumatoid dis-
eases, neurogenic and metabolic disorders, drugs, 
and recurrent hemarthrosis as may occur among 
hemophilic patients. The pain of osteoarthrosis is 
caused by intracapsular tension, muscle spasm, 
abnormal stress on the bone, and increased intraos-
seous venous pressure [289, 290].

Osteoarthritis starts with changes in the artic-
ular cartilage. The ability of articular cartilage 
to repair is very limited. Intrinsic repair occurs 
in infants, as chondrocytes are still able to pro-
liferate. Extrinsic repair occurs by granulation 
tissue growing from the adjacent bone. 
Granulation tissue changes to fibrocartilage, 
which is inferior to normal cartilage in its 
mechanical properties.

The changes of articular cartilage in osteoarthri-
tis progress from fibrillation to erosion and then, at 
the advanced stage, to complete loss of cartilage. 
With loss of articular cartilage, the exposed bone 
takes increased stress, becomes more compressed, 
and shows subarticular sclerosis [290].

Thus, the pathological features of osteoarthri-
tis include gradual loss of articular cartilage, 
thickening, and hardening (sclerosis) of the bone 
underneath the cartilage, and formation of osteo-
phytes (spurs). As the articular cartilage erodes, 
cartilage-coated osteophytes often grow into the 
joint. Small pieces of osteophyte may break off 
and become free within the synovial cavity. These 
pieces, called joint mice, irritate the synovial 
membrane, resulting in synovitis and joint effu-
sion. In addition, the joint capsule may thicken 

and in some cases adhere to the underlying bone, 
causing limitation of movement.

Pathological features of arthropathies are 
translated into various patterns of findings on 
scintigraphic imaging modalities. Table  5.22 
summarizes the typical scintigraphic findings 
seen on bone scans in major arthropathies.

5.3.9  Soft Tissue Calcification

Pathological calcification is classified mainly 
into three types, as detailed below.

5.3.9.1  Dystrophic Calcification
Dystrophic calcification is calcification of dying 
or dead tissue. The mechanism appears to be 
increased calcium-binding capacity of the 
exposed denatured proteins of the injured cells 
which preferentially bind with phosphate ions 
which in turn react with calcium and form cal-
cium deposits. Examples include calcification in 
infarcted myocardial muscle, in atheromas, in 
amyloid tissue, and in the centers of tumors 
(Fig. 5.53).

Table 5.22 Typical scintigraphic findings of major joint 
diseases

Disease Scintigraphic findings
Rheumatoid 
arthritis

Symmetric uptake involving small 
and large joints

Gouty arthritis Uptake of metatarsophalangeal joint 
of the great toe and large joints, 
commonly symmetric

Ankylosing 
spondylitis

Symmetric intense tracer uptake in 
both sacroiliac joints and spine

Osteoarthritis Uptake of large joints, symmetric in 
primary type

Reactive 
arthritis

Asymmetric uptake of large and 
small joints and spine

Psoriatic 
arthritis

Asymmetric uptake of large and 
small joints typically of upper 
extremity including fingers and 
spine

Infectious 
arthritis

Uptake involving a large joint

Enteropathic 
arthritis

Uptake of large joints (asymmetric), 
sacroiliac joints (symmetric), and 
spine
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Fig. 5.53 99mTc-MDP 
uptake as an example of 
dystrophic calcification 
in a case of hepatoma 
(arrow)
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5.3.9.2  Metastatic Calcification
Metastatic calcification describes calcification of 
viable, undamaged, normal tissue (Fig. 5.54) as a 
result of hypercalcemia associated with increased 

calcium phosphate product, locally or systemi-
cally. This can be due to metabolic abnormalities 
as with renal failure, hypervitaminosis D, and 
hyperparathyroidism or to increased bone demin-

a b

c

Fig. 5.54 (a–e) 99mTc-MDP whole-body blood pool (a) 
and delayed scans and selected SPECT cuts of the chest of 
a 57-year-old male with a history of chronic renal failure 
and coronary artery disease presenting with chronic pro-
gressive motor demyelinating polyneuropathy. Rule out 
osteosclerotic melanoma. The patient is thought to have 
POEMS syndrome. Increased activity in the T spine is 
likely due to degenerative disease and may represent 
osteophyte formation. Increased activity in the knees has 
the appearance of arthropathy. Increased activity in the 

left elbow is consistent with known olecranon bursitis. 
Poor visualization of the kidneys is consistent with known 
chronic renal failure. Intense visualization in the stomach 
is most likely due to metastatic calcification, which can be 
seen secondary to numerous metabolic disorders includ-
ing hyperparathyroidism, which in this patient may be 
secondary hyperparathyroidism due to chronic renal fail-
ure. This is also likely the cause of the increased visualiza-
tion of the long bones
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eralization from bone tumors or disseminated 
metastases [59].

5.3.9.3  Heterotopic Bone Formation
Heterotopic bone formation, or increased ectopic 
osteoblastic activity, is defined as the presence of 
bone in soft tissue where it does not normally 
exist. In the vast majority of cases, the condition 
is acquired. Rarely it can be congenital. The 
pathogenesis of heterotopic bone formation is 
still debated. However, it is believed to be sec-
ondary to transformation of pluripotent mesen-
chymal cells, present in the connective tissue 
septa within muscle, into the osteogenic cell line.

The acquired form of heterotopic bone forma-
tion often occurs after trauma. Other associated 
conditions include burns, sickle cell disease, 
hemophilia, tetanus, poliomyelitis, multiple scle-
rosis, toxic epidermal necrolysis, and cancer. It 

also occurs infrequently in the absence of a pre-
cipitating event or condition. Heterotopic bone 
formation includes the specific entity myositis 
ossificans, a posttraumatic skeletal muscle ossifi-
cation usually occurring next to long bones. In 
many clinical practices, myositis ossificans is 
usually seen among patients who have sustained 
trauma such as operative procedures (e.g., total 
hip arthroplasty), fractures, dislocations, and 
direct trauma to muscle groups (mainly quadri-
ceps femoris and brachialis muscles). Additional 
reported sites include abdominal incisions, 
wounds, and the gastrointestinal tract. The other 
acquired traumatic form follows trauma to the 
nervous system, i.e., neurogenic, and is most 
commonly seen following spinal cord injury. 
Patients are typically adolescents or adults, with 
75% younger than age 30. There is no sex pre-
dominance. This subtype often occurs following 

d

e

Fig. 5.54 (continued)
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closed head injuries, strokes and central nervous 
system infarctions, and tumors [291, 292].

Anatomically, HBF is always extra-articular, 
but it may be attached to the joint capsule without 
disrupting it. Occasionally, HBF may be attached 
to the cortex of adjacent bone with or without 
cortical disruption (Fig. 5.55). Tumoral calcino-
sis describes heterotopic bone formation that has 
large amounts of bone formation resembling 
tumor masses (Fig. 5.56).

The incidence of heterotopic bone formation 
varies greatly in different patient populations. It 
has been reported to be between 20 and 25% 
among spinal cord injury patients, while 10–20% 
of closed head injury patients develop hetero-
topic bone formation. The onset of heterotopic 
bone formation has been reported to range from 4 
to 12 weeks after injury, most commonly at 2 
months, but it has also been reported to occur as 
early as 20 days’ post-injury. The most com-
monly involved areas, in decreasing order, are the 
hips, knees, shoulders, and elbows. Rarely, it can 
occur in the foot.

The course of acquired heterotopic bone for-
mation is relatively benign in 80% or more of 
cases. The remaining patients often develop sig-
nificant loss of motion, and ankylosis occurs in 

up to 10%. Clinical, laboratory, radiographic, and 
scintigraphic criteria have been used to follow the 
course of heterotopic bone formation and to 
assist in treatment.

The most sensitive imaging modality for early 
detection of heterotopic bone formation is multi-
phase bone scintigraphy. Blood flow and pool 
images have detected incipient heterotopic bone 
formation as early as 2.5 weeks after injury, with 
delayed scintigraphs becoming positive about 1 
week later. These scintigraphic findings precede 
positive radiographs by 1–4 weeks [292].

The condition is classified as immature when 
flow and blood pool activity are increased 
(Fig. 5.57). When flow and blood pool patterns 
normalize or stabilize after showing decreasing 
activity, the condition is considered to be mature. 
As heterotopic bone progresses from immature to 
mature, the three-phase bone scan typically 
shows progressive reduction in the activity of all 
three phases. The majority of bone scans returns 
to baseline within 12 months, although many 
patients reach the mature phase much earlier or 
much later. Since surgical intervention during the 
immature phase often leads to recurrence, serial 
bone scans are useful in monitoring the activity 
of the disease, so as to determine the appropriate 

a b

Parosteal HBF

HBF without periosteal reaction

HBF with periosteal reaction
and no bone attachment

HBF with periosteal reaction
and no bone attachment

Paraarticular HBF

HBF adjacent to join without
causing disruption

HBF adjacent to joint causing disruption

RT LAT HIP

Fig. 5.55 (a) Illustration of the relation of heterotopic 
bone formation to the bone cortex and joints. Heterotopic 
bone formation is always extra-articular, but may be 
attached to the cortex of adjacent bone with or without 

cortical destruction. (b) A spot delayed image of a bone 
scan obtained using 99mTc-MDP showing a focus of het-
erotopic bone formation adjacent to the posterior surface 
of the upper right femur
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a

b

c

Fig. 5.56 Blood pool 
(a) and spot delayed 
images (b) of Tc99m 
bone scan of a case of 
tumoral calcinosis. Note 
the large amount of soft 
tissue calcification in the 
left shoulder and around 
both hips. X-ray (c) of 
the left shoulder 
illustrates the tumor-like 
calcification
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a b c

Fig. 5.57 (a–c) Multiphase bone scan showing increased flow (a), blood pool (b), and delayed (c) soft tissue uptake in 
the left thigh (arrows) and illustrating the finding of immature heterotopic bone formation

time for surgical removal of heterotopic bone 
with minimal risk of recurrence. In several 
reported series, preoperative serial bone scans 
with quantitation of the uptake ratios between 
heterotopic and normal bone have successfully 
identified those patients who remained free of 
heterotopic ossification following surgery (i.e., 
those patients with decreasing or stable scinti-
graphic activity as measured by this quantitative 
technique).

Several pathological conditions can clinically 
mimic the scintigraphic appearance of early het-
erotopic ossification [245–248]:

• Infection
• Osteomyelitis
• Cellulitis
• Thrombophlebitis
• Deep vein thrombosis
• Tumor
• Osteosarcoma
• Osteochondroma
• Pyomyositis

Osteomyelitis may represent a difficult diag-
nostic challenge on scintigraphy, particularly 
since 67Ga and, rarely, 111In-labeled WBCs accu-
mulate in areas of immature heterotopic bone 
formation. The uptake of 67Ga by foci of hetero-
topic bone formation undergoing osteogenesis, 
with considerable osteoblastic activity, may be 
explained by the fact that this radionuclide shares 

some of the properties of bone imaging agents. 
Fortunately, 67Ga uptake in heterotopic ossifica-
tion has been found to be proportional to the 
uptake of Tc diphosphonates, in contrast to its 
relatively greater uptake in sites of osteomyelitis. 
Since 67Ga uptake might otherwise be mistaken 
for infection or tumor, this proportionality can 
help to differentiate heterotopic ossification from 
osteomyelitis. Therefore, in the appropriate clini-
cal setting, heterotopic ossification is a diagnos-
tic consideration for patients with a positive 67Ga 
scan [291].

Two cases of heterotopic bone formation were 
reported to have been misdiagnosed as pyomyosi-
tis at first by clinical signs and MRI findings indi-
cating the deep infection, but extensive 
 intramuscular ossification appeared later on [292]. 
SPECT/CT is helpful in such situation since it 
clarifies the location of abnormal uptake [293].

The rare congenital form of heterotopic ossifi-
cation is called myositis ossificans progressiva, 
or fibrodysplasia ossificans progressiva [294]. 
This autosomal dominant congenital disease is 
often associated with other skeletal abnormalities 
including malformation of the great toes and 
shortening of digits, as well as other clinical fea-
tures such as deafness and baldness. Although 
symptoms have been reported to develop in 
patients with this disease prior to 4 years of age, 
the diagnosis is frequently missed. The soft tissue 
ossification present may be mistakenly attributed 
to bruising or even to a sarcoma. Initial failure to 
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appreciate the significance of the toe and other 
digit malformations also is common. Progression 
to severely impaired joint mobility with ankylo-
sis by early adulthood is the hallmark of this 
disease.

5.3.9.4  Calcinosis Cutis
Calcinosis cutis describes a group of disorders in 
which calcium deposits form in the skin, subcuta-
neous tissue, and connective tissue sheaths 
around the muscles. Etiologically, dystrophic, 
metastatic, iatrogenic, and idiopathic varieties 
may be identified. Some rare types may even be 
variably classified as dystrophic or idiopathic. 
These include calcinosis cutis circumscripta and 
calcinosis cutis universalis. Most lesions of calci-
nosis cutis develop gradually and are asymptom-
atic. However, the history and evolution of the 
lesions depend upon the etiology of the 
calcification.

Calcinosis Cutis Universalis
This entity describes diffuse calcium deposits in 
the skin, subcutaneous tissue, and connective tis-
sue sheaths around the muscles but not within the 
muscles as the case with myositis ossificans. It is 
seen mostly in association with scleroderma and 
polymyositis. On bone scintigraphy, it shows 
uptake of variable degrees in a diffuse fashion in 
large areas of the skin and subcutaneous regions.

Calcinosis Cutis Circumscripta
This condition is a form of localized calcium 
deposition in the skin. If dystrophic, it is second-
ary to localized causes of dystrophic calcification 
such as trauma, insect bites, acne, and certain 
skin tumors. If metastatic or associated with sys-
temic causes of dystrophic calcifications, it gen-
erally occurs earlier and tends to involve the 
extremities, whereas calcinosis universalis occurs 
later and usually is more widespread.

Calciphylaxis
This is a condition of soft tissue calcification 
affecting mainly patients with chronic renal fail-
ure. The calcification involves the media of 
small- and medium-sized cutaneous arterioles 
with extensive intimal hyperplasia and fibrosis. 

There is also subcutaneous calcification and 
necrosis which may lead to sepsis, the main cause 
of morbidity which may be significant.

Rhabdomyolysis
Rhabdomyolysis, also called myoglobulinuria, is 
a condition that follows muscle damage second-
ary to infectious and noninfectious injuries 
including viral infections, electrical injury, cer-
tain drugs, and trauma as in runners and military 
recruits. The condition can be severe and life 
threatening. The most severe form is sometimes 
called crush syndrome. Milder forms are called 
compartment syndromes. There is excess myo-
globulin in the urine since intracellular muscle 
protein is released with muscle damage and 
appears in urine. Since variable degrees of mus-
cle death occur, this will increase calcium content 
which is sensitively identified by 99mTc-MDP 
bone scan showing increased uptake in the dam-
aged muscle. Bone scan can be useful to evaluate 
the degree of muscle necrosis [295].

5.4  Neoplastic Bone Disease

5.4.1  Primary Bone Tumors

Various primary tumors originate from the bone. 
Based on the cell of origin, primary tumors can 
be classified as osteogenic, chondrogenic, colla-
genic, or myelogenic (Fig. 5.58).

5.4.1.1  Osteogenic Tumors
Osteogenic tumors originate from bone cell pre-
cursors, the osteoblasts, and are characterized by 
formation of bone or osteoid tissue. These tumors 
include osteoid osteomas, osteosarcomas, and 
osteoblastomas.

Osteoid Osteoma. The benign tumor osteoid 
osteoma is most common in children, particu-
larly boys. Typically, it presents in the lower 
extremities, the pelvis, or less commonly the 
spine. Patients frequently report nocturnal pain 
which is relieved by aspirin. It is characterized by 
its small nidus size of less than 2 cm, self-limited 
growth, and the tendency to cause extensive reac-
tive changes in the surrounding bone tissue. The 
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Mesoderm

Fibroblast Reticulum cell

Osteoblast Chondroblast Blood cell precursors

Osteogenic tumors Chondrogenic tumors Myelogenic tumors

Collagenic tumors

Fig. 5.58 The origin of various primary bone tumors. (Modified from [1], with permission)

Fig. 5.59 Osteogenic sarcoma pathology

lesion classically presents with severe pain at 
night that is dramatically relieved by nonsteroidal 
antiinflammatory drugs (NSAIDs). The tumor 
has been shown to express very high levels of 
prostaglandins, particularly PGE2 and PGI2. 
High local levels of these prostaglandins are pre-
sumed to be the cause of the intense pain seen in 
patients with this lesion. Studies have shown 
strong immunoreactivity to cyclooxygenase-2 
(COX-2) in the nidus of the tumor but not in the 
surrounding reactive bone. COX-2 is one of the 
mediators of increased production of prostaglan-
dins by osteoid osteomas and may be the cause of 
the secondary changes depicted by MRI [296]. 
The usual sites of involvement include bones of 
the lower extremities, pelvis, and spine.

Osteoblastoma is a tumor related to osteoid 
osteoma and has almost identical histologic 
appearance, but the nidus is larger in size measur-
ing more than 2 cm. It is commonly seen in the 
spine and can occur in any other location. For the 
appendicular skeleton, the lower extremity is the 
most common location for osteoblastoma where 
35% of the lesions occur.

Osteogenic Sarcoma. Osteogenic sarcoma is 
an osteogenic tumor with sarcomatous tissue. It is 
the most common malignant bone-forming tumor 

and has the appearance of callus compact contain 
or cancellous bone produced by anaplastic cells 
and sometimes chondroid and fibrinoid tissue 
(Fig. 5.59). The male-to-female ratio is 3:2. Sixty 
percent of cases occur before the age of 20. A sec-
ondary peak incidence is found between 50 and 
60 years of age, mainly in patients with a history 
of prior radiation therapy years earlier [297].

The vast majority of the tumors involve the 
metaphyses of long bones particularly in the dis-
tal femur, with 50% around the knee region 
(Fig. 5.60).
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Fig. 5.60 The most common sites of the major primary bone tumors
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5.4.1.2  Chondrogenic Tumors
All tumors that produce cartilage, primitive carti-
lage, or cartilage-like substance are called chon-
drogenic. The most common malignant 
chondrogenic tumor is chondrosarcoma. Two 
types of this malignant tumor are recognized: (a) 
primary chondrosarcoma, occurring mainly in 
patients aged 50–70 years, and (b) secondary 
chondrosarcoma, which is derived from the 
benign chondrogenic tumor enchondroma and 
occurs more frequently in patients aged 20–30 
years. Chondrosarcoma is more common in men 
than in women, often arising in the metaphysis or 
diaphysis of long bones (Fig. 5.60), particularly 
the femur and in the pelvis. The neoplasm con-
sists of hyaline cartilage with bands of anaplastic 
cells and fibrous tissue. The tumor may infiltrate 
the joint spaces located near the end of the long 
bone. Chondroma is the benign chondrogenic 
tumor which is an uncommon benign tumor that 
forms characteristically mature cartilage. The 
tumor is encapsulated with a lobular growing pat-
tern. It is formed of chondrocytes (cartilaginous 
cells) that resemble normal cells and produce 
cartilaginous matrix. It is found mostly in the 
small bones of the hand and/or feet, although it 
can also occur in long, tubular bones, primarily 
the humerus, femur, and ribs. Occasionally, focal 
areas of myxoid degeneration may result in a 
mistaken diagnosis of chondrosarcoma. 
Chondromas are classified according to their 
location into enchondroma within the medullary 
cavity of bone, periosteal chondroma found on 
the surface of the bone, and soft tissue chon-
droma found in the soft tissue. The primary sig-
nificance of enchondroma is related to its 
complications, most notably pathological frac-
ture, and a small incidence of malignant transfor-
mation. Enchondromas are usually solitary but 
may be multiple. Multiple enchondromas occur 
in three distinct disorders: Ollier disease is a non-
hereditary disorder characterized by multiple 
enchondromas with a predilection for unilateral 
distribution (Fig. 5.61), and Maffucci syndrome 
is another nonhereditary disorder which is less 
common than Ollier disease. This syndrome fea-
tures multiple hemangiomas in addition to 
enchondromas. The third form is metachondro-

matosis which consists of multiple enchondro-
mas and osteochondromas, and it is the only 1 of 
the 3 disorders that is hereditary as autosomal 
dominant [298, 299].

5.4.1.3  Collagenic Tumors
Collagenic tumors are primary bone tumors that 
produce fibrous connective tissue. A fibrosar-
coma is a malignant collagen-forming tumor that 
occurs most frequently in patients between 30 
and 50 years of age but also is encountered in 
younger and older age groups. It is slightly more 
common among women. A secondary form may 
occur following Paget’s disease, radiation ther-
apy, and long-standing osteomyelitis. The tumor 
is most frequently located in the metaphysis of 
the femur or tibia. It begins in the marrow cavity 
and infiltrates the trabeculae. Histological exami-
nation typically reveals collagen, malignant 
fibroblasts, and occasionally giant cells.

5.4.1.4  Myelogenic Tumors
Myelogenic tumors originate from various cells 
in the bone marrow.

Myeloma. A myeloma originates from the 
plasma cells of the reticuloendothelial element of 
the bone marrow and may be solitary (85%) or 
multifocal (multiple myeloma). It is a highly 
malignant tumor that occurs more commonly in 
patients above 40 years of age and more fre-
quently in men and blacks. It affects mainly the 
spine, pelvis, ribs, skull, and proximal bones of 
the extremities. In myeloma there is neoplastic 
proliferation of plasma cells presenting with 
skeletal lesions. The neoplastic cells produce 
immunoglobulins including heavy chains (IgG, 
IgA, IgM) and light chains, kappa or lambda 
(Bence Jones proteins). The tumor can present in 
differenet forms, Multiple myeloma (most com-
mon), solitary plasmacytoma, and osteosclerotic 
myeloma. Osteosclerotic myeloma is rare and is 
characterised by polyneuropathy, organomegaly, 
endocrinopathy, M protein, and skin changes. 
Bone lesions are sclerotic in both axial and 
appendicular skeleton A rare variant of multiple 
myeloma,˂3% of all newly diagnosed myeloma is 
the non-secretory myeloma as no monoclonal 
gammopathy can be detected in serum or urine 

5 Musculoskeletal System



178

a cb

d e

Fig. 5.61 (a–e) A 17-year-old boy presenting at the age 
of 12 years with swollen and painful right hand after play-
ing boxing was diagnosed with a benign enchondroma of 
the third right metacarpal bone. At the age of 14 years, he 
had a recurrent pain of the upper third of the right leg and 
was also diagnosed with a benign enchondroma. 
Follow-up radiography of the right hand (a) revealed no 
changes in the size or characters of the previously diag-
nosed enchondroma of the middle metacarpal bone 
(arrow). Left leg (b) demonstrated a mixed density scal-
loped eccentric lesion (arrow) in the upper half of left 

tibia believed to be mostly benign. The patient was 
referred to the Nuclear Medicine Department for an 
annual follow-up. A three-phase bone scan was obtained 
3  h after IV injection of 25.3 MCI of 99mTc-MDP.  The 
blood pool images (c) of both hands show moderate focal 
increase uptake in the mid-right hand. The delayed images 
of the hands (d) show intense focal uptake in the third 
right metacarpal bone. The whole-body images (e) show 
two foci of increased uptake in the left tibia, one in the 
upper third and one in the lower third representing multi-
ple enchondromas
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by conventional techniques. In Myeloma, there is 
increased osteoclastogenesis and suppressed 
osteoblastogenesis. Osteoblastogenesis is sup-
pressed due to secreted inhibitors and dysregula-
tion of cell-surface “coupling” factors on 
osteogenic cells resulting in uncoupling of bone 
remodeling responsible of the related bone dis-
ease. Osteoclastogenesis is increased as a conse-
quence of osteoblast deactivation and of 
production of osteoclast-activating factors [300]. 
Pain progresses over time during the course of 
the disease, and pathological fractures may take 
place. Patients may develop renal failure, anemia, 
and thrombocytopenia, and their urine shows 
Bence-Jones protein. The tumor has a poor prog-
nosis, and radiation and chemotherapy have lim-
ited success.

Ewing’s Sarcoma. Ewing’s sarcoma is a 
malignant tumor originating from the bone mar-
row and is the second most common bone tumor 
after osteogenic sarcoma in children and adoles-
cents. The tumor is most frequent in the first three 
decades of life as 95% of cases are reported 
between the ages of 4 and 25 years [301]. The 
peak prevalence is between the ages of 10 and 15 
years. The most commonly affected sites are the 
femur (21% of cases), ilium (12–13%), tibia 
(8–11%), humerus (10%), fibula (7–9%), ribs 
(8%), and sacrum (6%). The pelvis, extremities, 
and ribs account for approximately more than 
80% of cases [302].

It is more common in males and in whites. It is 
characterized by chromosomal translocation 
between chromosomes 11 and 22. Typically, it 
occurs in the diaphysis of long bones such as the 
femur and tibia and in flat bones such as the pel-
vis; however, any bone may be involved. After 
arising from marrow, Ewing’s sarcoma breaks 
through the bone cortex to form a soft tissue mass 
which does not contain osteoid. The tumor metas-
tasizes early to the lung, other bones, lymph 
nodes, bone marrow, liver, spleen, and central 
nervous system. Often the prognosis is poor, par-
ticularly if the tumor involves the pelvis rather 
than the long bones.

Giant cell tumor is difficult to classify 
although many practitioners include it with 
myelogenic tumors since it is believed to origi-

nate from the fibrous tissue of the bone marrow. 
While giant cell tumor may occur in persons 
between 10 and 70 years of age, it is more com-
monly encountered in those between 20 and 40 
years old, with women afflicted more often than 
men from the metaphyseal-epiphyseal region of 
long bones. The tumor occurs mainly around the 
knee (50%), in the radius, and in the humerus. It 
has a high recurrence rate, often extending locally 
into adjacent soft tissues; distant metastases, 
however, occur more rarely. It consists particu-
larly of osteoclast-like giant cells and anaplastic 
stromal cells, with a minor component of osteoid 
and collagen [303].

Chordoma is a rare slowly growing neoplasm 
arising from notochordal remnants in the midline 
of the neural axis and involving the adjacent 
bone. The main malignant potential of chordo-
mas resides in their critical locations adjacent to 
important structures, their locally aggressive 
nature, and their extremely high rate of recur-
rence. CT and MRI are essential for accurate 
evaluation. Myelography is used to determine 
intraspinal extension.

Bone hemangiomas are benign, malformed 
vascular lesions, overall constituting less than 
1% of all primary bone neoplasms. They occur 
most frequently in the vertebral column (30–
50%) and skull (20%), but can occur anywhere in 
the body, and thus, any bone can be affected 
including the long bones, short tubular bones, 
and ribs. It is multiple in approximately one-third 
of cases particularly within the vertebral column. 
Osseous hemangioma generally occurs more 
commonly in females than males, with a ratio of 
3:2. The peak incidence is in the fifth decade, 
although osseous hemangiomas can be encoun-
tered at any age. Bone hemangiomas usually 
occur in the medullary cavity, but uncommonly, 
surface-based hemangiomas are encountered in 
the cortex, periosteum, and subperiosteal regions. 
The rare periosteal and other surface-based hem-
angiomas tend to occur in younger patients. Bone 
hemangiomas are usually asymptomatic lesions 
discovered incidentally on imaging or postmor-
tem examination and mostly encountered in the 
middle aged. Vertebral hemangiomas are the 
most common benign tumor of the spinal col-
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umn, and they occur most frequently in the lower 
thoracic and upper lumbar spine. They are usu-
ally localized to the vertebral body, less fre-
quently extending into or exclusively affecting 
the posterior arch. Long bone hemangiomas are 
uncommon and are found mainly in the tibia, 
femur, or humerus. They have a predilection for 
the metaphyseal or diaphyseal regions but can 
involve the epiphyses and even extend across the 
joint space. Skull hemangiomas affect most com-
monly the frontal bone. Gross pathology usually 
reveals well-demarcated, unencapsulated lesions 
with cystic red cavities. Microscopic examina-
tion shows hamartomatous proliferations of vas-
cular tissue within endothelial-lined spaces.

There are four histologic variants of heman-
gioma, classified according to the predominant 
type of vascular channel: cavernous, capillary, 
arteriovenous, and venous. These types can coex-
ist. Bone hemangiomas are predominantly of the 
cavernous and capillary varieties. Cavernous 
hemangiomas most frequently occur in the skull, 
whereas capillary hemangiomas predominate in 
the vertebral column; overall, the former type is 
most common in bone [304, 305].

Multiphase 99mTc MDP bone scintigraphy 
may also reveal increased tracer uptake in all 
phases (perfusion, blood pool, and delayed), with 
a progressive increase in uptake, most marked in 
the delayed static images. Single-phase bone 
scintigraphy, though, has a far lower specificity 
since hemangiomas vary in their aggressiveness 
and hence in the degree of bone turnover and may 
demonstrate either increased or decreased uptake 
or even normal uptake and therefore generally 
adds minimal information. SPECT may be help-
ful in vertebral hemangiomas [306], and Tc99m- 
labeled red cells will show accumulation by the 
tumor as the case with hemangiomas at other 
sites.

5.4.1.5  Imaging of Primary Bone 
Tumors

Morphological imaging modalities play a major 
role in evaluating the local extent of the primary 
tumors of bone. MRI has become the examina-
tion of choice for local staging. Bone scintigra-
phy, however, has a limited role in local staging 
but is still the very useful for detecting distant 

metastases. Combining MRI with FDG PET 
(PET/MR) adds the benefit of providing physio-
logical information that can guide and assess 
treatment [307]. The effective radiation dose of 
whole-body FDG PET/MR is more than 50% 
lower than for FDG PET/CT [308] which makes 
PET/MR especially attractive for imaging par-
ticularly in pediatric and young age group [309].

Functional nuclear medicine imaging plays a 
minor role in evaluating the local extent of the 
primary bone tumors. However, utilization of 
several radiotracers including 99mTc-MDP, thal-
lium- 201, Tc99m MIBI, 67Ga, F-18sodium fluo-
ride, and F18 FDG helps in making diagnosis, 
grading, and evaluating the response to chemo-
therapy. Thallium-201, Tc99m MIBI, and F18 
FDG can help in differentiating malignant from 
benign bone lesions [310–314].

PET FDG plays an important role in evaluat-
ing prognosis and response to therapy [315, 
316]. A study of 17 patients with primary bone 
tumors (11 osteosarcomas, 5 Ewing’s sarco-
mas) has shown that patients with increasing 
tumor-to- non-tumor ratios of FDG uptake or 
decreasing ratios of less than 30% have poor 
responses [315].

In comparison to bone scan, studies indicate 
that PET scanning is more sensitive and may 
detect metastases and other lesions as small as 
2 mm [317]. In one study, FDG-PET has been 
compared to 99mTc-MDP bone scan in detection 
of osseous metastases in 70 patients with histo-
logically proved malignant primary bone tumors 
(32 osteosarcomas, 38 Ewing’s sarcomas). 
FDG- PET showed higher sensitivity of 90%, 
specificity of 96%, and accuracy of 95% in 
detection of bone metastases (49 from Ewing’s 
sarcomas and 5 from osteosarcomas) more than 
bone scan, which showed a limited sensitivity of 
71%, specificity of 92%, and accuracy of 88%. 
Similarly, accuracy of FDG-PET in patients 
with Ewing’s sarcoma was found to be higher 
than that of bone scan (97 and 82%, respec-
tively). In contrast, in patients with osteogenic 
sarcoma, FDG-PET detected none of the five 
cases of osseous metastases detected by bone 
scan, indicating a lower sensitivity of FDG-PET 
than bone scan in detection of osteosarcoma-
induced osseous metastases [318].
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Table 5.23 Scintigraphic patterns of primary benign 
bone tumors and tumorlike lesions on bone scan

Tumor Typical pattern on MDP/NaF
Osteoid osteoma A focal area of increased activity 

in all three phases and double 
intensity sign

Osteoblastoma Increased uptake in all three 
phases

Osteochondroma Variable degree of uptake
Giant cell tumor Increased uptake in all three 

phases
Chordoma Increased or normal uptake
Aneurysmal bone 
cyst

Moderate to intense uptake at the 
periphery of the lesion with little 
activity at its center (“doughnut 
sign”)

Bone 
hemangioma

Variable (increased, decreased or 
normal uptake)

Table 5.23 summarizes the scintigraphic pat-
terns of the main benign primary bone tumors.

Imaging of Major Specific Tumors

Osteoid Osteoma
Characteristically these lesions are intracortical 
and diaphyseal in  location, although they occa-
sionally involve the metaphysis. On standard 
radiographs, the characteristic appearance is a 
small, less than 1.5–2 cm, cortically based radio-
lucency (nidus) surrounded by marked sclerosis 
and cortical thickening, combined with the clas-
sic clinical history of pain, worse at night, that is 
relieved by aspirin. On CT, an area of increased 
bone density surrounding a lucent nidus is typical 
of this tumor. Scintigraphically there is a focal 
area of increased flow, increased blood pool 
activity, and increased delayed uptake [295]. A 
specific scintigraphic pattern of a double density 
may be seen more intense uptake corresponding 
to the nidus and a peripheral less intense activity 
(Fig.  5.62). Symptoms of osteoid osteoma are 
cured by removing the nidus. The nidus of the 
tumor must also be removed during surgery to 
avoid regrowth. SPECT may help to localize an 
osteoid osteoma before surgery, and a gamma 
probe is a useful operating room tool for localiz-
ing this tumor [319].

In osteoid osteoma, a typical nidus surrounded 
by sclerosis or cortical thickening characterizes 
the tumor on plain radiography and CT. Extensive 
accompanying bone marrow oedema, soft-tissue 
alterations, difficulty detecting the nidus, and 
lesion locations close to a joint (with reactive 
arthritis) may make a confident diagnosis of oste-
oid osteoma by MRi imaging difficult. SPECT/
CT with Tc99m diphosphonates or PET/CT with 
F-18 sodium fluoride combines high radionuclide 
uptake with morphological details and provides 
accurate diagnosis of osteoid osteoma and pro-
vides additional information for treatment plan-
ning. FDG is not used as osteoid osteoma is 
normally FDG-negative, although atypically, 
some may show increased FDG uptake [320].

“En bloc” resection is often not successful 
because the nidus is hard to find and remove 
totally. Since the nidus is best localized with CT 
[321], surgery under CT control using standard 
equipment usually available in the operating 
room has been recently used successfully for 
CT-guided removal of the nidus [322]. MRI also 
shows intramedullary high-intensity areas on 
T2-weighted images in the nidus, and this was 
suggested to be due to high level of 
 cyclooxygenase- 2 (COX-2) expression in neo-
plastic osteoblasts in the nidus [296].

Intra-articular and intramedullary osteoid 
osteomas present special problems. Joint effusion 
and lymphoproliferative synovitis, similar to that 
seen in rheumatoid arthritis, are often seen with 
intra-articular lesions and may suggest an arthritic 
condition, as may the relatively nonspecific 
symptoms often seen with these lesions and diag-
nosis may be delayed.

Osteoblastoma
As stated earlier, this tumor is related to osteoid 
osteoma and affects most commonly the spine and 
lower extremities. Scintigraphically, osteoblas-
toma shows intense uptake similar to osteoid oste-
oma. Radiographically, a pattern of lysis with or 
without a rim of surrounding sclerosis is character-
istic. Extensive surrounding sclerosis is usually 
absent; however, surrounding inflammatory 
changes are often identified on MRI.
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Fig. 5.62 (a–c) Flow (a), blood pool (b), and delayed (c) images of a patient with osteoid osteoma of the left femur 
showing intense flow and blood pool activity and on delayed images the specific pattern of double intensity (arrow)

Osteochondroma
This tumor could appear as sessile/pedunculated 
(exostosis) or asessile. The lesions particularly 
the pedunculated have a central core of cancel-
lous bone surrounded by a shell of cortical bone 
and covered by a cap of hyaline cartilage. It can 
be familial and multiple forming the entity of 
hereditary multiple exostosis that is discovered in 
childhood [323].

We encountered a case of this condition where 
the patient has more than 300 lesions, which 
show variable degree of uptake on bone scintigra-
phy. Standard radiographs and CT scan usually 
are enough to detect the lesions; however, bone 
scan is particularly useful to detect multiplicity 
and following up patients with hereditary disease 
since there is a risk of malignant transformation 
in up to 30% of cases [323].

MRI delineates and assesses the thickness of 
cartilage cap and is useful in planning biopsy of 
the lesions. A cartilage cap of 1.5–2 cm thick in a 
skeletally mature person is highly suggestive of 
malignant transformation. Scintigraphically a 
variable degree of uptake (Fig.  5.63) is seen 
which may reflect the lesion’s activity; however, 
active peripheral lesions particularly if small may 
not show enough uptake to be detected on bone 
scans [324–326].

Osteogenic Sarcoma
Scintigraphically, osteogenic sarcoma presents as 
an area of intense uptake (Fig. 5.64). Rarely, the 
tumor may present as a cold lesion [327].

CT and particularly MRI are superior to bone 
scan in evaluating the extent of the tumor. Bloem 
[328] evaluated the relative value of MRI, CT, 
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Fig. 5.63 Osteochondroma. A 14-year-old athletic male 
with pain and swelling of the left distal thigh for 1 week. 
The patient was referred to rule out trauma or heterotopic 
bone formation. The scan shows increased blood pool 

activity in the lateral aspect of the distal left femur repre-
senting the typical pattern of pedunculated 
osteochondroma
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Fig. 5.64 A 14-year-old 
male with pain and swell-
ing of the left upper leg 
proven later to be osteo-
genic sarcoma. Bone scan 
showing hypervascularity 
(a, b) and intense delayed 
uptake (c) corresponding to 
the X-ray (d) and MRI (e) 
findings (arrows). Note the 
mildly diffuse increased 
uptake in the bones of the 
left lower extremity due to 
disuse. No distant metasta-
ses. Note the outlines of the 
tumor on MRI images 
which are superior to bone 
scan in regional staging of 
the tumor

Tc99m bone scintigraphy, and angiography pro-
spectively in  local tumor staging in 56 patients 
with a primary bone sarcoma. MRI was signifi-

cantly superior to CT and scintigraphy in defining 
intraosseous tumor lengths and as accurate as CT 
in demonstrating cortical bone and joint involve-
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ment. Additionally, MRI was superior to CT in 
demonstrating involvement of skeletal muscle. 
Bone metastases are rare at presentation. 
McKillop et al. [329] found only one, out of 55 
patients, who presented with bone metastases. 
Conversely, during follow-up, bone metastases 
developed in 20 patients who developed abnormal 
bone scan, but approximately half were asymp-
tomatic. The authors concluded that initial bone 
scan yield is small, but it is a justified procedure 
on presentation because the results may pro-
foundly alter the treatment of the patient and is 
indicated in all patients routinely during follow-
 up even if they are asymptomatic. a more recent 
study found 4 out of 39 patients with bone metas-
tases at diagnosis. The study also found that 
18F-FDG-PET-CT demonstrated superior sensi-
tivity over BS for detecting osseous metastases, 
supporting the use of 18F-FDG-PET-CT for stag-
ing of osteosarcoma [330]. A meta- analysis study 
on the comparison of PET and PETT/CT to bone 
scan in the diagnosis. Recurrence and evaluation 
of response to therapy found that FDG has a 
pooled sensitivity of 91% and a specificity of 93% 
for detecting recurrence of osteosarcoma. The 
study demonstrated that 18F-FDG PET and PET/
CT are very accurate for the diagnosis, staging, 
and recurrence monitoring and the follow-up of 

the response of the tumor to therapy of osteosar-
coma [331] (Fig.  5.60). Tc99m MIBI and thal-
lium-201 have been also useful in the past for this 
purpose and predict the  prognosis. Studies have 
suggested that P-glycoprotein (Pgp) expression is 
a prognostic factor for patients with osteosar-
coma. Some investigators found relationship 
between the washout rate of 99mTc-MIBI and the 
Pgp score, with a significant difference in wash-
out rate being observed between patients with 
high and patients with low Pgp expression [332]. 
Others found that Tc99m- MIBI imaging is not an 
effective predictor of prognosis since the Tc99m-
MIBI half-life and uptake ratio showed no corre-
lation with histological necrosis following 
induction chemotherapy and did not correlate 
with P-glycoprotein expression [333].

Using thallium-201, the pattern of doughnut 
uptake was found to be a predictor of lower 
event-free survival in patients with extremity 
osteogenic sarcoma, but does not correlate with 
histologic response to therapy [334] (Fig. 5.65).

FDG-PET/CT has a high diagnostic accuracy 
for detecting bone metastases of osteogenic sar-
coma (98%) compared to 96% bone scan [335]. 
In the same study, lesion-based analysis demon-
strated that the sensitivity of PET/CT + BS 
(100%) was significantly higher than that of PET/

a b

Fig. 5.65 (a, b) 18F-FDG-PET study of a patient with 
osteogenic sarcoma of the distal right femur showing 
increased uptake and SUV value of 9.6. (b) Follow-up 

study obtained after chemotherapy shows a significant 
decrease in the initial uptake with a drop of SUV to 4.2, 
indicating a good response
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CT (92%) or BS (74%) alone. BS detected sig-
nificantly less bone metastases in the growth 
plate region than outside the growth plate region 
(22 vs. 77%) [335]. FDG-PET imaging provides 
also prognostic information related to grading 
and estimating biologic aggressiveness. High 
F18-FDG uptake correlates with poor outcome, 
and F18-FDG uptake may be complementary to 
other well-known factors in judging the progno-
sis in osteosarcoma [336].

Myeloma
Imaging plays an important role in the manage-
ment of patients with multiple myeloma. Standard 
radiograph has traditionally been the standard 
imaging modality; however, it has low sensitivity 
in detecting osteolytic lesions and inability to 
evaluate response to therapy. Accordingly other 
modalities are being used including whole-body 
low-dose CT, whole-body MRI, and 18F-FDGPET/
CT.  In large studies, whole-body low-dose 
CTWBLDCT was found to be superior to whole- 
body X-ray in detecting osteolytic lesions due to 
higher sensitivity and accuracy and in particular 
in the spine and pelvis.[337, 338].

The European Myeloma Network and the 
European Society for Medical Oncology guide-
lines have recommended WBLDCT as the imag-
ing modality of choice for the initial assessment 
of multiple myeloma related lytic bone lesions. 
Magnetic resonance imaging is the gold-standard 
imaging modality for detection of bone marrow 
involvement, while FDG PET/CT provides valu-
able prognostic data and is the preferred modality 
for response to therapy assessment [339].

Bone scan is viewed to be in general unreli-
able for staging although in a study reviewing 
the literature comparing the usefulness of con-
ventional skeletal radiography and bone scans 
in diagnosing the osteolytic lesions of myeloma 
shows that bone scintigraphy, considered by 
many to have no role in the detection of osteo-
lytic lesions of myeloma, is in fact more sensi-
tive than radiography in detecting lesions in the 
ribs, scapula, and spine. Although cold areas are 

commonly seen on bone scans, increased uptake 
(Fig.  5.66) is a common scintigraphic pattern. 
This should not contradict the fact that myeloma 
is the most common tumor to cause cold lesions 
on bone scan. Ga-68-PSMA PET/CT was 
reported recently to show intense uptake in a 
case of multiple myeloma which may also sug-
gest the possibility of theranostics with 
177Lu-PSMA.  Tumor neoangiogenesis is the 
mechanism attributed to increased 68GaPSMA 
uptake in such nonprostatic malignancies [340].

Ewing’s Sarcoma
As with other primary bone tumors, morphologic 
modalities including CT and MRI are the pri-
mary imaging modalities for assessing local 
extent of this primary tumor. Bone scan however 
is indicated when metastases need to be excluded 
particularly if SPECT/CT is used. The detection 
of osseous metastases of Ewing’s sarcoma, ther-
apy monitoring, and the diagnosis of recurrences 
is potentially useful clinical indications for FDG- 
PET [341].

FDG-PET was reported to detect more lesions 
of metastatic Ewing’s sarcoma than bone and gal-
lium scans, especially for those with bone mar-
row involvement [342]. Metastases are best 
evaluated with bone scintigraphy, FDG PET, or 
whole-body MR imaging. A study comparing 
these modalities in detecting metastases in chil-
dren with Ewing sarcoma found FDG PET (90% 
sensitivity) superior to bone scintigraphy (82% 
sensitivity) or whole-body MR imaging (71% 
sensitivity) [343].

Bone scintigraphy may reveal diminishing 
uptake of radionuclide in response to therapy 
[344]. However, FDG PET is more useful in 
evaluation of tumor response to treatment, with 
its ability to depict molecular changes before 
the morphologic abnormalities evaluated with 
morphologic cross-sectional imaging [345]. As 
mentioned earlier PET/MR is preferred to PET/
CT in pediatric age group [307] due to lower 
radiation exposure and better bone/soft tissue 
contrast.
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Fig. 5.66 (a–d) Selected spot images (a–c) of a bone 
scan of a patient with known multiple myeloma show 
areas of increased uptake at the sites of tumor. X-ray of 
the pelvis (d) shows the tumor corresponding to the 

increased uptake of the left iliac bone. Note that all lesions 
depicted have increased uptake and the patient had no his-
tory of trauma or pathologic fractures

5.4.2  Metastatic Bone Disease

Metastasis means “the transfer of disease from 
one organ or part to another not directly con-
nected with it” [346].

In general, several events are required for the 
metastatic spread of tumors (Fig.  5.67). The 
sequence of these events is as follows:

 1. Neoplastic cells separate from primary 
tumors.

 2. They gain access to an efficient lymphatic 
channel or blood capillary.

 3. They survive the transport.

 4. They attach to the endothelium of a distant 
capillary bed.

 5. They exit the vessel.
 6. They develop a supporting blood supply for 

the cells at the new site.

The pathophysiology of skeletal metastases 
includes two major events: transport of viable 
tumor cells to bone and interaction of these cells 
with osseous tissue. Once cells are in the site, 
they proliferate to produce micrometastasis. 
Further growth to macrometastasis occurs at the 
expense of the surrounding bone tissue. A variety 
of agents are implicated in the metastatic process 
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Fig. 5.67 Events required for metastatic spread: (1) sep-
aration of cells from primary tumor, (2) access of sepa-
rated cells to an efficient lymph channel or blood cap, (3) 
survival of cells during transport, (4) successful attach-
ment of cells to the endothelium of a distant cap bed, (5) 
exit of cells from vessel at new site, (6) successful devel-
opment of a supporting blood supply

including proteolytic enzymes, cell adhesion 
molecules (CAMs), and growth factors [347].

5.4.2.1  Methods of Tumor Cell 
Transport

In addition to direct extension, tumor cells are 
transported to produce metastases by:

• Lymphatic spread. Lymphatic spread is rela-
tively unimportant for the transport of tumor 
cells to distant bones. However, metastases in 
regional draining lymph nodes may second-
arily involve the adjacent bones.

• Hematogenous spread. Hematogenous spread 
is a major way of transporting malignant cells 
to the skeleton; it may happen through the 

arterial system or through the venous system, 
particularly the vertebral plexus of the veins of 
Batson [295]. The relative roles of the arterial 
and venous systems in the spread of tumor to 
bone are difficult to define. Metastases occur 
predominantly in the axial skeleton (espe-
cially the spine) and may be present in the 
absence of pulmonary and other organ involve-
ment, a combination of findings which sup-
port the significance of Batson’s vertebral 
plexus in tumor spread. This vertebral plexus 
consists of an intercommunicating system of 
thin-walled veins with low intraluminal pres-
sure. These veins frequently are without 
valves and lie outside the thoracoabdominal 
cavity. The plexus has extensive communica-
tion with veins (Fig. 5.68) in the spinal canal 
and with the caval, portal, intercostal, pulmo-
nary, and renal systems [348].

• Intraspinal spread. Intraspinal dissemination 
allows secondary deposits in the spinal canal 
to develop in patients with intracranial 
tumors. This occurs by subarachnoid spread, 
secondary to fragmentation of a tumor bathed 
with cerebrospinal fluid, shedding of por-
tions of the tumor at the time of surgery, 
ependymal breaching by the primary intra-
cranial tumor, or fissuring secondary to 
hydrocephalus [348]. Dissemination of intra-
cranial neoplasms via the cerebrospinal fluid 
represents only one of the mechanisms of 
spread of metastatic foci to the spinal cord. 
Arterial, venous, and direct extension path-
ways are additional routes.

5.4.2.2  Bone Response to Metastases
Hematogenous metastasis in human beings gen-
erally begins in the medullary cavity and then 
involves the cortex. Accordingly, intramedullary 
injection of tumor cells suspension is used exper-
imentally. There are two types of osseous 
response to metastasis:
 1. Bone resorption

There is increased bone resorption secondary 
to malignant disease. Osteoclasts, tumor cells, 
tumor cell extracts, monocytes, and macro-
phages may all be involved in the process 
[349, 350].
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Fig. 5.68 Batson’s plexus

 2. Bone formation
This response to tumor occurs in two ways:
 (a) Stromal bone formation is the earlier and 

quantitatively less important mechanism 
of bone formation associated with metas-
tasis. In this type of bone formation, 
intramembranous ossification takes place 
in areas of fibrous stroma within the 
tumor. This occurs only in those skeletal 
metastases which are associated with the 

development of fibrous stroma, such as 
carcinoma of the prostate. Highly cellular 
tumors have little or no stroma and are 
not accompanied by this type of bone 
formation.

 (b) Reactive bone formation occurs in 
response to bone destruction. Immature 
woven bone is deposited and subsequently 
converted to lamellar bone. In highly ana-
plastic, rapidly growing tumors, lympho-
mas, myelomas, or leukemias, the active 
bone formation may be only minor or 
insignificant [351].

5.4.2.3  Distribution of Bone 
Metastases

The distribution of skeletal metastases varies 
with the type of primary malignant tumor and age 
(Fig.  5.69). However, metastases typically 
involve the axial skeleton, which is the region 
rich in red bone marrow (Fig.  5.70). Factors 
favoring the predominant involvement of the red 
marrow include a large capillary network, a slug-
gish blood flow, and the suitability of this tissue 
for the growth of tumor emboli. As mentioned 
earlier, blood flow is estimated as 5–13 times 
higher to cancellous bone containing marrow 
than to cortical bone [7]. In decreasing order, the 
usual locations of bone metastases are the verte-
bral column, pelvic bones, ribs, sternum, femoral 
and humeral shaft, and skull. Less common sites 
of skeletal metastases include the mandible, 
patella, and the bones of the extremities distal to 
the elbows and knees.

The involvement of the spine as the most com-
mon site by metastasis can be explained by:

• The fact that Batson’s venous plexus provides 
direct communication between the spine and 
numerous other locations in the body.

• The large amount of bone mass.

Within the spine, the thoracic and cervical 
areas involving the lumbar region are the most 
commonly affected. Within the vertebra, metasta-
ses are more common in the vertebral body than 
in the posterior elements. Possible explanations 
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Fig. 5.69 Distribution of bone metastases according to age
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Fig. 5.70 A whole-body bone scan with metastatic bone disease distributed axially illustrating the most common sites 
and corresponding to the axial skeleton

for the low frequency of metastases in the distal 
portion of the extremities are:

 1. The blood supply, which is essentially limited 
to the arterial route.

 2. The relative absence of red marrow, which is 
a suitable soil for the growth of metastatic 
tumor cells.

5.4.2.4  Classification of Bone 
Metastases

Skeletal metastases begin as medullary lesions. 
As the lesion enlarges, the surrounding cortical 
bone undergoes both osteoclastic and osteoblastic 
changes, and bone may be destroyed directly by 
the tumor cells or indirectly by specific mediators 
which stimulate resorption by osteoclasts [351].
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Bone metastases can be classified on the 
basis of several factors, including number of 
lesions, location, calcium content (as seen on 
radiographs), and patterns of bone response. 
Depending on the proportion of these osteo-
clastic and osteoblastic changes, the radio-
graphic appearance will be lytic, blastic, or 
mixed [352].

The skeleton might at times respond to the 
various metastatic foci of a tumor in a uniform 
manner. However, this is not constant. 
Sometimes bone metastases show, for exam-
ple, purely osteoblastic or mixed osteoblastic/
osteolytic lesions in certain sites and purely 
osteolytic lesions in others. Based on the pat-
tern of bone response, metastases can be clas-
sified as:

• Purely osteolytic: typically arising from 
carcinomas of the thyroid, kidney, adrenal, 
uterus, and gastrointestinal tract. Lytic 
lesions may be associated with a very rap-
idly growing metastasis; hence, osteoblastic 
repair component is unable to keep up with 
the osteoclastic changes, such as seen with 
metastases from kidney and lung carcinoma. 
Metastases with lytic appearance, however, 
may also be slowly growing so that an 
osteoblastic response is only minimally 
stimulated which is seen in metastases 
derived from myeloma or thyroid carci-
noma. Additionally, tumors like myeloma 
may release a substance that inhibits the 
osteoblastic response.

• Purely osteoblastic: are seen in bone meta-
static tumors with slower growth such as pros-
tatic carcinoma, less often from bronchial 
carcinoid, carcinoma of the nasopharynx and 
stomach, neuroblastomas, and medulloblasto-
mas and may actually be a sign of healing of a 
lytic process [353].

• Mixed osteolytic/osteoblastic: arising from 
carcinomas of the breast, lung, cervix, ovary, 
and testis. Tables 5.24, 5.25 and 5.26 lists 
tumors that produce different types of 
metastases.

5.4.2.5  Sources of Bone Metastases
Since the vast majority of metastatic bone lesions 
appear in the middle- and older-aged groups, cer-
tain tumors are known to be common sources of 
bone metastases. The following primary tumors 
are the most common to metastasize to bone: 
prostate, breast, kidney, lung, and thyroid. Bladder 
and uterine carcinomas are less common sources.

In children, skeletal metastases come from 
neuroblastoma, Ewing’s sarcoma, and osteosar-
coma. In men, carcinoma of the prostate 

Table 5.25 Tumors producing primarily osteoblastic 
bone metastases

Prostate
Medulloblastoma
Medullary carcinoma of thyroid
Carcinoid
Osteogenic sarcoma
Neuroblastoma
Nasopharyngeal carcinoma

Table 5.26 Tumors producing primarily mixed osteo-
blastic/osteolytic bone metastases

 Breast
Lung
Urinary bladder
Pancreatic
Testicular
Cervical
Ovarian

Table 5.24 Tumors producing primarily osteolytic bone 
metastases

Renal
Thyroid
Ewing’s
sarcoma
Uterine carcinoma
Gastrointestinal cancers
Hepatoma
Wilms’ tumor
Melanoma
Malignant pheochromocytoma
Squamous cell carcinoma of skin
Myeloma
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accounts for 60% of bone metastases, while in 
women, breast cancer accounts for 70% of such 
metastases. Following is a brief presentation of 
the  relevant pathological considerations con-
cerning the major sources of skeletal 
metastases.

• Breast Cancer. Breast cancer is a common 
source of skeletal metastases. The average 
incidence of metastases is low at less than 
5% in clinical stages 1 and 2, although it 
ranges from 0 to 40%. In clinical stage 3, 
the incidence of bone metastases is 20–45%. 
The tumor usually produces osteolytic or 
mixed osteolytic/osteoblastic lesions. 
Rarely, breast cancer gives rise to only 
osteoblastic lesions. The bone metastases 
develop most rapidly during the first 2 years. 
Pain is not a good predictor of bone metas-
tases, since such metastases are found in 
asymptomatic breast cancer patients and in 
only 60% of patients with constant pain 
[354–356].

• Prostate Cancer. Prostate cancer is also a 
common source of bone metastases that are 
characteristically osteoblastic. Metastases to 
bone are found in 8–35% of patients at the 
time of diagnosis. Bone scintigraphy has a 
crucial role in detecting metastases since it is 
more sensitive than other imaging and labora-
tory modalities. Pain has a low predictive 
value in their detection.

• Lung Cancer. Lung cancer produces skeletal 
metastases in three ways: (a) via lymphatic 
spread to mediastinal nodes with direct exten-
sion to bone; (b) via lymphatic spread to para- 
aortic nodes, followed by direct extension to 
bone; and (c) via invasion of pulmonary veins, 
followed by transport of tumor through the 
arterial circulation to any part of the skeleton, 
including the appendicular. The lesions are pre-
dominantly osteolytic and mixed, although 
only osteoblastic lesions can occur in a minor-
ity of cases, particularly those with small cell 
and adenocarcinoma. Among the four major 
types of lung cancer, small cell is the most 
aggressive, followed by large cell and adeno-

carcinoma, squamous cell being the least 
aggressive [348].

• Renal Cell Carcinoma. Renal cell carcinoma 
produces skeletal metastases rather commonly. 
Although symptoms related to metastases 
might be the presenting feature, these symp-
toms are inconsistent, and pain is not a reliable 
predictor. The tumor produces skeletal metasta-
ses through (a) lymphatic channels to para-aor-
tic, hilar, paratracheal, and/or mediastinal 
nodes with invasion of bone later and (b) inva-
sion of renal veins which leads to the inferior 
vena cava, right atrium, and then pulmonary 
vessels, to be disseminated to bones. The meta-
static lesions are predominantly osteolytic and 
in some cases expansile [355, 357].

5.4.2.6  Sequelae of Skeletal 
Metastases

Local consequences include:
 1. Bone destruction

Both direct and indirect mechanisms of bone 
destruction are involved in the bone loss asso-
ciated with tumor invasion of bone [358].

Direct stimulation of bone loss: Tumors 
cause increased osteoclastic activity and con-
sequently bone destruction through secretion 
of tumor-derived substances that directly 
stimulate osteoclasts. These substances 
include parathyroid hormone-related protein, 
transforming growth factor alpha, transform-
ing growth factor beta, and prostaglandins.
Indirect stimulation of bone loss by tumors 
occurs, however, by substances secreted by the 
tumor that stimulate first the immune cells 
(Tcells) or activated bone cells which in turn 
release osteoclast-stimulating cytokines such 
as tumor necrosis factor (TNF) and interleu-
kin- 1 (IL-1) which increase the osteoclastic 
activity and cause bone destruction (Fig. 5.71).

 2. Pathological fractures
Metastases cause weakening of the 

involved bones and may lead to fractures in 
the vertebrae (compression fractures) or long 
bones, most commonly affecting the proximal 
portion of the femur [357].
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Fig. 5.71 Direct and indirect mechanisms of bone destruction associated with tumor invasion of bone

 3. Periosteal new bone formation
In general, periosteal reaction due to metasta-
ses is minimal if present compared with sig-
nificant new bone formation in association 
with primary bone tumors.

 4. Soft tissue extension
Soft tissue masses may infrequently present 
regionally in association with metastases. 
This occurs particularly with rib lesions in 
association with myeloma and in the pelvis in 
association with colon cancer.

 5. Bone expansion
This occurs with both osteolytic and osteo-
blastic lesions. Carcinomas of the prostate, 

kidney, and thyroid and hepatocellular carci-
noma are particularly known to cause expans-
ile metastatic lesions.
Generalized or metabolic consequences 

include:
 1. Hypercalcemia

This can be associated with metastases due to 
destruction of bone, but also with primary 
tumors not associated with skeletal metasta-
ses. Hypercalcemia occurs in up to 20% of 
cancer patients.

 2. Hypocalcemia
An unidentified humoral substance capable of 
stimulating osteoclasts in some cancer 
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patients with skeletal metastases is proposed 
to be the underlying mechanism behind the 
presence of hypocalcemia in up to 16% of 
cancer patients.

 3. Osteomalacia
In some patients with skeletal metastases, 

depressed levels of 1,25-hydroxyvitamin D3, 
hypocalcemia, and hypophosphatemia are 
recognized and associated with generalized 
weakness and pain of bones and muscles 
(oncogenic osteomalacia).

5.4.2.7  Imaging of Metastatic Bone 
Disease

In general, four main modalities are routinely uti-
lized clinically to assess for existence of meta-
static lesions. These modalities include standard 
radiography, CT scan, scintigraphy, and MRI, 
each alone or in combination (hybrid). Bone 
metastases are not uncommon at the time of the 
diagnosis and follow-up of many primary tumors 
[359–361] (Table 5.27). Incidence varies signifi-
cantly by tumor type, stage at diagnosis, and by 
duration after diagnosis.

Three large studies searched the incidence of 
metastases at the time of the diagnosis of differ-
ent solid tumors and when later for up to 10 years 
based on medical records to determine incidence 
of occurrence [360, 361].

Bone scan is the most widely used modality 
and is the most practical and cost-effective screen-
ing technique for assessing the entire skeleton. In 
addition, bone scan is very sensitive in detecting 
the disease. However, there is a variable false-
negative rate in assessing lesions in certain loca-
tions particularly in the spine and in those confined 

to bone marrow. MRI has been found to detect 
more vertebral metastases than bone scan. PET 
using F-18 sodium fluoride (NaF) is increasingly 
evaluated for detection of bone metastases and 
has been shown by several studies to be more sen-
sitive than MDP bone scan and has better sensitiv-
ity for smaller and osteolytic lesions than MDP.

Tc99m Diphosphonate Bone Scintigraphy
Either direct visualization of tumor cells or iden-
tification of secondary bone reaction to the 
malignant cells establishes a basis for detection 
of malignant bone lesions. The mechanism of 
visualizing bone metastases by Tc99m diphos-
phonates or F-18 sodium fluoride is dependent on 
detection of the reactive (osteoblastic) response 
to invading tumor. In most of the cases, osteo-
blasts are stimulated in response to tumor, and 
the new bone mineral formed accumulates the 
radiotracer, consequently producing “hot” spots. 
In a fewer cases, tumor may produce a predomi-
nantly lytic reaction producing a photopenic area.

SPECT is more sensitive than planar scintig-
raphy; SPECT imaging identifies disease seen on 
CT but missed on planar scintigraphy in one- 
third of patients [362].

SPECT is useful in the assessment of meta-
static disease because of its precise localization of 
vertebral involvement as well as greater sensitiv-
ity for the detection of vertebral metastases [363].

Appearance of Bone Metastases on Bone 
Scan
Bone scan is the most widely used modality and 
is the most practical and cost-effective screening 
technique for assessing the entire skeleton. In 
addition, bone scan is very sensitive in detecting 
the disease. However, there is a variable false- 
negative rate in assessing lesions in certain loca-
tions particularly in the spine and in those 
confined to bone marrow [364].

On bone scans, metastases have different 
patterns:

Typical pattern: The most common and typi-
cal pattern of bone metastases is that of multiple, 
randomly distributed foci of increased uptake 
(Fig.  5.72), usually in the axial skeleton, 
 following the distribution of certain bone marrow 

Table 5.27 Bone metastasis and type of common tumors 
at the time of diagnosis and during 10 year follow-up

Incidence at 
diagnosis (%)

Incidence range 
during 10 year 
follow-up (%)

Lung 16.4 22–27
Prostate 5.1 44–73
Breast 3.6 35–63
Kidney 5.2 5–29
Melanoma 0.8 6–13.5
Colon rectal 1.1 3–12

Data extracted from [359–361]
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Fig. 5.72 Whole-body blood pool and delayed scans of a 
77-year-old male with advanced carcinoma of the pros-
tate. PSA 99 ng/μl. Patient was referred to rule out metas-

tases. The scan shows the typical pattern of metastatic 
bone diseases of randomly distributed foci of increased 
uptake

including the shoulder girdle, with relatively less 
extensive involvement of the ribs. Multiple frac-
tures and multifocal infection may simulate this 
pattern. The following hematogenously dissemi-
nated infections of bone and other pathological 
conditions [365] can cause a pattern that may 
mimic metastases:

 1. Tuberculosis
 2. Atypical mycobacteria
 3. Coccidioidomycosis
 4. Tertiary syphilis
 5. Brucellosis

 6. Sarcoidosis
 7. Multiple fractures

Atypical patterns include:

 1. Solitary lesions
These occur in the axial and in the appendicu-
lar skeleton in a variable percentage of 
patients (Fig. 5.73). The incidence of malig-
nancy in solitary lesions varies with the loca-
tion. The incidence is highest in the vertebrae. 
These lesions are commonly asymptomatic 
and are not suspected clinically. Less than half 
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Fig. 5.73 A 63-year-old male with increased alkaline phosphatase and fever. Solitary bone lesion in the left tibia 
proven to be metastatic
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Fig. 5.74 A whole-body bone scan with a magnified 
image of the thoraco-lumbar region of a patient with renal 
cell carcinoma and status post right nephrectomy. Two old 
lesions are seen in the regions of the nineth thoracic verte-

bra and the medial part of the tenth right rib (arrows) rep-
resenting “old” metastatic pattern that is common with 
certain aggressive tumors including renal cell carcinoma
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of these lesions are evident on X-rays. These 
facts further emphasize the importance of 
obtaining a bone scan of the entire skeleton 
routinely in patients with cancer.

 2. Cold lesions
Aggressive tumors may cause cold lesions at 
the time of presentation (Fig.  5.74). This is 
seen frequently in multiple myeloma and 
renal cell carcinoma, although the most com-
mon pattern of multiple myeloma on bone 
scan is hot spots [366].

 3. Equilibrium pattern
Hot lesions may have a relatively normal 
appearance with time, reflecting a point of 
equilibrium between osteoblastic activity and 
the bone destruction by the tumor. It appears 
that skeletal lesions may evolve through 
increased uptake, the equilibrium phase, and 
then decreased uptake. The second phase can 
result in minimal abnormalities of focal, non-
uniform, minimally increased uptake, or even 
near-normal patterns that can be missed on 
scan. This phenomenon has been observed 
and studied particularly in rib lesions [367].

 4. Diffuse pattern
With advanced metastatic disease, the entire 
axial skeleton may be involved by a load of 
tumor cells causing increased extraction of 
radiopharmaceutical. This pattern may be 
interpreted as normal depending on the display 
intensity and should also be differentiated 
from other causes of diffusely increased uptake 
in the skeleton (superscan) such as hyperpara-
thyroidism and other metabolic bone diseases 
(Fig. 5.75) and Paget’s disease (Table 5.28).
A superscan secondary to metastases shows 
increased uptake that is usually confined to 
the axial skeleton, while in case of metabolic 
disorders, it also involves the skull, mandible, 
sternum, and metaphyses of long bones. 
Preferential increase of uptake at the osteo-
chondral junctions and joint renal activity are 
additional features of metabolic disease on 
assorted superscans.

 5. Flare pattern
Therapy producing healing at the tumor site 
results in several pathological changes as seen 

on scintigraphy. As the term healing implies, 
inflammatory changes with increasing blood 
flow occur early after therapy. Since the 
tumors are in bones, reactive bone formation 
increases with successful therapy [368].
Following radiation therapy, there is increased 
activity on blood pool images, and delayed 
images may be seen early on due to inflamma-
tory reaction. Later, these changes disappear, 
and decreased uptake is typically seen. It 
should be noted that the effects of therapeutic 
radiation depend on the time after treatment 
and the dose.
Follow-up scans are more frequently obtained 
after chemotherapy than after radiation ther-
apy, and the changes that are seen continue for 
longer periods. Early increased activity on 
blood pool and delayed images is noted, fol-
lowed by decreasing activity that can be nor-
malized. Increasing activity may be significant 
and continue for several months even with 
successful therapy. This phenomenon may 
include the appearance of small, new lesions 
due to healing at the sites of preexisting small 
or cold lesions that were not resolved on ear-
lier scans.

 6. Symmetrical pattern
Occasionally, symmetrical uptake due to 
metastases is seen in certain tumors as neuro-
blastoma and in case of bone marrow involve-
ment in leukemia. This pattern is particularly 
seen in distal femoral and proximal tibial 
metaphyses.
Table 5.29 summarizes correlation between 
common pathologic changes of bone and the 
scintigraphic findings on bone scan.

Imaging Metastases with Other Modalities
MRI has been found to detect more vertebral 
metastases than bone scan. F18 Sodium Fluoride 
and FDG PET are increasingly evaluated for 
detection of bone metastases (Fig. 5.76) and was 
shown to be more sensitive than bone scan 
[369–372].

Combined Sodium fluoride and FDG PET has 
also been used and has added benefit. In a com-
parative study, the diagnostic accuracy of whole- 
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Fig. 5.75 (a) A whole-body bone scan illustrating the 
pattern of diffuse metastases (superscan). Note that the 
appendicular bones are essentially not involved compared 
to the pattern of superscan secondary to metabolic bone 

disease as illustrated in a patient with renal failure (b). In 
this case the increased uptake extends to appendicular 
bones even distally
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Table 5.28 Causes of diffuse increase of radiopharma-
ceutical uptake by the skeleton

1. Advanced metastatic bone disease
2. Metabolic bone disease
   Primary and secondary hyperparathyroidism
   Hypertrophic osteoarthropathy
   Renal osteodystrophy
   Paget’s disease
3. Others
   Acromegaly
   Aplastic anemia
   Hyperthyroidism
   Leukemia
   Waldenström’s macroglobulinemia
   Myelofibrosis
   Hypervitaminosis D

Table 5.29 Scintigraphic pathological correlation

Pathological etiology
Scintigraphic pattern 
on bone scan

Osteoblastic response Increased uptake
Increased vascularity Increased flow and 

blood pool activity
Angiogenesis Increased blood 

pool activity
Bone destruction (infarction, 
rapidly growing aggressive 
metastasis)

Cold areas

Large destructive lesion with a 
rim of new bone formation

Doughnut pattern

Paget’s disease, some primary 
or metastatic tumors

Bone expansion

Arthritis, reflex sympathetic 
dystrophy

Periarticular 
increased uptake

Equilibrium of bone 
destruction and bone formation

Near-normal 
appearance

body MR imaging, bone scintigraphy, and 
FDG-PET for the detection of bone metastases in 
children was determined. Twenty-one patients 
exhibited 51 bone metastases. Sensitivities for 
the detection of bone metastases were 90, 82, and 
71% for FDG-PET, whole-body MR imaging, 
and bone scintigraphy, respectively. False- 
negative lesions were different for the three 
imaging modalities, mainly depending on lesion 
location. Most false-positive lesions were seen 
with FDG-PET [318]. Another study of 56 
patients with malignant lymphoma also showed 
that FDG-PET is more sensitive but, in contrast, 

more specific than bone scintigraphy []. It is 
important to remember that PET provides direct 
visualization of metastases, while bone scan 
visualizes the reactive bone in response to the 
presence of metastases. FDG-PET can help dif-
ferentiate flare from progression and evaluate the 
tumor status when bone scan is stable [373] 
(Figs. 5.77 and 5.78).

The use of 18F as the fluoride ion has increased. 
18F-sodium fluoride (NaF) PET/CT is used for 
bone imaging with some established indications. 
The uptake mechanism of 18F-fluoride resembles 
that of 99mTc-methylene diphosphonate (MDP), 
with better pharmacokinetic characteristics 
including faster blood (Fig.  5.79) clearance and 
twofold higher uptake in bone. After diffusing 
into the extracellular fluid of bone, the fluoride 
ion is exchanged for a hydroxyl group in the bone 
crystal and forms fluorapatite [374, 375].

Increased 18F-fluoride uptake may be detected 
in both sclerotic and lytic lesions. In general, 
18F-fluoride is best for blastic lesions. The mini-
mal osteoblastic activity accompanying a lytic 
lesion, which may not be identified on 99mTc- 
MDP bone scan, may be readily identified with 
18F-fluoride PET imaging.

18F-fluoride, however, shows also increased 
uptake in benign bone lesions including 
 degenerative change, fractures, Paget’s disease, 
enchondroma, and osteoma. The use of low-dose 
CT in conjunction with 18F-fluoride PET 
improves sensitivity and specificity and improves 
the ability to distinguish benign from malignant 
lesions [376–378].

PET/CT studies are valuable in evaluation of 
metastatic bone disease (Fig. 5.80) and in follow-
ing patients with bone-dominant metastases. 
However, there is no definite evidence yet that 
18F-fluoride PET is more sensitive in detecting 
bone metastases to justify replacing conventional 
bone scan.

PET imaging with 18F-fluoro-2-deoxyglucose 
(18F-FDG) has also been used to identify bone 
metastases. 18F-FDG is directly taken by tumor 
cells and consequently detects cortical and mar-
row involvement. This indicates that this radio-
tracer will be best for lytic lesions. Since 
18F-FDG-PET has low uptake in normal red 
marrow, it allows for early detection of malignant 
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Fig. 5.76 F-18 PET/CT study illustrating multiple hypermetabolic foci in the cervical, thoracic, and lumbar spine 
representing multiple vertebral metastases. (Courtesy of Prof.SherifElrifae with thanks)

bone marrow involvement preceding detection of 
bone metastases by bone scan using diphospho-
nates. 18F-FDG-PET can detect all three types of 
skeletal metastases including lytic, blastic, and 
mixed, but preferably 18F-FDG-PET is more 
sensitive for detection of lytic rather than osteo-
blastic metastases which are usually less aggres-
sive lesions [327, 379–381].

Cook et al. found 18F-FDG-PET has slightly 
decreased sensitivity for predominantly osteo-
blastic lesions but has higher overall sensitivity 
due to more frequent occurrence of osteolytic 
bone metastases [382].

Compared to 99mTc-MDP and 18F-fluoride, 
18F-FDG-PET is found to be more sensitive for 
the detection of bone metastases secondary to 

lung cancer. For metastases of breast cancer, 
18F-FDG appears to be more sensitive for lytic 
lesions, but less sensitive for sclerotic ones. 
Conversely, 18F-FDG-PET is also less sensitive 
in detection of bone metastases from prostate 
cancer. Accordingly, posttreatment studies which 
often result in sclerotic lesions are negative with 
18F-FDG imaging because they have healed and 
no longer have viable tumor [383].

FDG-PET/CT was found to have a very high 
PPV of 98% in the evaluation of bone malig-
nancy when the two portions of the examination 
are in agreement and when bone window of CT is 
used. It also can help better differentiate whether 
FDG-avid lesions are truly located within bone 
vs. adjacent soft tissue [384, 385].
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Fig. 5.77 A 49-year-old woman with breast cancer 
(N1M0) who had undergone mastectomy and axillary 
lymph node dissection on the right side. The patient had 
no evidence of disease for 3 years. She presented with an 
CA 15.3 tumor marker. BS showed uptake in the left 
humeral head suspicious of necrosis on the basis of long- 
term corticotherapy and nonspecific uptake in the spine 
(top left). PET showed intense FDG uptake in both the 
humeral head and the seventh right costovertebral junc-
tion and first lumbar vertebra (bottom left). The patient 

was treated with chemotherapy. Seven months after treat-
ment, BS showed persistent uptake in the left humeral 
head with increased activity in the right humeral head, 
seventh right costovertebral junction, and first lumbar ver-
tebra (top right). PET scan showed resolution of the previ-
ous lesions (bottom right). On the basis of the PET 
findings, the results on BS should be interpreted as repre-
senting a flare phenomenon. (From [373] with 
permission)

Most recently fluorocholine (18F) (FCH) PET/
CT seems to be promising in detection of bone 
metastases in patients with prostate cancer. Several 
clinical studies have found increased sensitivity of 
combined NaF/FDG-PET/CT for detection of 
osseous lesions when compared with separate NaF 
PET/CT and FDG-PET/CT [386–390].

Several tumor-targeted radiotracers have been 
introduced for molecular imaging of bone metas-
tases particularly 68Ga PSMA, which is very 
useful in the detection and follow-up of prostatic 
cancer metastases [391].

Table 5.30 summarizes the role of PET in pri-
mary and metastatic bone disease.
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FDG Remission

R R
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Fig. 5.78 A 55-year-old man recently diagnosed with 
non-small right lung cell cancer. BS (top left) and PET 
(bottom left) in the staging showed multiple bone metasta-
ses, with a different distribution, probably due to the lytic/
blastic behavior. The patient was treated with chemother-
apy. Eight months after treatment, BS remained similar 

(top right). PET scan showed resolution of previous 
lesions (bottom right). On the basis of the PET findings, 
BS results should be interpreted as representing a persis-
tent bone reaction, not active metastatic disease. (Figure 
printed with permission from [373])
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a b

Fig. 5.79 F-18 sodium fluoride PET/CT whole-body 
MIP (a) and selected transaxial CT, PET, and PET/CT 
fusion images of the chest (b) showing increased uptake at 

the vertebral body (arrow) and rib (arrowhead) corre-
sponding to osteoblastic lesions on the CT images
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Table 5.30 Summary of the role of PET in malignant 
bone disease

Detection of metastatic bone disease
Evaluation of response to therapy of primary or 
metastatic bone disease
Detection of recurrence of primary bone malignancies
Early differentiation of progression and flare of 
metastatic bone disease seen on bone scan
Evaluation of solitary bone lesion

Fig. 5.80 F-18 sodium fluoride bone PET study in a 
patient with lung cancer illustrating multiple metastases 
with excellent resolution
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6.1  The Thyroid Gland

6.1.1  Anatomical and Physiological 
Considerations

6.1.1.1  Anatomy
The thyroid gland develops from the foramen 
cecum of the tongue, to which it is connected by 
the thyroglossal duct. It descends during fetal life 
to reach the anterior neck by about the seventh 
week. Absent or aberrant descent results in ecto-
pic locations, including the sublingual region and 
superior mediastinum.

The normal adult thyroid gland weighs 
14–19 g. It is generally smaller in women than in 
men, and is barely palpable [1, 2]. The thyroid is 
located in the mid to lower anterior neck, with the 
isthmus in front of the trachea, usually just below 
the cricoid cartilage, and the lobes on the sides of 
the trachea (Fig.  6.1). In older individuals with 
shorter necks, the thyroid may lie at or just above 
the suprasternal notch, and it may often be partly 
substernal. The thyroid gland moves cephalad 
during swallowing, a characteristic that aids in 
palpation and in distinction of thyroid from non-
thyroid neck masses.

6.1.1.2  Physiology
The thyroid gland regulates a spectrum of physi-
ological activities such as growth, metabolism, 
homeostasis, and cell proliferation and differen-
tiation through the secretion of thyroid hormones. 
The thyroid follicle consists of a colloid center, 
which acts as a storage site for thyroid hormone, 
surrounded by epithelial cells (Fig. 6.2). The thy-
roid epithelial cell has a transport mechanism, 
also referred to as trapping, that enables thyroid 
concentration of iodide. The sodium- dependent 
iodide transport activity of the thyroid gland is 
mainly attributed to the functional expression of 
the Na+/I− Symporter (NIS) localized at the baso-
lateral membrane of thyroid epithelial cells. 
Symporter activity is influenced primarily by 
pituitary thyroid-stimulating hormone (TSH), 
which increases the transport of iodide. The 
trapped iodide subsequently undergoes organifi-
cation and incorporation into thyroid hormones.

Additionally, other anions, such as pertechne-
tate, thiocyanate, and perchlorate, are also accu-
mulated by the thyroid gland. The uptake of 
pertechnetate is the basis for 99mTc-pertechnetate 
scintigraphy. Thiocyanate, derived from certain 
foods, decreases thyroid accumulation of iodine 
and may exacerbate iodine deficiency. Perchlorate 
has diagnostic and therapeutic applications.

Synthesis of hormone takes place in thyro-
globulin, a glycoprotein, which is produced in the 
thyroid cell and extruded into the colloid. Iodine 
combines with tyrosine in thyroglobulin to form 
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Fig. 6.2 Thyroid follicle. (a) Low-power field images of thyroid gland tissue showing the follicles lined by follicular 
cells and filled with colloid. (b) Diagram illustrating thyroid follicles and cells
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Table 6.1 Actions and uses of antithyroid drugs

Drug Mechanism Uses
Propylthiouracil 
(PTU)

Blocks iodine organification Controls hyperthyroidism in Graves’ disease and 
toxic nodular goiterDecreases the monodeiodination of T4 

to T3

Decreases in serum levels of 
thyrotropin receptor autoantibodies

Methimazole Blocks iodine organification Controls hyperthyroidism in Graves’ disease and 
toxic nodular goiterDecreases in serum levels of 

thyrotropin receptor autoantibodies
Glucocorticoids Rapid inhibitory effect on peripheral 

conversion of T4 to T3

Thyroid storm, Graves’ ophthalmopathy, and 
protracted subacute thyroiditis

Iodides Decreases synthesis of thyroid 
hormones

Thyroid storm

Lithium Blocks release of thyroid hormone Adjunct in treatment of severe hyperthyroidism
Potassium 
perchlorate

Decreases thyroid iodine uptake and 
discharges unbound iodine

Amiodarone-induced thyroid dysfunction and after 
accidental exposure to radioactive iodine

monoiodotyrosine (MIT) and diiodotyrosine 
(DIT). Subsequently, the iodotyrosines are cou-
pled, with the formation of thyroxine (T4) and 
triiodothyronine (T3). The coupling reaction also 
is mediated by peroxidase.

Release of thyroid hormones occurs in 
response to TSH, where a small amount of col-
loid is engulfed by the epithelial cell and proteo-
lyzed, with release of T3 and T4, which diffuse 
into the circulation. Thyroglobulin not undergo-
ing proteolysis also enters the circulation in small 
quantities. The serum thyroglobulin has been 
used as a tumor marker in differentiated thyroid 
cancer. Thyroglobulin decreases and eventually 
becomes undetectable following thyroidectomy 
and 131I ablation, and its subsequent rise indicates 
a recurrence. TSH stimulation, by promoting col-
loid endocytosis, increases the amount of thyro-
globulin released. Consequently, the serum 
thyroglobulin is a more reliable tumor marker at 
high TSH levels [3, 4].

Most of the circulating thyroid hormones are 
bound to plasma proteins, the free fraction com-
prising about 0.05% of T4 and 0.2% of T3. Only 
the free hormone has metabolic effects, and it is a 
more accurate measure of thyroid function than 
the total hormone, which varies with plasma pro-
teins levels. T3 is considered the active hormone. 
About 20–30% of the circulating T3 is secreted 
by the thyroid gland and the remainder is pro-
duced by monodeiodination of T4 in extrathyroid 

tissues, notably the liver, kidney, brain, and pitu-
itary [4]. Decrease in the peripheral conversion of 
T4 to T3 is a basis for the use of some antithyroid 
drugs.

Most antithyroid drugs generally block one or 
more steps in the synthesis and metabolism of 
thyroid hormone (Table 6.1). The thiourea deriv-
atives (thionamides), including propylthiouracil 
(PTU) and methimazole, are the most common 
antithyroid agents in use [5, 6]. Methimazole is 
generally the preferred drug since PTU may be 
associated with serious hepatotoxicity [6]. Other 
drugs used for their antithyroid actions include 
glucocorticoids, iodides, lithium, and potassium 
perchlorate [4].

Thyrotropin-releasing hormone (TRH), a tri-
peptide originating from the hypothalamic 
median eminence, stimulates the secretion and 
synthesis of thyroid-stimulating hormone (TSH, 
thyrotropin), a glycoprotein, by the anterior pitu-
itary. It increases the transport of iodide, synthe-
sis of hormone, and release of T3, T4, and 
thyroglobulin. The production and release of 
TSH are influenced by the concentration of T3 
within the pituitary. When the T3 concentration 
falls below a set point, TSH secretion increases, 
and synthesis and release of thyroid hormones 
are accelerated. Conversely, when the T3 level 
rises above the set point, TSH release is inhibited. 
In addition to its pituitary effect, T3 inhibits hypo-
thalamic TRH release. Other mechanisms 
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reported more recently include the inhibitory 
actions of the released TSH on TRH secretion, 
and on TSH receptors in the pituitary itself.

In addition to regulation of thyroid function, 
TSH promotes thyroid growth. If thyroid hor-
mone synthesis is chronically impaired, as in 
iodine deficiency and autoimmune thyroid 
 disease, chronic TSH stimulation eventually may 
lead to the development of a goiter.

The serum TSH is a sensitive and specific 
marker of thyroid function. Normal serum TSH is 
about 0.45–4.5  μunits/ml, and levels up to 
20 μunits/ml are considered normal in newborns 
because of the contribution of maternal 
TSH. Serum TSH is increased in primary hypo-
thyroidism and decreased in hyperthyroidism of 
all etiologies except for the uncommon entity of 
thyrotropin-induced hyperthyroidism.

The TSH secretion is suppressed by exoge-
nous thyroid hormone to avoid stimulation of 
tumor growth in patients with differentiated thy-
roid cancer, and to decrease thyroid size or arrest 
thyroid growth in the early stages of goiter 
development.

Stimulation with TSH increases thyroid func-
tion and thyroid uptake of radioiodine. This prin-
ciple is used in differentiated thyroid cancer for the 
detection and treatment of thyroid remnants and 
thyroid cancer metastases with radioiodine [6, 7]. 
Thyroid-stimulating hormone levels are allowed 
to rise to 30–50 μunits/ml or higher after withhold-
ing thyroid hormone supplements, or after admin-
istering recombinant human TSH.  The latter is 
becoming popular since it shortens the preparation 
time and avoids a period of hypothyroidism after 
stopping thyroid hormone replacement therapy [8, 
9]. In thyroid cancer, recombinant TSH is used in 
diagnosis, monitoring of serum thyroglobulin, and 
for radioiodine ablation of thyroid remnants after 
thyroidectomy. FDG PET is optimal at high TSH 
levels, and it may be combined with radioiodine 
imaging and thyroglobulin measurement in 
selected patients [10, 11]. In addition, FDG uptake 
was found to be of value in identifying metastases 
in postoperative differentiated thyroid cancer 
patients and in predicting iodine avidity since 
SUV higher than four indicate more aggressive 

disease and higher probability of non-avidity to 
radioiodine [12].

6.1.1.3  Role of Iodine Metabolism 
in Thyroid Physiology

Iodine is needed for the production of thyroid hor-
mones. Since the body does not make iodine, it is 
an essential part of diet. The mean daily turnover 
of iodine by the thyroid is approximately 60–95 μg 
in adults in iodine-sufficient areas. The body of a 
healthy adult contains from 15 to 20 mg of iodine, 
70–80% of which is in the thyroid. Iodine is a trace 
element that is ingested in several chemical forms. 
Most forms of iodine are reduced to iodide in the 
gut. Iodide is nearly completely absorbed in the 
stomach and duodenum [13]. In the basolateral 
membrane of the thyroid cell, the sodium/iodine 
symporter transfers iodide into the thyroid across a 
concentration gradient 20–50 times that of plasma 
by active transport [13]. Iodine is cleared from the 
circulation primarily by the thyroid and kidney. 
Under normal circumstances, plasma iodine has a 
half-life of approximately 10 h, but this is short-
ened if the thyroid is overactive, as in iodine defi-
ciency or hyperthyroidism.

Degradation of T4 and T3 in the peripheral tis-
sues releases iodine that re-enters the plasma 
iodine pool. Most ingested iodine is eventually 
excreted in the urine. Only a small amount 
appears in the feces.

The mammary glands concentrate iodine and 
secrete it into breast milk to provide it for the 
newborn. The salivary glands, gastric mucosa, 
and choroid plexus also take up small amounts of 
iodine. The iodine symporter have been reported 
in trophoblasts, and the placental iodine content 
is approximately 3% that of the thyroid [14, 15].

Effect of Iodine Insufficiency
Iodine is an essential micronutrient, as it is an 
integral part of the thyroid hormones thyroxine 
(T4) and triiodothyronine (T3). Severe iodine defi-
ciency results in depleted iodine stores and a fail-
ure to sustain normal thyroid hormone levels 
[16]. The recommended daily intake of iodide is 
150 μg for adolescents and adults, and 250 μg in 
pregnancy and lactation [17].
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Reduced synthesis of thyroid hormone is com-
pensated, at least in part, by increased TSH secre-
tion, resulting eventually in goiter formation.

Because an adequate supply of thyroid hor-
mone is needed for fetal neurological develop-
ment, maternal and fetal hypothyroidism 
resulting from iodine deficiency is associated 
with varying degrees of neuropsychological defi-
cits including cretinism.

Effect of Excessive Iodine
When intrathyroid iodine concentrations are sig-
nificantly increased, the rate of thyroid hormone 
synthesis is decreased, with a reduction in iodo-
thyronine synthesis and decrease in the DIT/MIT 
ratio. This response is referred to as the Wolff–
Chaikoff effect.

Continued exposure to large amounts of iodine 
would eventually lead to hypothyroidism, with 
compensatory increase in TSH and development 
of goiter. While this does occur occasionally, 
adaptation or escape from the effects of chronic 
iodide excess is more likely. The inhibitory effect 
of iodides on thyroid function is utilized clini-
cally for prompt control of severe hyperthyroid-
ism and thyroid storm. In Graves’ disease, large 
doses of iodide decrease not only hormone syn-
thesis but also hormone release [12]. Since escape 
from the inhibitory effect is likely, iodide therapy 

is only a short-term measure for lowering thyroid 
hormone levels rapidly.

Iodine excess may lead to hyperthyroidism or 
hypothyroidism [13, 14]. Iodine-induced hyper-
thyroidism, referred to as Jod-Basedow, charac-
teristically occurs in persons with hyperplastic 
thyroid glands. Hyperthyroidism occurring after 
iodine supplementation in endemic goiter areas 
is a classical example. Iodine-containing medi-
cal products, including amiodarone, radio-
graphic dyes, and kelp, also have the potential to 
cause Jod-Basedow [18, 19]. Amiodarone, a car-
diac antiarrhythmic drug, is a benzofuranic 
product with a very high iodine content and may 
be associated with either hypo- or hyperthyroid-
ism development.

Figure 6.3 summarizes the mechanism of hor-
monal interactions related to thyroid gland.

6.1.2  Radiopharmaceuticals 
for Thyroid Imaging

6.1.2.1 
Technetium-99m-Pertechnetate
Technetium-99m-pertechnetate is widely used 
for imaging the thyroid gland. It is trapped by the 
thyroid, but unlike iodine, it does not undergo 
organification and remains in the gland for a rela-
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tively short duration. Therefore, imaging is done 
about 20–30 min after intravenous administration 
of the radiotracer. Approximately 5–10  mCi 
(185–370  MBq) are used. The thyroid-to- 
background activity ratio is not as high as that 
with radioiodine, so that 99mTc-pertechnetate is 
unsuitable for imaging to search for metastatic 
thyroid carcinoma, which usually functions 
poorly compared with normal thyroid tissue. 
Imaging of ectopic mediastinal thyroid tissue 
also may be suboptimal due to high blood and 
soft tissue background activity.

6.1.2.2  Iodine-123
Iodine-123 (123I) has ideal characteristics for 
imaging the thyroid gland, with a short physical 
half-life of 13 h, absence of beta emissions, and 
high uptake in thyroid tissue relative to back-
ground [17]. However, it is less readily available 
and more expensive than 99mTc-pertechnetate. 123I 
undergoes organic binding in the thyroid gland, 
and imaging is usually done 4–24  h after oral 
administration of 200–400 μCi (7.4–14.8 MBq) 
of radiotracer. Because of its superior biodistri-
bution characteristics, 123I is preferred over 99mTc- 
pertechnetate for imaging of poorly functioning 
and ectopic thyroid glands. 123I also may be used 
for whole-body imaging in differentiated thyroid 
cancer. Approximately 2–4 mCi (74–148 MBq) 
of the radiotracer are used for this purpose.

6.1.2.3  Iodine-131
Iodine-131 (131I) may be used for the measure-
ment of thyroid uptake, which requires only very 
small amounts of radiotracer. It is no longer used 
for routine imaging of the thyroid gland but con-
tinues to be valuable for the detection of metasta-
ses and recurrences in differentiated thyroid 
cancer [3, 20, 21]. Following appropriate patient 
preparation to increase TSH levels, 2–4 mCi (74–
148  MBq) of 131I are administered orally and 
imaging is performed 48–96 h later. Radioiodine 
imaging has diagnostic as well as prognostic 
value. Iodine-avid tumors tend to be well- 
differentiated histological features and a favor-
able prognosis, whereas tumors that do not 
accumulate iodine are likely to be less differenti-
ated and more aggressive [3, 22, 23].

Iodine-131 delivers a high radiation absorbed 
dose to the thyroid, with relative sparing of 
non- thyroid tissues. It is therefore ideal for the 
treatment of thyroid disease, and used exten-
sively in the management of Graves’ disease, 
toxic nodular goiter, and differentiated thyroid 
cancer.

6.1.2.4  Fluorine- 18F-Fluorodeoxyglucose 
(18F-FDG)

Positron emission tomography (PET) with 18F- 
FDG is used in evaluating a variety of neo-
plasms including differentiated thyroid cancer. 
In differentiated thyroid cancer, FDG may be 
used to identify metastases not visualized at 
radioiodine imaging, and to assess prognosis. 
Lesions that accumulate FDG tend to follow a 
more aggressive course than lesions that are not 
FDG-avid [10]. Whole-body FDG PET, there-
fore, is useful in evaluating high-risk thyroid 
cancer. Patient preparation is similar to that for 
radioiodine scintigraphy, since the uptake and 
diagnostic sensitivity of FDG are increased by 
TSH stimulation [11].

Focal uptake of FDG within the thyroid 
gland, an occasional finding at evaluation of 
non- thyroid cancers, may be related to a benign 
or malignant pathology [23]. In patients with 
thyroid nodules with indeterminate FNA, FDG 
PET/CT has a moderate ability to correctly dis-
criminate malignant from benign lesions [24]. 
It may be a reliable option to reduce unneces-
sary diagnostic surgeries particularly if it is 
negative at the site of a solitary nodule. On the 
other hand, diffusely increased FDG uptake in 
the thyroid gland was found to be associated 
with chronic thyroiditis and thyroid dysfunc-
tion [25].

6.1.3  Major Thyroid Disorders

The most relevant thyroid conditions that com-
monly need imaging for diagnosis and manage-
ment include nodular disease, inflammatory 
conditions, autoimmune disorders, and thyroid 
cancer:
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6.1.3.1  Pathophysiology

Nodular Thyroid Disease
Thyroid nodules are common. The prevalence 
ranges from 4% to 10% in general adult and 
0.2% to 1.5% in children [26] and is greater in 
countries affected by iodine deficiency. The 
incidence of thyroid nodules in apparently nor-
mal thyroid glands is greater than 50% in 
autopsy series. Studies using high frequency 
ultrasound in detecting nodules showed a vary-
ing prevalence of up to 68% [27, 28], higher in 
females compared to males and increasing with 
age [28].

Most thyroid nodules are benign, particularly 
in multinodular goiter. Malignancy in clinical 
thyroid nodules is reported to occur in 5–20% of 
nodules and is higher in males [29]. Mortality 
due to thyroid cancer is generally very low.

Types of Thyroid Nodules
Thyroid nodules represent wide spectrum of thy-
roid diseases. In a normal sized gland or a diffuse 
goiter, thyroid nodules may be solitary or multi-
ple. In multinodular goiters, a nodule may 
become clinically dominant in terms of growth, 
dimensions, and functional characteristics. A 
clinicopathological classification of thyroid nod-
ules subdivides nodules into: nonneoplastic nod-
ules, true neoplastic nodules (benign or 
malignant), and micronodules.

Nonneoplastic Nodules (Pseudo-nodules)
These nodules may be seen in patients with thy-
roid hyperplasia, inflammatory or autoimmune 
thyroid diseases:

 1. Glandular hyperplasia arising spontaneously 
or following previous partial thyroidectomy.

 2. Rare forms of thyroid hemiagenesis which 
may present as hyperplasia of the existing 
thyroid tissue, mimicking a thyroid nodule.

 3. Hashimoto’s thyroiditis associated nodules, 
indicative of lymphocyte infiltration.

 4. Nodules found during the initial phase of sub-
acute thyroiditis, resulting from the inflamma-
tory process.

Neoplastic Nodules
Based on scintigraphy thyroid nodules are classi-
fied into functioning (hot) nodules which are able 
to concentrate radioactive iodine or technetium- 
99m pertechnetate and non-functioning (cold) 
which show radiotracer uptake less than that in 
normal thyroid tissue. Hot nodules represent 
from 3% to 20% of thyroid nodules, according to 
the geographical origin of the patients as their 
incidence is higher in countries where iodine 
deficiency is still present. They are three to four 
times more frequent in females and tend to occur 
in those older than 40 years. In the great majority 
of cases, hot nodules are benign. Cold nodules 
account for more than 80% of all thyroid nod-
ules. Three types of nodule are distinguished by 
ultrasonography: cystic, solid, and mixed (con-
taining solid and cystic components). Cystic nod-
ules (10–20% of all nodules) are almost always 
benign. Thyroid cancer is found in approximately 
10% of cold nodules (solitary and multiple) that 
are solid or mixed at ultrasonography. More than 
75% of malignant nodules are differentiated thy-
roid cancer of the follicular epithelium (papillary 
and follicular) with excellent prognosis. The 
other types of cancer are rare and include ana-
plastic or undifferentiated carcinoma (2–14% of 
all thyroid carcinomas), medullary thyroid carci-
noma representing 5–10% of thyroid carcinomas 
and originating from the calcitonin-producing 
parafollicular C cells of the thyroid [30–32]. 
Lymphoma and metastases to thyroid are other 
uncommon malignancies.

Micronodules
Micronodules describe nodules of 1 cm or less in 
diameter. These nodules are discovered increas-
ingly by the commonly used ultrasonography. In 
the absence of other suspicious clinical criteria, 
they only require to be followed by repeated thy-
roid ultrasonography.

Thyroiditis
Thyroiditis, a group of inflammatory thyroid dis-
eases affecting the gland diffusely or focally, can 
be infectious, due to microorganisms, or nonin-
fectious. Based on clinical, histopathologic, etio-
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logical, and other factors, many classifications 
and terminologies for the conditions have been 
proposed. Simply it can be classified into acute, 
subacute, and chronic [32]. Figure 6.4 shows that 
classification which we modified to be more 
inclusive.

Acute Thyroiditis
Acute thyroiditis also called acute suppurative 
thyroiditis is a rare but serious form secondary to 
bacteria. Acute thyroiditis requires immediate 
parenteral antibiotic therapy before abscess for-
mation begins.

Subacute Thyroiditis
Subacute thyroiditis or destructive thyroiditis is 
characterized by cell membrane breakdown and 
consequently release of excessive amounts of 
thyroid hormone into the circulation. The usual 
causes are autoimmune thyroid disease, viral 
infection, and amiodarone treatment. Less com-
monly, thyroiditis may be related to treatment 

with certain drugs such as interferon alpha, inter-
leukin- 2, lymphokine-activated killer (LAK) 
cells, and lithium. These therapeutic agents prob-
ably exacerbate existing autoimmune thyroid dis-
ease [3–6, 8–36].

Thyroiditis is typically painful and usually 
resolves spontaneously. Hyperthyroidism in the 
active phase is followed by transient hypothy-
roidism before restoration of the euthyroid state, 
usually in 6–12 months. Treatment usually con-
sists of β-adrenergic blockers in the hyperthy-
roid phase and analgesics for pain. Protracted 
thyroiditis may however require 
glucocorticoids.

Viral subacute thyroiditis, also known as de 
Quervain’s thyroiditis, usually occurs after an 
upper respiratory tract infection. The disorder 
tends to be seasonal and may occur in clusters, 
occasionally causing mini epidemics. It usually 
presents as a painful and tender goiter, associated 
with general malaise and possibly fever. 
Inflammation frequently begins in one lobe of the 
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thyroid and gradually spreads to involve the 
entire gland. Permanent hypothyroidism is 
uncommon.

Postpartum Thyroiditis
Postpartum thyroiditis, also known as painless or 
subacute lymphocytic thyroiditis, is the principal 
thyroid disorder in postpartum women. It may be 
considered an accelerated form of autoimmune 
thyroid disease, attributed to suppression of 
immune-related disorders during pregnancy with 
a rebound after childbirth [37, 38].

For the same reason, Graves’ disease also may 
occur in the postpartum period, though less fre-
quently, and a strong association with insulin- 
dependent diabetes mellitus, an autoimmune 
condition, has been noted.

Postpartum thyroiditis, like other forms of 
destructive thyroiditis, is a self-limited, but tends 
to reoccur in subsequent pregnancies. Permanent 
hypothyroidism occurs in 20–25% of patients 
over a period of 5 years. Elevated thyroid peroxi-
dase (anti-microsomal) antibodies during preg-
nancy are associated with a sharp increase in 
postpartum thyroiditis.

Amiodarone-Induced Thyroiditis
Amiodarone is an iodine-rich benzofuran deriv-
ative used to treat and prevent cardiac arrhyth-
mias. It may precipitate a number of thyroid 
conditions including thyroiditis, which appears 
to be related to a cytotoxic effect [18, 19]. 
Thyroid hormone synthesis may increase or 
decrease. Other actions of amiodarone include 
blocking peripheral conversion of T4 to T3, bind-
ing of T3 to its receptors, and thyroid release of 
T3 and T4. These effects may permit the use of 
amiodarone in very selected cases of hyperthy-
roidism [39].

Since amiodarone and its metabolite des-
ethylamiodarone have long half-lives of up to 
100  days, the thyroid-related effects can be 
protracted and occasionally may begin after 
stopping the drug. Amiodarone-induced thy-
roiditis generally requires treatment with a 
glucocorticoid. Permanent hypothyroidism is 
uncommon.

Interferon-Alpha Induced Thyroiditis
Interferon-alpha (IFNα) is an important drug 
therapy for several malignant and nonmalignant 
diseases, especially hepatitis C.  Interferon 
induced thyroiditis is a major clinical problem 
for patients receiving interferon therapy. Studies 
have shown that up to 15% of patients with hepa-
titis C receiving IFNα develop clinical thyroid 
disease, and up to 40% were reported to develop 
thyroid antibodies. Interferon-alpha induced thy-
roiditis can be classified as autoimmune type and 
non-autoimmune type. Autoimmune interferon- 
alpha induced thyroiditis may be manifested by 
the development of thyroid antibodies with or 
without clinical disease. Clinical disease includes 
both autoimmune hypothyroidism (Hashimoto’s 
thyroiditis) and autoimmune thyrotoxicosis 
(Graves’ disease). Non-autoimmune thyroiditis 
can manifest as subacute (destructive thyroiditis) 
or as hypothyroidism with negative thyroid anti-
bodies [40, 41].

Autoimmune Thyroiditis (Hashimoto’s Disease)
See following section.

Autoimmune Thyroid Disease
Autoimmune thyroid disease is often observed 
together with other autoimmune diseases. The 
coexistence of two or more autoimmune diseases 
in the same individual is referred to as polyauto-
immunity. The occurrence of polyautoimmunity 
has led to a hypothesis that the affected patients 
suffer from a generalized dysregulation of their 
immune system [42].

Autoimmune thyroid disease comprises two 
major entities, Hashimoto’s disease (chronic 
autoimmune thyroiditis and variants) and Graves’ 
disease. Variants of Hashimoto’s disease include 
subacute thyroiditis, which occurs typically in 
the postpartum period, and atrophic thyroiditis. 
The predisposing factors of the disease are listed 
in Table 6.2 [43–46].

Hashimoto’s Disease
Elevation of thyroid peroxidase antibodies is char-
acteristic of Hashimoto’s disease. Antithyroglobulin 
antibodies may also be elevated. Hormone synthe-
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Table 6.2 Predisposing factors for autoimmune thyroid 
disease

Genetic predisposition
Immune system dysregulation
Iodine excess
Cigarette smoking
Female gender
Psychological stress
Infection

sis is impaired with immune thyroid disease com-
pensatory increase in TSH secretion, which 
stimulates thyroid function and growth. Eventually, 
many patients become hypothyroid. Both overt and 
subclinical hypothyroidism related to autoimmune 
disease are widely prevalent in iodine-sufficient 
regions [47].

Exacerbation of Hashimoto’s disease, fre-
quently occurring in the postpartum period, is a 
cause of subacute thyroiditis.

Graves’ Disease
Graves’ disease is associated with high levels of 
thyrotropin receptor autoantibodies(TRAB) that 
stimulate thyroid growth, and thyroid hormone 
synthesis and release [46, 48]. Most organ sys-
tems are affected by Graves’ disease, the cardio-
vascular manifestations being the most apparent. 
Increased heart rate and contractility increases 
the cardiac output. These effects are related to a 
direct inotropic effect of T3, decreased systemic 
vascular resistance, increased preload related to a 
higher blood volume, and heightened sensitivity 
to sympathetic stimulation. Blood volume is 
increased by activation of the renin-angiotensin- 
aldosterone system caused by the reduction in 
systemic vascular resistance, and by increased 
erythropoietin activity. Overt cardiac failure may 
result from severe and prolonged hyperthyroid-
ism, but is rarely seen today. Atrial fibrillation is 
not an uncommon complication, occurring in up 
to 15% of patients with hyperthyroidism [49, 50].

Autoimmune Interferon Induced Thyroiditis
The entire spectrum of autoimmune thyroid dis-
eases (AITD) has been described in patients 
receiving IFNα: Graves’ disease (GD), 
Hashimoto’s thyroiditis (HT), and the presence 

of thyroid antibodies (TAb’s) without clinical 
disease [40, 41].

Thyroid Cancer
In most areas of the world, the incidence of thy-
roid cancer of follicular origin is increasing. 
Currently the incidence is approximating 
4/100,000 in males and 13.5/100,000 in females. 
Mortality is stable, at approximately 0.5/100,000 
[51]. Based on the histologic classification 
nuclear medicine has a very important role in the 
management of thyroid cancer. Table 6.3 summa-
rizes the classification of thyroid cancer. See 
Chap. 10.

6.1.3.2  Thyroid Scintigraphy

Nodular Disease
When thyroid nodule is discovered, the main 
problem is distinguishing between a benign and a 
malignant lesion. This problem has largely been 
solved by fine-needle biopsy which makes that 
distinction when performed by experienced 
cytologists. Nevertheless, nodules labeled as 
indeterminate by cytology remains a challenge 
[52]. Neck ultrasound plays a pivotal role in the 
diagnosis and several ultrasound stratification 
systems have been proposed in order to predict 
malignancy and help clinicians in therapeutic and 
follow-up decision. Despite new technologies in 
thyroid imaging, diagnostic surgery in 50–70% 
of patients with indeterminate cytology is still 
performed. In the last years, various image- 
guided procedures have been proposed as alter-
native and less invasive approaches to surgery for 
symptomatic thyroid nodules. These minimally 
invasive techniques (laser and radio-frequency 
ablation, high intensity focused ultrasound and 
percutaneous microwave ablation) result in nod-
ule shrinkage and improvement of local symp-
toms, with a lower risk of complications and 
minor costs compared to surgery. Ultrasound- 
guided ablation therapy was introduced with 
promising results as a feasible treatment for low- 
risk papillary thyroid microcarcinoma or cervical 
lymph node metastases [52].

Accordingly, the role of thyroid scintigraphy 
is reserved to the assessment of the functional 
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Table 6.3 Types of thyroid cancer and main features

Type Main features
Papillary 
carcinoma

Most common thyroid 
malignancy (85%).
Derived from the follicular 
epithelium
Has papillary growth pattern 
with psammoma bodies
Has characteristic nuclear 
changes

Follicular variant 
papillary 
carcinoma

Follicular architecture with the 
characteristic papillary thyroid 
nuclear pattern

Papillary 
microcarcinoma

Added relatively recently
Of less than 10 mm in size

Follicular 
carcinoma

Represents 10–20% of thyroid 
cancers
Derived from follicular 
epithelium with evidence of 
capsular and/or vascular invasion 
but without nuclear changes 
characteristic of papillary thyroid 
cancer
Have a slightly poorer prognosis 
than papillary cancer.
Metastatic spread is 
hematogenous most commonly 
to the lung and bone

Oncocytic or 
Hurthle cell 
carcinoma

Hurthle cell can occur in any 
thyroid tumor
More commonly associated with 
follicular carcinomas
Prognosis is worse for 
comparative stage mainly due to 
poor radioiodine uptake

Poorly 
differentiated 
thyroid cancer

Formed of poorly differentiated 
cells
Has a poor prognosis.

Anaplastic 
carcinoma

Formed of undifferentiated 
(anaplastic) cells
Aggressive and has generally 
short clinical course and poor 
prognosis

Tc99m Pertechnetate

Anterior

Fig. 6.5 Solitary cold nodule. 88mTc-pertechnetate thy-
roid scan anterior pinhole image showing a large solitary 
cold nodule (arrow)

activity of the nodules and when functional 
autonomy is suspected (Figs. 6.5, 6.6, and 6.7). 
Thyroid scintigraphy is performed then when 
serum TSH is suppressed or low in a patient 
with a single nodule and in all patients with 
multinodular goiter, regardless of the TSH 
result. Iodine-123 and 99mTc-pertechnetate are 
routinely used for imaging thyroid nodular dis-
ease. The acquisition of multiple projections is 
important as more than 30% of nodules can be 
missed with anterior views and only seen on the 

oblique views [53]. 18F-FDG PET has low speci-
ficity (63%) in the diagnosis of thyroid nodules 
but can help to select patients who need surgery 
when cytology is inconclusive in view of its 
high (100%) negative predictive value for thy-
roid cancer [52].

Whole-body 131I and FDG PET have a role in 
the investigations and follow-up of thyroid can-
cer (see Chap. 10). On FDG PET scans, a normal 
thyroid gland demonstrates absent or low-grade 
FDG uptake. FDG PET may incidentally iden-
tify thyroid uptake. In general, a diffuse uptake 
by the thyroid gland is considered to be benign 
and very likely secondary to thyroiditis and/or 
hypothyroidism, while a focal uptake of the thy-
roid on FDG PET is defined as an incidentaloma, 
which is more clinically significant due to its 
high risk of malignancy ranging from 25% to 
50% [54, 55].

Thyroiditis
Poor radioiodine/99mTc-pertechnetate uptake in 
the thyroid gland is the hallmark of subacute 
thyroiditis of any etiology (Fig. 6.8). Decreased 
tracer uptake is related to TSH suppression by 
excessive thyroid hormone released from 
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a

b

Fig. 6.6 Multinodular goiter as it appears on scintigraphy. (a) represents multiple cold nodules a while (b) shows 
mixture of cold and hot nodules

 damaged follicles and to decreased hormone 
synthesis in the damaged gland. The thyroid 
uptake and scan normalize with resolution of 
thyroiditis.

Scintigraphy is frequently used in some thyro-
toxic patients to differentiate autoimmune thy-
roiditis, with low uptake, from Graves’ disease, 
with high uptake [48].

A thyroid uptake/scan may be worthwhile in 
amiodarone-related hyperthyroidism, which may 
be due to Jod-Basedow or thyroiditis. A low thy-
roid uptake is frequently found in patients treated 
with amiodarone and is nondiagnostic, while a 
normal or high uptake suggests that Jod-Basedow 
is likely. The thyroid uptake measurement also 
helps determine the feasibility of 131I treatment in 
refractory cases.

Scintigraphy is nonspecific in Hashimoto’s 
disease. The thyroid gland is usually symmetri-
cally enlarged with uniform tracer distribution, 
and the 24-h radioactive iodine uptake is normal. 
In subacute thyroiditis resulting from exacerba-
tion of Hashimoto’s disease, tracer uptake is typi-
cally absent or very low.

Graves’ Disease
Graves’ disease typically shows uniformly 
increased tracer uptake in a diffusely enlarged 
thyroid gland (Fig. 6.9a), frequently with visual-
ization of a pyramidal lobe and decreased back-
ground activity of various degrees based on the 
severity of the condition (Fig.  6.9b). However, 
atypical appearances, particularly in Graves’ 
disease superimposed on nodular goiter, are 
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Tc99m Pertechnetate

Anterior

Fig. 6.7 Solitary hot nodule. A study showing a toxic 
nodule in the right lower lobe (arrow) with suppression of 
the remainder of the gland

occasionally encountered. If needed, TRAB 
measurement may assist in confirming the diag-
nosis. The 24-h radioactive iodine uptake is ele-
vated and, typically, much higher than in toxic 
nodular goiter [49, 56].

6.1.4  Thyroid Dysfunction 
and Pregnancy

Results from observational studies have indicated 
that even mild to moderate iodine deficiency in 
pregnancy might negatively affect child neurode-
velopment [57–59]. Low maternal free T4 (FT4) 
has been suggested to be associated with poor 
child neurodevelopment. A recent meta-analysis 
of individual participants data from 9036 mother–
child pairs from three prospective population- 
based birth cohorts from Spain, Netherlands, and 
the United Kingdom indicates that low maternal 
FT4 was consistently associated with a lower 
child IQ [60].

Hyperthyroidism in pregnancy is generally 
caused by Gestational Transient Thyrotoxicosis 
(GTT) or Graves’ disease. Management of 
Graves’ disease remains a challenge, with thion-

amide treatment as the best option. Patients 
should be monitored closely because undertreat-
ment, with persistently high maternal TRAB, 
increases the risk of fetal hyperthyroidism, while 
overtreatment may cause fetal hypothyroidism. 
Gestational hypothyroidism is usually related to 
autoimmune thyroid disease, and less frequently 
to iodine deficiency. The latter may be associated 
with fetal hypothyroidism as well.

6.1.5  Summary

Synthesis and secretion of thyroid hormone are 
regulated mainly by thyroid releasing hormone 
and thyroid-stimulating hormones. Thyroid- 
stimulating hormone promotes iodide transport 
and the synthesis and release of thyroid hormones 
and thyroglobulin. Excessive amounts of iodine 
may cause hypothyroidism or hyperthyroidism. 
Endemic goiter is the result of iodine deficiency, 
with decrease in hormone production and com-
pensatory increase in TSH secretion. Thyroid 
nodules represent a wide spectrum of thyroid dis-
eases. Thyroid nodules may be solitary or multi-
ple. A clinicopathological classification of 
thyroid nodules subdivides nodules into nonneo-
plastic nodules, true neoplastic nodules (benign 
or malignant), and micronodules. Autoimmune 
thyroid disorders, including Hashimoto’s disease 
and Graves’ disease, are related primarily to 
genetic susceptibility, with contributions from 
environmental factors including chronic iodine 
excess. Subacute thyroiditis is usually caused by 
exacerbation of autoimmune disease, viral infec-
tion, and amiodarone or interferon-alpha therapy. 
Iodine deficiency in pregnancy might negatively 
affect child neurodevelopment.

6.2  Parathyroid Gland

6.2.1  Anatomical and Physiological 
Considerations

Normal parathyroid glands are derived from the 
pharyngeal pouches, the upper glands from the 
endoderm of the fourth pouch, and the lower 
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a
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Tc99m Pertechnetate

SS notch

Anterior

Fig. 6.8 Thyroiditis (a, 
b). (a) 99mTc- 
pertechnetate thyroid 
scan in an 8-year-old 
girl with a recent history 
of upper respiratory 
infection. The scan 
shows poor uptake by 
the thyroid gland with 
poor delineation of its 
outlines. The thyroid 
uptake was 0%. SS 
notch: suprasternal 
notch. (b) Microscopic 
illustration of thyroiditis 
with a focus of 
inflammatory cells 
(arrow) surrounded by 
thyroid follicles. 
(Courtesy of Professor 
Magda El-Monayeri 
with thanks)

glands from the third pouch. The parathyroid 
glands are typically located on the posterior 
aspect of the thyroid gland (Fig. 6.1). Occasionally 
one or more glands may be embedded in the thy-
roid. The normal position of the superior parathy-
roids is at the cricothyroid junction, above the 
anatomical demarcation of the inferior thyroid 
artery and the recurrent laryngeal nerve [61]. The 
inferior parathyroids are more widely distributed 
mostly anterolateral or posterolateral to the lower 
thyroid gland [62]. The accessory glands that can 
be variously located in humans, from the cricoid 
cartilage down into the mediastinum [63, 64], are 
derived from the numerous dorsal and ventral 
wings of the pouches. Normally, human beings 

have four glands, but more or fewer than this 
number are found in some individuals [49]. 
Among healthy adults, 80–97% have four para-
thyroids; approximately 5% have fewer than four 
glands, and 3–13% have supernumerary glands 
[62]. Location and anatomy of parathyroid glands 
are essential for surgical planning and for carry-
ing out parathyroidectomies since any unidenti-
fied gland, either supernumerary or in ectopic 
location, can result in unsuccessful treatment and 
possible reoperation. Recent large meta-analysis 
study showed that 81.4% of patients have four 
glands with 15.9% of the glands are ectopic 
(11.6% in the neck and 4.3% in the mediasti-
num). Additionally, 51.7% of the neck ectopic 
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Anterior

RAO LAO

SS notch marler

Anterior

a b

Fig. 6.9 (a) Graves’ disease. 99mTc-thyroid scan illustrat-
ing the pattern of Graves’ disease. There is uniform 
increased radionuclide distribution with low background 

activity. (b) Anterior view of tc99m pertechnetate illus-
trating Grave’s disease with visualized pyramidal lobe 
and decreased background uptake

Table 6.4 Cells of the parathyroid glands and their 
functions

Cell type

Major 
ultrastructural 
feature Function

Chief cell Slightly 
eosinophilic 
cytoplasm, few 
mitochondria

The active 
endocrine cell, 
producing the 
parathyroid 
hormone

Oxyphil cell Rich eosinophilic 
cytoplasm, 
tightly packed 
mitochondria

May be able to 
produce 
parathyroid 
hormone

Transitional 
oxyphil cell

Less eosinophilic 
cytoplasm

Variant of oxyphil 
cell

Clear cell Foamy and 
water-clear 
cytoplasm

Unknown, 
fundamentally 
inactive

glands are located in retroesophageal/paraesoph-
ageal space or in the thyroid gland [63].

The normal glands usually measure 4–6 mm 
in length, 2–4  mm in width, and 0.5–2  mm in 
thickness. The glands are usually ovoid or bean 
shaped but may be elongated, flattened into a 
leaf-like structure, or multilobulated. The weight 
of the glands is usually 30 mg each, with the larg-
est normal gland not exceeding 70 mg. The total 
weight of the glands is less than 210 mg, and the 
total parenchymal cell weight is less than 145 mg 
[64]. In normal glands, parenchymal cells are 
predominantly chief cells which contain cyto-
plasmic fat droplets. Oxyphilic and transitional 
oxyphilic cells are sparsely present in children 
and young adults and increase to 4–5% of the 
parenchymal cells in old age. These cells tend to 
form nodules if they increase in number and have 
a very small amount of fat or no fat at all in their 
cytoplasm. Ultrastructurally, oxyphil cells are 
characterized by the presence of closely packed 
mitochondria, while chief cells contain moderate 
to high mitochondrial content. Water-clear cells 
are vacuolated with distended organelles. Each of 
the three cell types may contain varying amounts 

of lipid droplets and residual bodies [65]. 
Table  6.4 summarizes the types of parathyroid 
cells and their function.

Parathyroid hormone has four principle 
actions: (a) to increase calcium absorption from 
the gastrointestinal tract; (b) to stimulate osteo-
clastic activity, resulting in resorption of calcium 
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and phosphate from bone; (c) to inhibit phos-
phate reabsorption by the proximal renal tubules; 
and (d) to enhance renal tubular calcium reab-
sorption. Parathyroid hormone secretion is con-
trolled mainly by the extracellular calcium 
concentration. The parathyroid cell surface is 
thought to be equipped with a cation-sensitive 
receptor mechanism through which ambient cal-
cium regulates the cytosolic calcium (Ca2+i) con-
centration and parathyroid hormone secretion. 
Activation of this receptor causes also activation 
of protein kinase C. 1,25-Dihydroxycholecalciferol 
reduces the secretion of parathyroid hormone 
independent of any changes in calcium concen-
tration. Parathyroid hormone is metabolized in 
Kupffer’s cells of the liver.

In patients with hyperparathyroidism, patho-
logical parathyroid cells show defective sensing 
of ambient calcium. The cellular basis of this 
abnormality is unknown, although increased pro-
tein kinase C activity within abnormal parathy-
roid cells may be the mechanism. Pathological 
parathyroid glands also have an increased paren-
chymal cell content, although the extent of hyper-
calcemia appears more closely related to the 
defective secretory regulation than to increased 
parenchymal cell mass [66].

6.2.2  Hyperparathyroidism

Hyperparathyroidism has been diagnosed with 
increasing frequency in recent years due to 
awareness of the disease and to the laboratory 
advancement that allowed for routine chemistry 
screening. The condition is characterized by 
excess secretion of parathyroid hormone. The 
resulting biochemical changes, including 
increased levels of serum calcium and increased 
urinary excretion of calcium, may result in cal-
cium wastage, nephrocalcinosis, urolithiasis, 
bone disease, and neuropsychiatric disturbances. 
Hyperparathyroidism may occur as a primary, 
secondary, or tertiary disease. It can also occur as 
eutopic and ectopic disease. In addition, it may 
have a familial origin, as in multiple endocrine 
neoplasia (MEN).

6.2.2.1  Primary Hyperparathyroidism
Primary hyperparathyroidism is a common endo-
crine disorder of calcium metabolism character-
ized by hypercalcemia and elevated or 
inappropriately normal concentrations of para-
thyroid hormone. Almost always, it is due to a 
benign overgrowth of parathyroid tissue either as 
a single gland (80% of cases) or as a multiple 
gland disorder (15–20% of cases) [67]. It is the 
most common cause of hypercalcemia in post-
menopausal women [68]. Primary hyperparathy-
roidism occurs due to neoplastic or hyperplastic 
parathyroid glands or when nonparathyroid 
tumors such as bronchogenic or renal cell carci-
nomas secrete ectopically parathyroid hormone 
or a biologically similar product. The incidence 
of this disorder in the United States is estimated 
to be 66 per 100,000 person among women and 
25 per 100,000 among men per year [69, 70]. The 
condition is more prevalent in females than males 
by a ratio of 3 to 1. More than 80% of patients 
with primary hyperparathyroidism have a soli-
tary adenoma. Hyperplasia—predominantly of 
chief cells—occurs in less than 20% of patients. 
Parathyroid carcinoma is the cause in less than 
1% of patients, and very rarely the condition is 
due to ectopic secretion of parathyroid hormone 
[64, 65].

Primary hyperparathyroidism occurs as part 
of MEN.  MEN is a hereditary syndrome that 
involves hyperfunctioning of two or more endo-
crine organs. Primary hyperparathyroidism, pan-
creatic endocrine tumors, and anterior pituitary 
gland neoplasms characterize type 1 MEN. MEN 
2A is defined by medullary thyroid carcinoma, 
pheochromocytoma (about 50%), and hyperpara-
thyroidism caused by parathyroid gland hyper-
plasia (about 20%). MEN 2B is defined by 
medullary thyroid tumor and pheochromocy-
toma. Both MEN 1 and MEN 2 are inherited 
autosomal dominant cancer syndromes. The gene 
responsible for MEN 1 is a tumor suppressor 
gene located on chromosome 11 [71, 72].

Primary hyperparathyroidism is also associ-
ated with thyroid pathology in 15–70% of 
patients [73, 74]. This includes thyroid carci-
noma which has been reported in the range of 
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1.7–6.2% of patients with primary hyperparathy-
roidism [73–75].

6.2.2.2  Secondary 
Hyperparathyroidism

Secondary hyperparathyroidism occurs when 
there is a condition causing chronic hypocalcemia 
such as chronic renal failure, malabsorption syn-
dromes, dietary rickets, and ingestion of drugs 
such as phenytoin, phenobarbital, and laxatives, 
which decrease intestinal absorption of calcium. 
Secondary hyperparathyroidism is simply a com-
pensatory hyperplasia in response to hypocalce-
mia. In this condition, reduced renal production of 
1,25-dihydroxyvitamin D3 (active metabolite of 
vitamin D) leads to decreased intestinal absorption 
of calcium, resulting in hypocalcemia. Tubular 
failure to excrete phosphate results in hyperphos-
phatemia. Hypocalcemia along with hyperphos-
phatemia is compensated for by hyperplasia of the 
parathyroids to overproduce PTH.  Secondary 
hyperparathyroidism develops in chronic kidney 
disease, which is due to a combination of vitamin 
D deficiency, hypocalcemia, and hyperphosphate-
mia, and it exists in nearly all patients at the time 
of dialysis initiation [76].

6.2.2.3  Tertiary Hyperparathyroidism
Tertiary hyperparathyroidism describes the con-
dition of patients who develop hypercalcemia 
following long-standing secondary hyperpara-
thyroidism due to the development of autono-
mous parathyroid hyperplasia, which may not 
regress after correction of the underlying condi-
tion, as with renal transplantation.

6.2.2.4  Eutopic Parathyroid Disease
Parathyroid disease with typical location of glands 
(eutopic) represents 80–90% of all cases. There is 
a relatively fixed location for the superior parathy-
roids and are found close to the dorsal aspect of the 
upper thyroid [61, 62]. On the other hand, inferior 
parathyroids have a more widespread distribution, 
which is closely related to the migration of the thy-
mus. Inferior parathyroids are mostly located infe-
rior, posterior, or lateral to the lower thyroid. They 
may be very close to the thyroid and may be cov-

ered by or attached to the thyroid capsule and are 
sometimes adjacent to or surrounded by remnant 
thymic tissue. Interestingly, the parathyroid glands 
demonstrate a remarkably constant symmetry, 
which is helpful in the surgical exploration of 
eutopic disease [62].

6.2.2.5  Ectopic Parathyroid Disease
Superior parathyroid adenoma may have an 
abnormal supero-posterior mediastinal position, 
such as a retropharyngeal, retroesophageal, or 
paraesophageal site or the tracheoesophageal 
groove. The frequency of ectopia (up to 39%) is 
similar for the right and left superior parathyroids 
[77]. Intrathyroid superior parathyroid adenomas 
are rare.

The more common ectopic inferior parathy-
roids are a well-established entity responsible for 
10–13% of all cases of hyperparathyroidism [77]. 
Ectopic tissue can occur from the angle of the 
mandible to the mediastinum according to the 
developmental and migratory aberrations. These 
sites include the mediastinum, thymus, aortopul-
monary window, carotid bifurcation and rarely 
thyroid, carotid sheath, vagus nerve, retroesopha-
geal region, thyrothymic ligament, and pericar-
dium [77, 78].

6.2.3  Parathyroid Adenoma

Parathyroid adenoma is a benign tumor that is 
usually solitary, although multiple adenomas are 
found in a low percentage. The tumor in general 
is more common in women and varies in weight 
from less than 100 mg to more than 100 g. The 
most commonly found adenomas, however, 
weigh 300 mg to 1 g. The size was found to cor-
relate to the degree of hypercalcemia.

Microscopically, the vast majority of typical 
adenomas are formed predominantly of chief 
cells, although a mixture of oxyphil cells and 
transitional oxyphil cells is also common. 
Adenomas formed of water-clear cells are very 
rare. A rim of parathyroid tissue is usually pres-
ent outside the capsule of the adenoma and can 
serve to distinguish it from parathyroid 
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Table 6.5 Variants of parathyroid adenoma [79–88]

Type Major features Imaging
Solitary 
adenoma

Found in 80–85% of patients with primary 
hyperparathyroidism

99mTc-MIBI with high sensitivity

Composed of chief cells or mixture of chief, oxyphil, or 
transitional oxyphil cells

Double/
multiple

Occurs in up to 12% of cases of primary hyperparathyroidism Detection with any imaging 
modality is not reliable

Bilateral in 55–88% of cases 99mTc-MIBI has a sensitivity of 
less than 37%More prominent symptoms and higher parathyroid hormone 

and alkaline phosphatase levels than with a solitary adenoma 
or hyperplasia

Cystic 
adenoma

Central necrosis or cystic degeneration of adenomas May not be visualized on 
99mTc-MIBI studiesAccounts for less than 9% of all parathyroid adenomas

Frequently associated with hyperparathyroidism
Lipoadenoma Composed of hyperfunctioning parathyroid tissue and fatty 

stroma
Target-to-background ratio may 
be low due to the high adipose 
content

Oncocytic 
adenoma

Rare subtype formed of 80–100% oxyphil cells 99mTc-MIBI with high sensitivity

 carcinoma. The chief cells in adenomas are usu-
ally enlarged, and their nuclei are larger and more 
variable in size than in normal chief cells. Nuclear 
pleomorphism may be prominent; this is not con-
sidered a sign of malignancy but a criterion for 
discriminating adenoma from hyperplasia, which 
lacks this feature. The following variants 
(Table  6.5) of parathyroid adenoma may be 
recognized.

6.2.3.1  Solitary Adenoma
Solitary adenoma is found in 80–85% of patients 
with primary hyperparathyroidism [9]. There is 
no significant predominance in  location among 
the four parathyroids with each responsible for 
approximately 25% of all solitary adenomas [77]. 
The remaining tumor-free parathyroid glands 
associated with single adenomas usually have 
lower weight and parenchymal cell mass than the 
average normal glands and show signs of secre-
tory inactivity on electron microscopy.

6.2.3.2  Double or Multiple Adenomas
Double or multiple adenomas occur in up to 12% 
of cases of primary hyperparathyroidism [79, 
80]. These patients have more prominent symp-
toms and usually have higher parathyroid hor-
mone and alkaline phosphatase levels than those 

with a solitary parathyroid adenoma or hyperpla-
sia. Preoperative detection of double or multiple 
adenomas with any imaging modality is not reli-
able [81, 82].

6.2.3.3  Cystic Adenoma
Cystic adenomas are thought to represent central 
necrosis or cystic degeneration of adenomas 
[85]. Contrary to the asymptomatic true parathy-
roid cysts which are due to embryologic vestiges 
of the third and fourth pharyngeal pouches or 
enlargement of microcysts within the parathy-
roid as a manifestation of colloid retention [86], 
cystic adenomas are frequently associated with 
hyperparathyroidism.

6.2.3.4  Lipoadenoma
Parathyroid lipoadenoma, composed of hyper-
functioning parathyroid tissue and fatty stroma, 
is a rare entity that occurs in patients beyond the 
fourth decade of life.

6.2.3.5  Oncocytic Adenoma
Oncocytic adenoma is a rare subtype and has 
been reported to be associated with hyperpara-
thyroidism. It is found in the sixth or seventh 
decades and like the typical adenomas is more 
common in women [88].

S. A. Alenezi and A. H. Elgazzar



237

6.2.4  Parathyroid Hyperplasia

Parathyroid hyperplasia affects the glands to 
varying degrees, and commonly one or two 
glands are of normal size even though micro-
scopic signs of endocrine hyperfunction are pres-
ent, at least focally, in all glands. Chief cell 
hyperplasia is the most common and is composed 
of chief cells or a mixture of chief cells and to a 
lesser extent oxyphil cells. The cells are arranged 
diffusely, in nodules, or in a mixture of both pat-
terns. Water-clear cell hyperplasia is rare and is 
characterized by substantial enlargement of most 
parathyroid glands. The large water-clear cells 
are usually arranged in a diffuse pattern [89].

In primary hyperparathyroidism, hyperplasia 
affects the glands asymmetrically. In secondary 
hyperparathyroidism, the hyperplastic glands 
are more uniformly enlarged than with primary 
chief cell hyperplasia, with two histological 
types (Table 6.6). In the tertiary form, the glands 
are more often markedly and asymmetrically 
enlarged.

Pathologically, it is difficult to differentiate 
primary chief cell hyperplasia of only one gland 
from adenoma. Both contain large numbers of 
active chief cells with cells characterized by 
aggregated arrays of rough endoplasmic reticu-
lum and a large, complex Golgi apparatus with 
numerous vacuoles and vesicles. Secretory gran-
ules are frequently present in these cells. These 
changes indicate that most of these cells are in 
the more active phases of parathyroid hormone 

synthesis and secretion [90]. Molecular biology 
techniques used on pathological parathyroid tis-
sue have shown that cell proliferation is mono-
clonal in many sporadic adenomas and in the 
largest glands of multiple endocrine neoplasia 
type I. This monoclonality has not been found in 
the smaller parathyroid glands of multiple endo-
crine neoplasia or in sporadic hyperplasia. 
Additionally, rearrangement of parathyroid hor-
mone gene in chromosome 11 was observed in 
sporadic adenomas.

6.2.5  Parathyroid Carcinoma

Parathyroid carcinoma is a rare cause of hyper-
parathyroidism which can arise in any parathy-
roid gland, including ectopic and mediastinal, 
although the usual site of involvement is the nor-
mally located parathyroids. The tumor is found 
predominantly in patients between the ages of 30 
and 60 years, with no sex preference, and is usu-
ally functioning. The tumors tend to be larger 
than adenomas and appear as lobulated, firm, and 
uncapsulated masses that often adhere to the sur-
rounding soft tissue structures. The involved 
glands usually weigh more than 1 g and the diag-
nosis is restricted histologically to the lesions 
displaying infiltrative growth into vessel or cap-
sule, since pleomorphism can be seen in many 
adenomas.

6.2.6  Hyperfunctioning Parathyroid 
Transplant

Autotransplantation of parathyroid tissue is per-
formed in cases of recurrent, persistent type 1 
MEN and symptomatic secondary hyperparathy-
roidism in association with total parathyroidec-
tomy. After total parathyroidectomy, the most 
normal glands, usually one or two, are used for 
the graft. They are diced into small fragments 
with each fragment placed in an individual bed 
beneath a muscle sheath and between muscle 
fibers [91]. A graft site in the forearm is preferred 
for accessibility. The graft may be functional in 
8–9 days after surgery [80]. After autotransplan-

Table 6.6 Classification of parathyroid hyperplasia

Type Major pathological features
Primary 
hyperplasia

Uniform chief cells with some 
oxyphil and transitional oxyphil 
cells

Secondary 
hyperplasia
Diffuse(classic) 
type

Cords, sheets, or follicular 
arrangement of cells replacing the 
stromal fat cells. Oxyphil cells are 
more frequent in this type. This 
type is indistinguishable from the 
primary type

Adenomatous- 
nodular type

Cells are grouped in large islands 
or nodules. Necrosis is seen more 
frequently than in diffuse type
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tation, recurrent hyperparathyroidism occurs in 
approximately 14% of cases [92]. A hyperfunc-
tioning graft in the forearm is easily demon-
strated with Doppler US or 99mTc-sestamibi 
scintigraphy [92].

6.2.7  Consequences 
of Hyperparathyroidism

Excess secretion of parathyroid hormone pro-
motes bone resorption and consequently leads to 
hypercalcemia and hypophosphatemia. The clini-
cal presentation and complications of hyperpara-
thyroidism depend on the rapidity of development 
and the degree of hypercalcemia. They can be 
grouped into genitourinary, gastrointestinal and 
musculoskeletal, neuropsychiatric, and others 
(Table 6.7).

The five disease-specific symptoms are mus-
cle weakness, polydipsia, dry skin and itching, 
memory loss, and anxiety. Overall the symptoms, 
particularly the disease-specific ones, show sig-
nificant decline after successful parathyroidec-
tomy [93].

6.2.8  Preoperative Parathyroid 
Localization

Surgery is the major and only current curative 
modality in treating primary hyperparathyroid-
ism. Identifying the glands can be difficult, how-
ever, particularly with removal of multiple glands 
and with reoperation [94]. Although the success 
rate is high in experienced hands, up to 25% of 
the initial explorations fail because the abnormal 
glands cannot be located. Prolonged exploration 
was also found to result in a high incidence of 
recurrent laryngeal nerve damage [94]. Surgical 
re-exploration with violated anatomy is even 
more difficult and hazardous and can often be 
unrewarding.

Preoperative localization of parathyroid lesions 
is thus desirable to reduce the incidence of missed 
lesions and to help avoid prolonged neck explora-

tion. Since surgeons’ experience with neck explo-
ration is decreasing due to the reduced incidence 
of thyroid surgery with the expanding use of 
iodine-131 for therapy of hyperthyroidism, preop-
erative localization of parathyroid lesions is even 
more important than before.

Table 6.7 Consequences of hyperparathyroidism

Type of 
abnormality Presentation
Genitourinary Nephrolithiasis

Nephrocalcinosis
Renal insufficiency
Polyuria
Nocturia
Decreased urine concentrating 
ability

Gastrointestinal Nausea
Vomiting
Constipation
Increased thirst
Loss of appetite
Abdominal pain
Peptic ulcers
Heartburn (hypercalcemia causes 
increased gastric acidity)
Pancreatitis

Musculoskeletal Myopathy
Muscle weakness
Osteoporosis
Osteomalacia
Bone and joint pains
Renal osteodystrophy
Pseudogout

Neuropsychiatric Memory loss
Anxiety
Sleepiness
Confusion
Lassitude, coma
Depression
Impaired thinking
Psychosis

Others Fatigue
Hypertension
Pruritis
Metastatic calcification including 
cardiocalcinosis
Band keratopathy (present in the 
medial and lateral aspects of the 
cornea)
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In recent years, minimal access parathyroid 
surgery (small incisions with gamma probe or 
endoscopic assistance) is increasingly becoming 
the operation of choice for single parathyroid 
adenomas [95]. Compared with bilateral neck 
exploration, it has a shorter hospital stay, less 
morbidity, and better cosmetic result [95]. The 
development of this minimally invasive surgical 
techniques has placed an even greater emphasis 
on preoperative localization [96].

The forms that preoperative localization can 
take include computed tomography (CT), ultra-
sound, magnetic resonance imaging (MRI), 
arteriography, selective venous sampling, 
99mTc-sestamibi (MIBI) scintigraphy, 
18F-fluorodeoxyglucose positron emission 
tomography (FDG PET), and 11C-methionine 
PET.  The morphological imaging modalities, 
such as CT, ultrasound, and MRI, have the disad-
vantage that they cannot distinguish functional 
parathyroid tissue from other types of tissue. 
However, they provide excellent image resolu-
tion and contrast. Overall their accuracy is inad-
equate and varies.

6.2.9  Scintigraphic Localization

Scintigraphy using 99mTc-sestamibi (MIBI) is 
currently the preferred nuclear medicine method 
for parathyroid imaging. It is the most sensitive 
and cost-effective modality for preoperative 
localization of hyperfunctioning parathyroid tis-
sue. If a single parathyroid adenoma is detected, 
a unilateral scan-directed neck exploration can be 
performed. Due to a wide variation in scinti-
graphic techniques [97], the reported sensitivities 
of MIBI scan range from 80% to 100%. The 
mechanism of uptake of this radiopharmaceutical 
by abnormal parathyroid cells is not fully under-
stood although the mitochondria have been 
implicated in its uptake [98]. P-glycoprotein, a 
membrane transport protein encoded for by the 
multidrug resistance (MDR) gene, may also be 
additionally responsible for uptake, since it trans-
ports other products with structural similarity to 

MIBI [99]. The uptake and retention of MIBI by 
the abnormal neoplastic and hyperplastic lesions 
are probably due to the alterations in the biology 
of the abnormal parathyroid cells, as noted ear-
lier, and mitochondria are probably the site of 
retention. The size of the lesions is also an impor-
tant factor in their visualization but cannot alone 
explain the uptake and retention. The size and the 
cellularity of the abnormal gland are also factors 
in the visualization and correlate with its MIBI 
uptake (Fig.  6.10) [100, 101]. Additionally, the 
ectopic disease (Fig. 6.11) may affect the degree 
of visualization and SPECT with or without CT 
is better to be used.

Parathyroid lesions detected by 201Tl scintigra-
phy have been shown to have significantly higher 
numbers of mitochondria-rich oxyphil cells com-
pared with nonvisualized lesions, indicating fur-
ther that the uptake depends in part on the 
metabolic activity of the lesion [102]. Our group 
found that the amount of mitochondria (Fig. 6.11) 
in adenoma cells correlates with the degree of 
uptake [103]. Significant P-glycoprotein or mul-
tidrug resistance-related protein expression was 
reported to limit the sensitivity of MIBI imaging 
in localizing parathyroid adenomas [98].

The protocol for MIBI parathyroid scintigra-
phy varies regarding timing of acquisition, SPECT 
and SPECT/CT. However, the study principle is to 
acquire early and delayed (Figs. 6.12 and 6.13). 
The variable behavior of abnormal parathyroid 
glands is due to the varying ultrastructure of the 
cells, the various combinations of cell types, and 
their biological activity. 123I or pertechnetate thy-
roid imaging for comparison or subtraction is 
only occasionally needed on an individual basis 
(e.g., presence of thyroid nodule). If the presence 
of thyroid pathology is known or suspected clini-
cally, one starts with a thyroid scan to define the 
morphology and localize the thyroid by injecting 
1 mCi99mTc- pertechnetate i.v., and the neck is 
imaged 15 min later.

Tetrofosmin has been also used in a 2-day pro-
tocol using 99mTc-pertechnetate imaging of thy-
roid and single acquisition of 99mTc-Myoview 
next day. Comparing the activity of both scans 
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Tc99m MIBI

Early Delayed

a

c

b
Fig. 6.10 Tc99m 
sestamibi study for a 
patient with 
biochemically proven 
hyperparathyroidism. 
Early images (a) shows 
a focus of increased 
uptake in the region of 
the right lower pole of 
the thyroid gland which, 
in the delayed image 
(b), retains the activity 
(arrow) with clearance 
of thyroid uptake 
consistent with 
adenoma. Surgery was 
performed and the lesion 
was pathologically 
proven to be adenoma. 
Sample was sent for 
electron microscopic 
study. Electron 
microscopic photograph 
(c) of this parathyroid 
adenoma illustrates cells 
packed with 
mitochondria (arrows)

obtained 15 min post injection facilitates detect-
ing focal activity of parathyroid adenomas and 
hyperplastic glands with high accuracy [104].

It was reported that parathyroid scan interpre-
tation by a nuclear medicine physician along with 
an endocrine surgeon resulted in improved accu-
racy of gland localization and lateralization com-
pared to a nuclear medicine physician reading 
alone. This improvement may be due to increased 
awareness of clinical data and head and neck 
anatomy [105].

SPECT/CT has proven to be most accurate 
in localizing parathyroid glands (Fig. 6.14) and is 
currently the recommended procedure. It has 

proven to be a useful tool for preoperative assess-
ment, not only for ectopic glands but also for 
patients with previous neck surgery. It also 
increases reporting confidence for physicians 
[106, 107]. It has been reported to be 94% accu-
rate in detecting parathyroid adenoma and 92% 
in accurate localization [108].

PET has been also investigated for localizing 
parathyroid glands. Initial studies using FDG 
showed conflicting results in imaging the para-
thyroid glands in primary hyperparathyroidism. 
11C-methionine PET was suggested to be more 
promising than FDG in parathyroid localization 
[109]. In a large recent study of 171 patients, 
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Tc99m MIBI

Early

delayed

a b

c

Fig. 6.11 Ectopic 
parathyroid adenoma 
(arrow) seen on Tc99m 
MIBI study. Early 
whole-body (a) and spot 
images (b, c) with 
retained activity on 
delayed spot image

Early DelayedSS notch marker

Fig. 6.12 99mTc- 
sestamibi study acquired 
15–90 min post injection 
using pinhole collimator. 
The delayed image 
shows differential 
clearance of activity 
from the thyroid gland 
with retained and intense 
uptake by a large 
parathyroid adenoma 
(arrow)
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TC99m MIBI

SS notch marker Early Delayed

Fig. 6.13 Hyperplastic 
parathyroid glands 
(arrows) with persistent 
uptake on delayed 
99mTc-sestamibi image

CT

SPECT

SPECT/CT

Tc99m  MIBI SPECT/CT

Coronal Sagittal Transaxial

a b

c

Fig. 6.14 A 70-year-old male with osteoporosis who is 
on rheumatoid arthritis treatment. He has hypercalcemia 
and high parathyroid hormone (PTH) levels. Tc-99m 
pertechnetate thyroid scan (a) and Tc-99msestamibi pla-
nar (b) with SPECT/CT (c) were performed. The thyroid 
scan (a) is grossly normal with no focal abnormalities. 
There is a focus of increases uptake on early sestamibi 
image (b) in the region of the right lower pole of the thy-
roid which does not show significant washout of activity 

and becomes more prominent on delayed image. There is 
normal washout of activity from the thyroid gland. Based 
on planar images, scintigraphic findings are consistent 
with parathyroid adenoma at the region of the right lower 
pole. Selected SPECT/CT images (c) demonstrate that 
this focal activity is located posterior to the lower pole of 
the right lobe (arrow). Note that SPECT/CT better located 
the lesion as compared to planar imaging
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18F-fluorocholine (FCH) PET/CT, correctly 
detected 96% and 90%, on a per patient-based 
and per lesion-based analysis, respectively [110].

6.2.10  Atypical Washout 
of Radiotracer

As outlined, the diagnosis of parathyroid tumor 
with MIBI scintigraphy is based on the differen-
tial washout rate between the thyroid and  diseased 
parathyroids. Atypical radiotracer clearance 
whether fast parathyroid or delayed thyroid gland 
washout will limit the efficacy of detection of 
parathyroid disease with dual-phase MIBI scin-
tigraphy as well as using the intraoperative probe.

Early parathyroid washout is frequently seen 
in parathyroid hyperplasia; the detection rate for 
this entity is approximately half of that for para-
thyroid adenoma [92]. Scintigraphy performs 
worse in cases of multisite hyperplasia, in which 
only the most prominent radiotracer-avid gland is 
visualized. In addition, rapid washout from a 
parathyroid adenoma has been attributed, without 
unanimous confirmation, to the histological com-
position of the adenoma [92]. Modifying the 
imaging protocol with additional interval scan-
ning between the standard 15-min and 2–4-h 
acquisitions may be helpful in demonstrating 
rapid washout.

Delayed radiotracer washout from the thyroid 
parenchyma makes dual-phase scintigraphic 
assessment difficult. It was observed that the 
delay varies, and significant washout may not 
occur even several hours after injection of the 
radiotracer. This retention of MIBI occurs in thy-
roid diseases such as multinodular goiter, 
Hashimoto’s thyroiditis, thyroid adenoma, and 
thyroid carcinoma owing to the hypermetabolic 
characteristics of these diseases [93]. Extended 
delayed-phase imaging of MIBI along with in- 
depth clinical examination may be useful in the 
diagnosis of concomitant thyroid and parathyroid 
disease.

As rapid washout and small size of parathy-
roid glands would cause false-negative localiza-
tion studies, several pathologies can also cause 
false-positive studies (Table 6.8).

6.2.11  Intraoperative Probe 
Localization

Localization using intraoperative gamma probe 
has recently gained popularity. The patient is 
injected 2 h before surgery, and the probe is used 
to detect the higher level of activity after explora-
tion by the surgeon. On the day of surgery, the 
patients receive the same dose of MIBI as for 
imaging and is taken to the operating room. Prior 
to skin incision, counts over four quadrants in the 
neck as well as over the mediastinum are obtained 
using a gamma probe.

6.3  Adrenal Gland

6.3.1  Anatomical and Physiological 
Considerations

The adult adrenal glands weigh 8–10  g and lie 
above and slightly medial to the upper pole of 
both kidneys. The outer cortex comprises 90% of 
the adrenal weight, the inner medulla about 10%. 
The cortex is rich with vessels and receives its 
main blood supply from branches of the inferior 
phrenic artery, renal arteries, and the aorta. These 
small arteries form an arterial plexus beneath the 
capsule and then enter a sinusoid system that 
penetrates the cortex and medulla, draining into a 
single central vein in each gland [111].

Histologically, the adult adrenal cortex is 
composed of three zones: an outer zona glomeru-
losa which produces aldosterone, a zona fascicu-
lata, and an inner zona reticularis. The zona 
fasciculata is the thickest layer and produces cor-
tisol and androgens; its cells are large and contain 

Table 6.8 Causes of false-positive MIBI parathyroid 
studies

Lymph nodes
   Supraclavicular
   Axillary
Hyperplastic thymusa

Sarcoidosisb

Carcinoid tumor
Malignant tumors

a Confused with an intrathymic or mediastinal parathyroid 
adenoma
b Thorax
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more lipid and thus are termed clear cells. The 
zona reticularis produces weak androgens. The 
zonae fasciculata and reticularis are regulated by 
adrenocorticotropic hormone (ACTH).

Cholesterol within the adrenal cortex is the 
starting point for synthesis of multiple adrenal hor-
mones. Therefore, a radioactive cholesterol is use-
ful in evaluating the functional status of 
adrenocortical lesions The adrenal medulla is 
composed histologically of chromaffin cells, 
which are large ovoid columnar cells arranged in 
clumps or cords around blood vessels and sur-
rounded by capillaries and sinusoids. They have 
large nuclei and a well-developed Golgi apparatus; 
they have a large number of granules containing 
 catecholamines. The adrenal medulla also con-
tains some sympathetic ganglia. The cells of adre-
nal medulla are innervated by preganglionic 
sympathetic fibers. Most of the blood supply to the 
hormonally active cells of the medulla is derived 
from a portal vascular system arising from the cap-
illaries in the cortex. There is also a network of 
lymphatics that drain into a plexus around the cen-
tral vein [112]. The adrenals provide adjustment of 
heart performance and vascular tone. Epinephrine 
is found essentially only in the adrenal medulla, 
and constituting greater than 80% of its output. 
Norepinephrine is synthesized by adrenergic neu-
rons and cells of the adrenal medulla; therefore, a 
radioactive norepinephrine analog is used to evalu-
ate adrenomedullary lesions.

6.3.2  Adrenal Cortex

6.3.2.1  Pathophysiology

Primary Aldosteronism (Conn’s Syndrome)
In primary aldosteronism (Conn’s syndrome), 
there is increased production of aldosterone by 
abnormal zona glomerulosa (adenoma or hyper-
plasia) leading to hypertension through the 
increased reabsorption of sodium and water from 
the distal tubules. A benign adenoma accounts 
for 75% of cases of this syndrome; it is usually 
small, ranging from 0.5 to 1.5 cm in diameter. It 
is more common in women than in men (3:1) and 
usually occurs between the ages of 30 and 

50 years. Bilateral, or rarely unilateral, micro- or 
macronodular adrenal hyperplasia accounts for 
most of the remaining cases. Two types of famil-
ial hyperaldosteronism have recently been identi-
fied: Type I is glucocorticoid suppressible and 
associated with bilateral hyperplasia, and type II 
is associated with adrenocortical adenoma. 
Adrenal carcinoma is a very rare cause of this 
syndrome. The patients typically come to medi-
cal attention because of clinical signs of hypoka-
lemia or detection of previously unsuspected 
hypertension during the course of a routine phys-
ical examination. The diagnosis is principally a 
biochemical one (low plasma renin activity and a 
high level of aldosterone); imaging is required to 
localize the lesion and identify its multiplicity. 
The diagnostic information provided by CT or 
MRI in localizing adenomas is both accurate and 
practical, and they are the initial approach of 
choice. Some smaller adenomas which are not 
clearly visualized by CT can be depicted by 
scintigraphy.

Cushing’s Syndrome
The most common pathological cause of this 
syndrome is the stimulation of the zona fascicu-
lata by excess ACTH from the pituitary gland 
(Cushing’s disease) or, less commonly, the ecto-
pic production of ACTH (as in small cell lung 
cancer and neural crest tumors) or corticotropin- 
releasing factor (CRF) (as in bronchial carcinoid 
and prostate cancer). Stimulating this zona may 
lead to bilateral adrenocortical hyperplasia, 
which is nodular in 25% and diffuse in 75% of 
cases. Cushing’s syndrome may also be due to 
autonomous adrenal cortisol production (30–
40% of cases) due to adrenal adenoma or hyper-
functioning adrenal carcinoma. ACTH-induced 
Cushing’s disease is more common in adults 
(25–45  years) and is at least three times more 
common in women than in men. Cushing’s dis-
ease resulting from ectopic ACTH secretion is 
more common in older adults, particularly men. 
Adrenal tumors rather than pituitary tumors are 
more common in children, especially girls. 
Twenty percent of nonfunctional adrenocortical 
carcinomas tend to be highly malignant, with 
weights exceeding 1 kg.
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Hyperandrogenism
Hyperandrogenism can be the result of hyperse-
cretion of androgens (causing virilization) or 
estrogens (causing feminization) from the zona 
reticularis of the adrenal cortex by primary adre-
nocortical hyperplasia and rarely by adrenal 
tumors, though the most common cause of this 
syndrome is polycystic ovary disease (POD). In 
POD, the chronic anovulation associated with 
increased circulating LH levels results in 
increased ovarian stromal stimulation, which 
leads to increased ovarian androgen production. 
A testosterone-secreting adrenal adenoma may 
contain the crystalloids characteristic of Leydig’s 
cells [113].

6.3.2.2  Scintigraphy

Radiolabeled Cholesterol Analogs
NP(131I-7-iodomethyl-19-norcholesterol)-59 
(NP-59) is the classic nuclear medicine study 
used to evaluate some disease processes related 
to the adrenal cortex. Its main uses are docu-
mented cases of adrenal excess secretion and 
negative or equivocal CT or MRI findings. This 
radiopharmaceutical is a cholesterol analog that 
is bound to and transported by low-density lipo-
proteins (LDL) to specific LDL receptors on 
adrenocortical cells; therefore, endogenous 
hypercholesterolemia may limit the number of 
receptors available for radiocholesterol localiza-
tion through competitive inhibition. Once liber-
ated from LDL, NP-59 is esterified but is not 
further converted to steroid hormones [114]. This 
scan should be done only on patients with clini-
cally hyperfunctioning adrenal cortex verified by 
lab results, CT, or MRI.

Patient Preparation
 1. Suppression of normal adrenal cortex is 

achieved by oral administration of 1 mg dexa-
methasone q.i.d. beginning 7 days before and 
for the duration of the study. This is not 
required in patients with hypercortisolism.

 2. Stop diuretics, spironolactone, and antihyper-
tensive drugs, if feasible for at least 48 h.

 3. Saturated solution of kalium iodide (SSKI) is 
given orally in a dose of one drop t.i.d. start-

ing 2 days before and continuing for 14 days 
to suppress the thyroid uptake of free radioio-
dine. Patients allergic to iodine can take potas-
sium perchlorate (200  mg every night after 
meals), starting 1  day before injection of 
NP-59, for 10 days.

 4. A laxative should be given starting 48 h prior 
to imaging and continuing till final imaging 
to diminish bowel activity. Enemas may be 
required. The dose of 131I-NP-59 is 1 mCi, to 
be strictly injected i.v. through a secured i.v. 
line over 2  min. NP-59 background clear-
ance and accumulation in the adrenals occur 
slowly, but by day 5, accumulation in the 
normal adrenals is greater than in other 
organs. Suppressed patients should be 
imaged on days 3, 4, 5, and 7. If the adrenals 
are not seen by day 7, dexamethasone should 
be stopped and the patient imaged on day 10; 
nonsuppressed patients are imaged on days 5 
and 7. Anterior and posterior projections of 
the adrenals are obtained; in case of hyperan-
drogenism, the pelvis and genitalia should be 
included.

The normal distribution is seen in the liver, 
gallbladder, and colon. In 90% of cases, the 
right adrenal gland is more cephalad and deeper 
than the left adrenal gland. In two-thirds of nor-
mal subjects, the activity in the right adrenal 
appears greater than that in the left in the poste-
rior projection; this is because the right adrenal 
occupies a more posterior location than the left 
adrenal. In some instances, the gallbladder can 
be confused with the right adrenal. In the lateral 
view, the gallbladder is located anteriorly. In 
difficult cases, cholecystokinin can clear the 
gallbladder activity. Interfering colonic activity 
can be reduced by cathartics. Although count 
rates are low, single photon-emission computed 
tomography (SPECT) can be performed and 
may separate adrenals from gut and liver 
activity.

In primary aldosteronism, early unilateral 
increased uptake indicates adrenal adenoma, 
whereas bilateral increased uptake suggests bilat-
eral adrenal hyperplasia. Pituitary ACTH- 
producing adenoma or ectopic ACTH secretion 
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can result in bilateral adrenal hyperplasia mani-
fested by bilateral symmetric increased uptake, 
with ectopic causes producing more uptake of 
NP-59; this pattern may be asymmetric in the 
macronodular form of hyperplasia. Adrenal ade-
noma causes unilateral increased uptake, whereas 
adrenocortical carcinoma gives rise to bilateral 
nonvisualization. In hyperandrogenism, early 
bilateral uptake is compatible with hyperplasia, 
and early (<5 days) unilateral uptake or markedly 
a symmetric visualization is indicative of adrenal 
adenoma.

Positron Emission Tomography Imaging
Since adrenal adenomas are relatively common 
(2–9%) in the general population, incidental 
detection of adrenal lesions poses a diagnostic 
challenge, particularly in patients with a previous 
clinical history of malignancy [115, 116].

CT is used as the first-line diagnostic modality 
for screening and determining the nature of the 
adrenal lesions, and MRI is often performed to 
further characterize indeterminate masses seen 
on CT. 18F-FDG PET can help in differentiating 
malignant from benign adrenal lesions in patients 
with proven malignancy or in patients with inci-
dentally detected adrenal tumors on CT or MRI 
studies [116–118]. However, some adenomas 
show increased FDG tracer uptake similar to can-
cer and some do not. It has been suggested that 
the functional state of an adenoma is a factor 
determining the intensity of uptake, with 18F-FDG 
uptake being increased in functioning adrenal 
masses [119]. SUV value can help differentiate 
adrenal cortical adenomas from adrenal cortical 
carcinomas [118].

Specific inhibitors of adrenal steroidogene-
sis, etomidate and metomidate, have recently 
been used to develop suitable PET tracer. These 
molecules seem to be suitable as in vivo tracers 
for specific visualization of the normal adrenal 
cortex and positive identification of adrenocor-
tical tumors. To date adrenocortical radiocho-
lesterol scintigraphy has been shown to be the 
most accurate noninvasive imaging technique 
in differentiating benign cortical adenomas 
from space-occupying or destructive adrenal 
lesions.

6.3.3  Adrenal Medulla

6.3.3.1  Pathophysiology
Neuroendocrine tumors are a heterogeneous 
group of usually slow-growing tumors that 
arise from neuroendocrine cells from various 
organs, including adrenal in addition to lung, 
thymus, thyroid, stomach, duodenum small 
bowel, large bowel, appendix, pancreas, and 
skin (see Chap. 12).

Pheochromocytoma
Pheochromocytoma is a rare tumor arising from 
chromaffin cells of the adrenal medulla. Most 
pheochromocytomas produce excessive amounts 
of norepinephrine, attributable to autonomous 
functioning of the tumor, although large tumors 
may secrete both norepinephrine and epinephrine 
[120] and in some cases also dopamine. The 
release of catecholamine into the circulation 
causes hypertension, tremor, tachycardia, and 
other signs. Other catecholamine-producing 
tumors (e.g., chemodectoma and ganglioneu-
roma) may also cause a syndrome similar to that 
seen with pheochromocytoma. Furthermore, they 
may also produce some active peptides such as 
somatostatin, ACTH, and calcitonin.

Pheochromocytomas vary in size from less 
than 1 g to several kilograms; in general, they 
are small, most weighing under 100 g. They are 
vascular tumors, tend to be capsulated, and 
commonly contain cystic or hemorrhagic areas. 
The cells tend to be large and contain typical 
catecholamine storage granules. Multinucleated 
cells, pleomorphic nuclei, mitosis, and exten-
sion into capsule and vessels are sometimes 
seen but do not indicate that the tumor is malig-
nant. The chromogranin existing within secre-
tory granules in the tumor tends to form 
Zellballen (cell balls); these structures are sur-
rounded by sustentacular cells. Five to ten per-
cent of cases are malignant, and malignancy is 
determined by the only biological behavior of 
the tumor. It is estimated that 0.1% of hyperten-
sive patients have pheochromocytoma. More 
than 90% of patients with pheochromocytoma 
exhibit hypertension, which is sustained in two-
thirds of patients. These tumors are observed 
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more frequently in women than in men and at all 
ages, including infancy; they are most common 
in the fifth and sixth decades [120].

Although most patients with functioning 
tumors have symptoms (sweating, palpitation, 
headache, dyspnea, and anxiety), most of the time, 
these vary in intensity, and in about half of the 
patients, they are paroxysmal. Pheochromocytomas 
are usually sporadic, but about 10–20% of cases 
are familial and arise alone or as part of several 
hereditary syndromes including multiple endo-
crine neoplasia (MEN) type IIa and type IIb, neu-
roectodermal disorders (tuberous sclerosis, von 
Hippel–Lindau disease, and neurofibromatosis 
type I), Carney’s syndrome (pulmonary chon-
droma, gastric epithelioid leiomyosarcoma, and 
paraganglioma), and McCune–Albright syn-
drome. Pheochromocytoma can be found any-
where in the sympathetic nervous system from the 
neck to the sacrum; it is subdiaphragmatic in about 
98% of cases. In 85–90% of these cases, it is found 
in the adrenal medulla. In sporadic cases of pheo-
chromocytoma, 80% of the tumors are unilateral, 
10% bilateral, and 10% extra-adrenal (paragangli-
oma). In contrast, two-thirds of those occurring in 
the context of MEN are bilateral. In children, it is 
extra-adrenal in 30% of cases. These extra-adrenal 
locations are para-aortic sympathetic chain (8%), 
organ of Zuckerkandl at origin of the inferior mes-
enteric artery (2–5%), and gonads, scrotum, and 
urinary bladder (1%). Fewer than 10% of these 
tumors are malignant and metastasize by lym-
phatic or hematogenous routes; metastases are 
usually found in the skeleton, liver, lymph nodes, 
and lungs [121]. The differential diagnosis 
includes thyrotoxicosis, migraine, sympathomi-
metic drug use, menopausal hot flushes, and anxi-
ety disorders. Patients with persistent symptoms 
and hypertension may develop complications such 
as nephropathy, retinopathy, myocardial infarc-
tion, cerebrovascular accidents, and congestive 
heart failure.

The diagnosis is confirmed by assay of cate-
cholamines and their metabolites, followed by 
MRI or CT to localize the lesion; predominant 
production of epinephrine, when present, sug-
gests an adrenal location. Dopamine excretion is 
a sensitive indicator of tumor aggressiveness, and 

a rising plasma or urinary dopamine level is 
regarded as a poor prognostic indicator.

MRI is somewhat more successful in locating 
extra-adrenal tumors and has the advantage of 
providing bright images of pheochromocytoma 
with T2 weighting in contrast to most other adre-
nal tumors. Only the smallest tumors or those 
shielded by clips and other metal objects from 
previous surgery cannot be detected; in these 
cases, an MIBG study is indicated.

Neuroblastoma
Neuroblastoma is a malignant tumor of the sym-
pathetic nervous system, accounting for up to 
10% of childhood cancers and 15% of cancer 
deaths among children. Seventy-five percent of 
neuroblastoma patients are younger than 4 years. 
The tumor is usually more than 5 cm in the larg-
est diameter and tends to extend across the mid-
line; it has the potential to mature into 
pheochromocytoma or ganglioneuroma. 
Metastases are the first manifestation in up to 
60% of cases. The electron microscopic appear-
ance of NB cells is distinctive. The malignant 
neuroblasts exhibit peripheral dendritic processes 
containing longitudinally oriented microtubules, 
neurosecretory granules, and filaments in the 
cytoplasm. Neuroblastomas readily infiltrate the 
surrounding structures and metastasize to the 
regional lymph nodes, liver, lungs, and bones; 
metastases to the orbit may result in proptosis 
[122]. Areas of necrosis, hemorrhage, calcifica-
tion, and cystic changes are frequently present. 
Around one-third of cases are found in the adre-
nal gland, another third in other abdominal sites, 
and 20% in the posterior mediastinum. More than 
90% of these tumors produce catecholamine in 
excess, but they rarely cause typical clinical syn-
dromes. Severe diarrhea may be caused by secre-
tion of vasoactive intestinal peptides by the 
neuroblastoma.

Ganglioneuroma
Ganglioneuroma is a benign tumor found in older 
children and young adults, with no sex predilec-
tion. Forty percent of the patients are over 
20 years of age. Up to 30% of these tumors occur 
in the adrenal medulla and 43% in the posterior 
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mediastinum. Histologically, the tumor consists 
of mature ganglion cells and is well encapsu-
lated; it is frequently calcified and rarely hor-
mone active.

6.3.3.2  Scintigraphy

Metaiodobenzylguanidine
Metaiodobenzylguanidine (MIBG) is a guanethi-
dine analog chemically similar to noradrenaline. 
Following i.v. injection, MIBG is rapidly cleared 
from the vascular compartment; however, a small 
amount remains in the thrombocytes. It localizes 
in storage granules of adrenergic tissue (referred 
to as synaptosomes) by means of energy- and 
Na-dependent mechanisms (type 1), and it is not 
metabolized to any appreciable extent. Neural 
crest tumors have these synaptosomes in 
abundance.

Preparation. The patient should be given 
Lugol solution orally (3 drops b.i.d. for 4–5 days, 
starting 2 days before injection to block the thy-
roid uptake of free 131I. The patient should stop 
taking reserpine, imipramine, calcium channel 
blockers, cocaine, labetalol, amphetamine-like 
drugs, and others.

The dose of 131I-MIBG is 0.5–1.0  mCi and 
results in a radiation dose of 50–100 rads/mCi to 
the adrenal medulla. The dose of 123I-MIBG is 
3–10 mCi, with a radiation dose of 0.80 rads/mCi 
to the adrenal medulla. The normal distribution 
of 123I-MIBG is to the salivary gland, liver, uri-
nary bladder, gastrointestinal tract, lung, myocar-
dium, normal adrenal gland, thyroid, spleen, and 
uterus [123–126]; in small children, uptake may 
also be seen in the nape of the neck, which is cur-
rently believed to be related to accumulation in 
brown adipose tissue [127].

Eighty-five percent of the injected dose is 
excreted unchanged by the kidneys. Imaging is 
performed at 24 and 48  h after injection of 
131I-MIBG and at 6 and 24  h after injection of 
123I-MIBG (Fig.  6.15). When SPECT is used 
(Figs.  6.16 and 6.17), increased certainty is 
achieved in interpreting the studies [124]. It is 
worthy of mention that 123I is better than 131I, 

Fig. 6.15 A 32-year-old male with suspected pheochro-
mocytoma. Anterior 123I-MIBG whole-body image with 
different intensity is shown. There is increased uptake at 
the supraclavicular region bilaterally. This pattern is due 
to uptake by brown fat. The remainder of the study shows 
also physiological distribution of the radiotracer with no 
abnormalities

Fig. 6.16 Representative coronal images from a SPECT 
131I-MIBG study for a patient with neuroblastoma, show-
ing metastases to the spine (arrows)
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Fig. 6.17 A planar (a) and SPECT (b) 131I-MIBG study and a CT section of a patient with a large pheochromocytoma 
(arrows)

especially in the pediatric population, because of 
the lower radiation exposure to the adrenals in 
addition to the superior image quality of the for-
mer. The sensitivity of 131I-MIBG in pheochro-
mocytoma is 80–90% and specificity is more 
than 90%; positive MIBG uptake in benign soli-
tary pheochromocytoma occurs in about 90% of 
patients [128]; tumors as small as 1–2  cm in 
diameter were detected especially with 123I [129].

Moreover, metastatic and recurrent tumors 
can also be located (Figs. 6.17 and 6.18). Adrenal 
medullary hyperplasia found in MEN IIa is diffi-
cult to diagnose with CT or MRI. MIBG scintig-
raphy is uniquely suited to detect this condition. 
Occasionally, however, some large tumors are 
not visualized because of extensive tumor 
necrosis.

MIBG is localized in other neuroendocrine 
tumors to a lesser degree, including carcinoid, 
medullary thyroid carcinoma, and paragangli-
oma. Indium-111 octreotide (a somatostatin ana-
log) is less accurate in the detection of 
pheochromocytoma, probably due to normal 
physiological uptake in the liver, spleen, and kid-

neys and blocking of somatostatin receptors by 
endogenous somatostatin.

Radiolabeled MIBG imaging is now a well- 
established examination in the diagnostic evalua-
tion of neuroblastoma. 123I is preferred especially 
in pediatric patients (dose 3–5  mCi) due to its 
favorable dosimetry and superior image quality; 
scintigraphy can be performed as early as 4  h 
after injection. Elevated catecholamine levels are 
not necessary for the detection of NB by 
MIBG. The sensitivity of MIBG in NB is 91%. 
Somatostatin analog scintigraphy has been 
reported to visualize MIBG-negative tumor sites 
in patients with NB. MIBG is essentil [130] as a 
prelude to 131I-MIBG therapy. In the follow-up of 
the patients with high-risk neuroblastoma, 
SPECT/CT MIBG has been found to improve 
significantly the imaging interpretation and pro-
vides positive impact on patient management 
[131]. Recently, the use of low-dose 124I-MIBG 
PET/CT for monitoring neuroblastoma in chil-
dren and evaluating tumor burden showed better 
tumor detection capability compared to 
123I-MIBG planar imaging and SPECT/CT [131]. 
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Fig. 6.18 123I-MIBG whole body (a, b) of a patient with 
known pheochromocytoma who was referred for back 
pain. The study shows a focal area of increased uptake in 
the midline of the abdomen. Forty-eight hours spot image 
(c) was acquired, and 99mTc-DTPA study (d) was also 
obtained for comparison and lesion appeared away from 

the kidneys. The study was correlated with 99mTc-MDP 
spot images of the thoracolumbar spine (e) which showed 
questionable focal abnormality in the midlumbar spine 
corresponding to the location of I-123 abnormal uptake. 
MRI (f) and CT (g) scans were obtained and show a lesion 
in L-3 representing metastatic pheochromocytoma

24h

Anterior Posterior Anterior Posterior

48h
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Other PET agents are also being used since 
approximately 10% of the neuroblastomas are 
non MIBG avid [132].

Indium-111 Octreotide
In healthy human beings, somatostatin, a natural 
neuropeptide, is produced in various tissues, 
including the nervous system, endocrine pan-
creas, and gastrointestinal tract. Somatostatin 
inhibits the secretion of several hormones, most 
importantly GH and TSH.

Neuroendocrine (including adrenal medulla) 
and non-neuroendocrine organs have surface 
receptors that bind to somatostatin. Octreotide, a 
somatostatin analog with a half-life of 120 min, 
is used to evaluate the tumors that contain these 
receptors, in which case it binds to somatostatin 
receptor subtypes 2 and 5. Among these tumors 
are pheochromocytoma, neuroblastoma, para-
ganglioma, and others including pancreatic 
tumors and carcinoid.

Octreotide is usually tagged with 111In 
(Fig. 6.19), although 123I has also been used in 
the past. It is recommended that octreotide ther-
apy be withheld for at least 72  h prior to the 
injection of the radiopharmaceutical. Following 
i.v.  injection of a standard dose of 6 mCi, static 
images are obtained at 4 and 24 h (Fig. 6.19). 
SPECT images through the region of interest 
are then obtained at 4 h and at 24 h if needed. 
This radiopharmaceutical is excreted via glo-
merular filtration. In a normal patient, octreo-
tide activity is identified in the thyroid, kidneys, 
liver, spleen, pituitary, gallbladder, and, to a 
lesser extent, the bowel on delayed images. The 
kidney and spleen receive the highest absorbed 
dose. A focal area of intense early radiotracer 
uptake is considered to be pathological, indicat-
ing primary neoplasm or metastasis. A false-
negative scan is seen in cases where the tumor is 
small, has few somatostatin receptors, or both. 
111In-octreotide scanning is highly sensitive for 

e
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Fig. 6.18 (continued)
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Fig. 6.19 Normal distribution of In-111 pentetreotide 
includes intense uptake in the spleen as well as uptake in 
the liver and activity in the kidneys and urinary bladder. 
Bowel activity is seen usually at 24 h. The pituitary and 
the thyroid glands may be faintly visualized. Biliary 
excretion of the tracer occurs with occasional visualiza-
tion of the gallbladder. Note that the right kidney is 
smaller than the left in this case

detecting tumors greater than 1.5 cm. Since the 
expression of somatostatin receptors in neuro-
blastomas is variable with less receptors in more 
advanced disease, an accurate sensitivity of 
111In-octreotide is not readily definable. In chil-
dren, several studies have compared 
111In-octreotide with MIBG scintigraphy for 
imaging neuroblastoma; the sensitivity of the 
former ranged from 55 to 70% and that of the 
latter 83–94% [133–137]. Several studies 
reported MIBG-negative tumor sites detected by 
111In-pentetreotide in patients with neuroblasto-

mas [133–137]. High affinity of octreotide for 
the MIBG-negative neuroblastoma cell line has 
been found. Tenenbaum et al. recommended the 
use of octreotide to detect somatostatin recep-
tors when results from MIBG scans are negative 
[134]. Pashankar suggested that neuroblastoma 
can be imaged by either 111In-octreotide or 
MIBG depending on local expertise, as they 
have a complementary role in the initial diag-
nostic workup particularly since 111In-octreotide 
additionally correlates with prognosis [136] 
(Figs. 6.20 and 6.21).

111In-octreotide is currently the agent of choice 
for nuclear medicine imaging of head and neck 
paraganglioma, though it is insensitive for lesions 
less than 1 cm. The recent introduction of SPECT/
CT has greatly improved the sensitivity of 
111In-octreotide scintigraphy [138].

It was suggested that 111In-DTPA-D-Phe-1- -
octreotide might be useful for radiation therapy 
of patients with surgically incurable tumors hav-
ing high somatostatin receptor densities such as 
carcinoid [139].

Positron Emission Tomography Imaging
PET has been used to evaluate adrenal masses. 
The higher spatial resolution of PET scanners 
(Figs. 6.22, 6.23, and 6.24) enables the detec-
tion of small tumors not seen with 
123I-MIBG.  Malignant adrenal tumors can be 
detected with FDG PET, but its use in these 
cases is limited due to the low specificity. FDG 
PET/CT can help detect certain malignant 
lesions particularly the minority which are not 
detected by MIBG. 11C-hydroxyephedrine, the 
first available positron-emitting tracer of the 
sympathetic nervous system, was found useful 
in the detection of pheochromocytomas, with a 
high level of accuracy [141]. Its uptake reflects 
catecholamine transport and storage and neu-
ronal reuptake. In detecting metastatic pheo-
chromocytomas, (18F) dopamine was found to 
be a superior to 131I-MIBG [142–144]. PET 
imaging is used for the detection, localization, 
staging, and follow-up of neuroendocrine 
tumors. It can also be used to determine SSTR 
status of the tumor and for selecting patients 
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Fig. 6.20 111In-octreotide imaging study obtained at 4 
(a), 24 (b), and 48 (c) h after i.v. injection of 6 mCi of the 
radiopharmaceutical. The images illustrate—in addition 
to the foci of metastatic carcinoid to the liver—the physi-
ological uptake in the liver, spleen, kidneys, bowel, and 

urinary bladder. Note that delayed imaging (c) and/or 
SPECT may be needed to differentiate physiological 
activity such as in the bowel from true disease (arrow) 
such as in this case

with metastatic disease for SSTR radionuclide 
therapy with Lutetium-177 (Lu-177)- or 
Yttrium-90 (Y-90)-labeled somatostatin 
analogs. 68-Ga-DOTATATE and 64- 
Cu-DOTATATE are radiolabeled somatostatin 
analogs for the diagnosis and pretreatment 
evaluation of neuroendocrine tumors with PET.

PET imaging with Ga-68 DOTA peptides is 
more accurate and detects more lesions than 
Octreoscan in carcinoid tumors and other neuro-
endocrine tumors [142]. Figures  6.22 and 6.23 
illustrate normal and abnormal Ga-68 DOTA 
TATE studies.

6.3.4  Incidental Adrenal Mass

Incidental detection of adrenal lesions is a diag-
nostic challenge since adrenal adenomas are rela-
tively common (2–9%) in the general population. 
This is particularly important in patients with a 
previous clinical history of malignancy. Incidental 
adrenal lesions are detected in about 2–5% of 
contrast-enhanced abdominal CT examinations 
making the diagnosis of adrenal incidentaloma a 
common clinical problem [145]. In these cases, 
the patients should be screened for pheochromo-
cytoma clinically and biochemically. Adrenal 

6 Endocrine System



254

incidentalomas are uncommon in patients 
younger than 30 years but increase in frequency 
with age; they occur equally in males and 
females. Adrenocortical adenoma accounts for 
36–94% of incidentalomas detected in patients 
without a history of malignancy [145]. Only 
about 10% of incidental adrenal masses are func-
tional [145]. Accordingly, NP-59 would not be an 
appropriate radiotracer for adrenal incidentaloma 
because 90% of adrenal masses cannot incorpo-
rate NP-59 in their cells. Metomidate is an inhibi-
tor of 11ß-hydroxylase, a key enzyme in the 
biosynthesis of cortisol and aldosterone by the 
adrenal cortex. 11C-metomidate is a promising 
PET tracer to identify incidentalomas of adreno-
cortical origin [146]. Khan et al. reported on the 
value of 11C-metomidate in evaluation of adreno-
cortical cancer [147].

FDG PET/CT can help detect certain malig-
nancy in adrenal incidentalomas particularly when 
they occur in patients with known  extra- adrenal 
malignancies. The prevalence of adrenal metasta-
ses discovered by FDG PET/CT has been reported 
to be as high as 9.9% in several studies. The 
upstaging resulting from FDG PET/CT can play 
an important role in modifying the plans of thera-
peutic strategies. In some patients, the adrenal 
metastasis can be the first manifestation of a can-
cer [148]. It should be noted that functional adre-
nal adenomas (cortisol secreting was the highest) 
may show increased FDG uptake in comparison to 
the nonfunctional adrenal masses [149].

Fig. 6.21 Fifty-three-year-old female presented with car-
cinoid symptoms for 6  months. She was found to have 
metastatic disease to the liver and pancreas. In-111 pente-
treotide anterior and posterior whole-body planar images 
at 24 h. Images reveal multiple foci of increased activity 
in the liver and abdomen consistent with SSTR-positive 
metastatic disease. SPECT/CT would better locate the 
abdominal disease

a b

Fig. 6.22 (a, b) Transverse images obtained in a patient 
with multiple endocrine neoplasia type 2 and an increase 
in urinary catecholamine levels. A CT image shows bilat-
eral adrenal tumors (arrows) and a 2-cm-diameter tumor 
on the right side and a 4-cm-diameter tumor on the left 

side adrenal lesions (arrows). HED PET image (b) shows 
intense uptake in both. Surgery revealed bilateral pheo-
chromocytomas. (From Anderson et  al. [140] with 
permission)
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Fig. 6.23 Normal distribution of Ga-68 DOTA peptides 
includes intense uptake in the spleen with uptake in the 
pituitary gland, liver, adrenals, and pancreatic head and 
activity in the kidneys, bowel, and bladder. Salivary and 

thyroid glands show mild uptake. The prostate gland and 
breast glandular tissue may show diffuse low uptake. 
Physiological uptake in the pancreatic head may mimic 
focal tumor. Uptake in adrenals may be prominent
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Fig. 6.24 Scintigraphic studies for a 74-year-old woman 
with duodenal 1 cm polyp, grade 1 carcinoid tumor, for 
staging. Ga-68 DOTANOC PET/CT whole-body MIP (a) 
and selected transaxial CT, PET, and PET/CT fusion 
images of the abdomen (b) and head (c) are shown. There 
is a focal uptake in the duodenal carcinoid (arrow) which 
is higher than liver activity. Incidentally, focal uptake is 
also seen in the left frontal region due to benign meningi-

oma and markedly and heterogeneously increased uptake 
in the enlarged left thyroid lobe which can be due to med-
ullary thyroid carcinoma, well-differentiated thyroid car-
cinoma, or carcinoid metastases. Physiological uptake is 
seen in the pituitary gland, right thyroid lobe, liver, spleen, 
both adrenal glands, pancreatic head, and bowel with 
excreted activity in the kidneys and bladder
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and Abdelhamid H. Elgazzar

7.1  Anatomic and Physiologic 
Considerations

7.1.1  Major Structures

The urinary system consists of a pair of kidneys, 
which filters the blood, form urine, and help reg-
ulate various metabolic processes; a pair of tubu-
lar ureters, which transport urine away from the 
kidneys; a saclike urinary bladder, which serves 
as urine reservoir; and a tubular urethra, which 
conveys urine to the outside of the body.

Kidneys are paired bean-shaped retroperito-
neal organs situated in the posterior part of the 
abdomen on each side of the vertebral column 
against the psoas major muscle. The upper pole 
of each kidney lies at the level of the twelfth tho-
racic vertebra, and the lower pole lies opposite 
the third lumbar vertebra. The right kidney is 
usually slightly more caudal in position. Each 
kidney’s weight ranges from 120 g to 170 g in the 
adult male and from 115 g to 155 g in the adult 
female. It is approximately 11 × 6 × 2.5 cm in 
dimension. Each kidney’s concave medial sur-
face has a slit-like aperture called the hilum, 
through which the renal pelvis, the renal artery, 
and vein, the lymphatics, and a nerve plexus pass 

into the kidney. A tough fibrous capsule sur-
rounds the organ.

On cut sections, two distinct regions can be 
identified: a pale outer region, the cortex, and a 
darker inner region, the medulla. In humans, the 
medulla is divided into 4–18 striated conical 
masses, the renal pyramids (average 8). Each 
pyramid’s base is positioned at the corticomedul-
lary boundary, and the apex extends toward the 
renal pelvis to form a papilla. On the tip of each 
papilla are 10–25 small openings representing 
the distal ends of the collecting ducts. A funnel- 
shaped minor calyx caps the apex of each medul-
lary pyramid. The minor calyx receives the urine 
from the kidney and passes it to the extrarenal 
collecting system (Fig. 7.1).

Since renal blood flow of approximately 
400 mL/100 g to 1.0 and 1.2 L/min per 1.73 m2 of 
body surface area—is much higher than that of 
any other well-perfused organs such as the heart 
and brain, kidney tissue is prone to be exposed to 
a significant amount of any potentially harmful 
circulating substances [1].

Additionally, glomerular capillaries vulnera-
ble to hemodynamic injury, in contrast to other 
capillary beds because glomerular filtration is 
dependent on high intra- and trans-glomerular 
pressure. The nephron’s microvasculature orga-
nization facilitates the spreading of glomerular 
injury to the tubulointerstitial compartment in 
disease, exposing tubular epithelial cells to 
abnormal ultrafiltrate. Accordingly, the concept 
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Fig. 7.1 A diagram illustrating main surface renal anatomy. (Created with BioRender.com)

of the nephron as a functional unit applies not 
only to renal physiology but also to the patho-
physiology of renal diseases.

7.1.2  The Nephron

The main functions of the kidneys are the main-
tenance of water, electrolyte, acid-base balance, 
elimination of waste products, and blood pres-
sure regulation. The functional unit of the kidney 
is the nephron, which consists of a glomerulus 
and a tubule. The glomerulus consists of a net-
work of capillaries derived from the afferent glo-
merular arteriole. They can be broadly divided 
into several portions: the proximal tubule, loop of 
Henle, distal tubule, and collecting tubule 
(Fig. 7.2).

Urine is formed as a result of glomerular fil-
tration, tubular reabsorption, and tubular secre-
tion [2]. The glomerular capillary tuft acts as a 
filter for plasma. Two epithelial layers encase it, 
the inner layer becoming part of the outer capil-
lary wall and the outer layer lining Bowman’s 
space (capsule), which receives the filtered fluid. 
The glomerular filtration rate (GFR) mainly 
depends on the hydrostatic and colloid osmotic 
pressure in the glomerular capillaries and the 
hydrostatic pressure in Bowman’s space. Filtered 

fluid from Bowman’s space enters the tubule. The 
proximal tubule plays a crucial role in reabsorb-
ing filtered solutes. About half to two-thirds of 
the sodium, chloride, and potassium are reab-
sorbed in this segment. Reabsorption of solutes is 
accompanied by passive osmotic diffusion of 
water. The loop of Henle, consisting of a descend-
ing limb and an ascending limb, is the reabsorp-
tion site of about 25% of the filtered solutes. 
Reabsorption occurs primarily in the “thick” 
ascending limb, where the epithelial cells are 
thick and metabolically very active. In this sec-
tion, “loop” diuretics such as furosemide exert 
their effects (see later). The reabsorbed solutes 
enter the medullary interstitium and contribute to 
its hypertonicity.

The distal tubule transports sodium, chloride, 
and potassium, but not water, from its proximal 
part, similar to the loop of Henle. The terminal 
distal tubule shares similar functions with the 
collecting tubules (see later). At the very 
 beginning of the distal tubule is the macula 
densa, a region of specialized cells in the vicinity 
of the juxtaglomerular (JG) cells in the afferent 
arteriole that store renin. In response to sodium 
and chloride concentration changes in this por-
tion of the tubule, the macula densa sends signals 
to the JG cells to release renin that mainly 
increases arterial blood pressure.
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Fig. 7.2 The components of the nephron. (Created with BioRender.com)

7.1.3  Renal Vasculature

Each kidney is supplied normally by a single 
renal artery in the human body. However, one or 
more accessory renal arteries is not uncommon, 
which may occur in 30% of the population [3]. 
The renal artery enters through the hilum of the 
kidney and branches successively into the inter-

lobar arteries, arcuate arteries, interlobular arter-
ies, and afferent arterioles. Each afferent arteriole 
eventually branches into the glomerular capillar-
ies. The distal glomerular capillaries merge to 
form the efferent arteriole. Efferent arterioles 
subdivide to form peritubular capillaries in the 
cortex or the vasa recta in the medulla. Changes 
in the afferent or efferent arteriolar tone play an 
important role in regulating the GFR.
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7.1.4  Juxtaglomerular Apparatus

The afferent arteriole has specialized smooth 
muscle cells called juxtaglomerular (JG) cells 
that store renin and stretch receptors that respond 
to arteriolar pressure changes. Renin is released 
as a result of decreased stretch of the arteriolar 
wall when arteriolar pressure is decreased. 
Another stimulus for renin comes from the mac-
ula densa, which consists of specialized cells in 
the first part of the distal tubule, located close to 
the JG cells. The macula densa signals the JG 
cells to release renin when the sodium and chlo-
ride content of this part of the tubule is low. 
Finally, the sympathetic nervous system can 
stimulate renin release in response to systemic 
baroreceptor stimuli.

7.2  Renal Radiopharmaceuticals

Renal radiopharmaceuticals can be described in 
two broad classes—those excreted rapidly into 
the urine and those retained for prolonged peri-
ods in the renal parenchyma.

7.2.1  Rapidly Excreted 
Radiopharmaceuticals

The rapidly excreted radiopharmaceuticals are 
used in dynamic imaging studies to assess indi-
vidual renal function and include [3–6]:

99mTc-mercaptoacetyltriglycine (MAG3), the 
agent of choice, is 90% protein-bound and 
excreted almost exclusively by the renal 
tubules. High renal-to-background count 
ratios provide excellent images and permit 
visualization of poorly functioning kidneys.

99mTc-diethylenetriamine penta-acetic acid 
(DTPA) was the most popular radiopharma-
ceutical in its category prior to the introduction 
of 99mTc-MAG3. It shows little protein binding 
(about 5%) and is excreted exclusively by glo-
merular filtration. Renal uptake of 99mTc-DTPA 
is limited because the glomeruli filter only 
20% of the renal blood flow. The 20% extrac-

tion fraction is considerably lower than that of 
99mTc-MAG3 and yields lower renal-to-back-
ground uptake ratios. However, it is less costly 
and may be used as an alternative to 99mTc-
MAG3, particularly if a quantitative estimate of 
GFR is in question. Functional assessment 
with 99m Tc-MAG3 and 99m Tc-DTPA gen-
erally is concordant. However, differences 
may be noted with glomerular- tubular dissoci-
ation in some cases of tubulointerstitial dis-
ease. Orthoiodohippurate is about 70% protein 
bound. Approximately 15–20% of the radio-
tracer is excreted by glomerular filtration and 
the remainder by tubular secretion. The use of 
131 I-OIH for scintigraphy has been largely 
abandoned because of the limitations of higher 
radiation exposure [7] and poor image quality 
related to a lower administered dose (1/15 that 
of 99m Tc-MAG3). Radiation exposure with 
123 I-labeled OIH is lower, and better images 
can be obtained using larger amounts of the 
radiotracer. However, this radiopharmaceutical 
is expensive and not readily available. The 
extraction fraction of OIH, while not optimum 
(since it is not completely extracted by the kid-
neys), is the highest among the radiopharma-
ceuticals in use today. Therefore, it can be used 
for the quantification of renal blood flow.

7.2.2  Slowly Excreted 
Radiopharmaceuticals

The slowly excreted radiopharmaceuticals 
include 99mTc-dimercaptosuccinic acid (DMSA) 
and 99mTc-glucoheptonate. Prolonged cortical 
retention of these radiopharmaceuticals allows 
the assessment of parenchymal morphology. 
Since accumulation occurs only in functioning 
tubules, uptake can be quantified to accurately 
assess the differential renal function [3, 4]. The 
preferred agent, Technetium-99m-DMSA, is 
90% protein-bound and accumulates in function-
ing tubules. Since very little of the radiotracer is 
excreted, interference from collecting system 
activity, particularly on delayed images, is mini-
mal. A total of about 40% of the administered 
amount is accumulated in the renal cortex.
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7.3  Renal Scintigraphy

According to the types of renal radiopharmaceu-
ticals, renal scintigraphy can be of dynamic or 
static nature.

• Dynamic studies are obtained using rapidly 
excreted radiopharmaceuticals, while static 
studies are obtained utilizing slowly excreted 
tracers. Dynamic studies start by rapidly 
acquiring image frames upon injection of the 
tracer to follow activity passing through the 
blood vessels until reaching the kidneys to 
evaluate the blood flow. This phase is followed 
by another series of imaging frames every 
10–20  s of the kidneys for approximately 
30  min to evaluate the renal functional han-
dling of the radiotracer. This phase will then 
be computer-processed to generate a time- 
activity curve (renogram) for both kidneys to 
illustrate the uptake, build up, and excretion of 
the radiopharmaceutical by each kidney and 
generate the percent contribution of each kid-
ney to the total renal function (split or differ-
ential renal function).

• Static studies using slowly secreted radiophar-
maceuticals, particularly 99mTc-DMSA, are 
acquired 3 h after intravenous injection of the 
radiotracer and optionally up to 24 h based on 
the individual case and the kidney function. 
These studies are predominantly used to deter-
mine the split renal function accurately and in 
cases of urinary tract infections to evaluate the 
pathologic changes, including cortical scars. 
Anterior, posterior, left and right posterior 
oblique planar views are obtained routinely 
with optional SPECT or SPECT/CT.  Using 
the anterior and posterior views, the split renal 
function is calculated by the geometric mean 
of the background-subtracted kidney counts.

7.3.1  Principles of Interpretation

7.3.1.1  Dynamic Studies
Assessment of function on dynamic studies is 
based on several criteria, including initial cortical 
uptake of the radiotracer, cortical retention, first 

visualization of the collecting system, and time to 
peak cortical activity. These parameters, how-
ever, may be affected by the state of hydration. 
Prolonged radiotracer uptake, reduced excretion, 
and cortical retention can be noted in cases of 
dehydration [8, 9]. An adequate assessment of 
renal function should include analysis of both the 
scintigraphic images and the time-activity curves.

Cortical uptake: The first minute after radiotracer 
administration represents the vascular deliv-
ery phase. The next 2 min constitute the paren-
chymal phase. Uptake in the kidney during 
this interval (between 1 and 3 min after radio-
tracer injection) is proportional to its function, 
using either tubular or glomerular agents.

Cortical retention: The cortical retention of the 
radiotracer, quantified by expressing renal 
counts at 20–30 min on the time-activity curve 
as a percentage of the peak uptake, is a mea-
sure of the rapidity with which the kidney 
excretes the radiotracer. As renal function 
deteriorates, the percentage of retained radio-
tracer increases. This index can help monitor 
patients with renal transplants or assess reno-
vascular hypertension [10]. An apparent 
increase in retention may occur with urine sta-
sis in the collecting system.

First visualization of collecting system: The 
interval between radiotracer administration 
and excretion of activity into the collecting 
system (pelvis and/or calyces) is a measure of 
cortical function. This interval is obtained 
from the sequential images. The delayed 
appearance of the collecting system is associ-
ated with impaired function.

Time to peak: This parameter is easily measured 
from the time-activity curve. However, an 
accurate estimate may not be possible in the 
absence of a peak, which is often the case in 
significant renal dysfunction. Prolonged val-
ues for the time to peak can be seen in physi-
ologic retention of the tracer in the renal 
calyces or pelvis [11].

7.3.1.2  Static Studies
Scintigraphy with 99mTc-DMSA and 99mTc- 
glucoheptonate is done between 3 and 24 h after 
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radiotracer administration. It is usually used to 
detect renal parenchymal defects associated with 
pyelonephritis, scars, and infarcts. Since only 
functioning tubular cells accumulate these radio-
pharmaceuticals, the total renal uptake is a mea-
sure of individual renal function. Relative renal 
function can also be measured as with the rapidly 
excreted radiopharmaceuticals.

7.4  Major Diseases

7.4.1  Renovascular Hypertension 
(RVH)

Approximately 5% of hypertension is renovascu-
lar in origin. It accounts for about 5.4% as a cause 
of secondary hypertension in adults [12–14]. 
Renal artery stenosis is generally due to athero-
sclerotic plaques or fibromuscular dysplasia, the 
latter occurring in younger individuals. 
Significant’ stenosis that would trigger the acti-
vation of the renin-angiotensin system and lead 
to the development of renovascular hypertension 
has been defined as a reduction in intraluminal 
diameter by 50% or greater. However, the degree 
of anatomically defined renal artery stenosis does 
not always correlate with the presence of reno-
vascular hypertension.

7.4.1.1  Pathophysiology
The renin-angiotensin system serves as mainte-
nance of systemic blood pressure in such condi-
tions as hypotension and shock. However, with 
significant renal artery stenosis, the renin- 
angiotensin system limits a fall in GFR but caus-
ing systemic (renovascular) hypertension. 
Systemic blood pressure is maintained primarily 
by the increase in vascular tone and sodium and 
water retention. At the same time, a sharp reduc-
tion in GFR is prevented by the increase in the 
glomerular capillary hydrostatic pressure.

Glomerular capillary hydrostatic pressure is 
modulated by the tone of the afferent and efferent 
glomerular arterioles. Increased tone in the effer-
ent arteriole or decreased tone (increased flow) in 
the afferent arteriole raises capillary hydrostatic 

pressure and GFR. In contrast, the decreased tone 
in the efferent arteriole or increased tone 
(decreased flow) in the afferent arteriole lowers 
GFR.

The first step in the activation of the renin- 
angiotensin system is the release of renin by the 
renal JG cells by several mechanisms through 
[15, 16].

(1) signals from baroreceptors (“stretch” 
receptors) in the afferent arteriole modulated by 
prostaglandins, (2) chemoreceptor signals from 
the macula densa (located in the initial portion of 
the distal tubule) related to decreased sodium and 
chloride in the distal tubule and modulated by 
prostaglandins and adenosine, and (3) increased 
sympathetic activity due to activation of systemic 
cardiopulmonary and carotid sinus baroreceptors 
by hypotension.

Renin released due to these stimuli converts 
circulating angiotensinogen, an alpha2 globulin 
produced by the liver, to angiotensin I, a deca-
peptide. Angiotensin I is then converted to the 
active octapeptide form, angiotensin II, by 
angiotensin- converting enzyme (ACE), found in 
vascular endothelium. The bulk of this conver-
sion occurs in the pulmonary vascular bed. 
Angiotensin II is also produced in the kidney. 
Angiotensin II is a powerful vasoconstrictor that 
raises systemic blood pressure primarily by 
increasing vascular tone and stimulating the syn-
thesis and secretion of aldosterone from the zona 
glomerulosa of the adrenal cortex, which pro-
motes sodium and water reabsorption from the 
renal tubules.

The intrarenal effects of angiotensin II help 
counter a fall in GFR due to decreased afferent 
arteriolar and glomerular capillary hydrostatic 
pressure [15–18]. First, angiotensin II raises 
GFR by preferential constriction of the efferent 
glomerular arteriole. Second, angiotensin II 
increases tubular reabsorption of sodium and 
water directly and indirectly (increased tone in 
efferent arteriole decreases hydrostatic pressure 
in peritubular capillaries with a resultant 
increase in sodium and water reabsorption). 
GFR remains unchanged in the contralateral 
normal kidney in unilateral renal artery stenosis 
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because the increased efferent arteriolar tone is 
offset by an increase in afferent arteriolar tone 
in response to a higher systemic blood pressure. 
The effects of angiotensin II eventually lead to 
inhibition of renin release. In unilateral reno-
vascular disease, sodium retention is offset by 
pressure natriuresis (decreased sodium chloride 
reabsorption in the proximal tubule) by the nor-
mal kidney. The process limits the expansion in 
blood volume, so the pressure in the afferent 
arteriole of the stenotic kidney remains low. In 
bilateral renovascular disease, however, blood 
volume expansion may be sufficient to increase 
afferent arteriolar pressure and decrease (but 
not necessarily normalize) renin secretion. 
Angiotensin II also has a direct inhibitory effect 
on the JG cells.

7.4.1.2  Scintigraphy for RVH

Basis
The scintirenographic diagnosis of renovascular 
hypertension is based on the demonstration of 
renal physiology changes following the adminis-
tration of an ACE inhibitor [19–21]. As noted 
above, angiotensin II, formed by the activation of 
the renin-angiotensin system, helps maintain 
GFR by increasing the tone of the efferent glo-
merular arteriole, raising the glomerular capillary 
hydrostatic pressure. These changes are reversed 
by ACE inhibitors, which block the conversion of 
angiotensin I to angiotensin II.  Consequently, 
there is a sharp drop in GFR and proximal tubular 
urine flow.

Decreased GFR and tubular flow after 
administering an ACE inhibitor will decrease 
uptake and prolonged cortical retention of 
99mTc- DTPA. Since renal blood flow generally 
is not significantly changed, 99mTc-MAG3 shows 
only prolonged cortical retention without 
decreased uptake. Rarely, uptake of 99mTc-
MAG3 may decrease, presumably due to a fall 
in blood pressure below a critical level required 
to maintain perfusion in the stenotic kidney. 
The general principles of ACE-inhibitor renog-
raphy also apply to patients receiving chronic 
treatment with angiotensin II (AT1) receptor 
antagonists [22].

Interpretation
Scintigraphic studies are generally interpreted by 
comparing a baseline examination with the one 
performed after the ACE inhibitor administra-
tion. Visual analysis of the time-activity curves of 
both kidneys using a grading system as shown in 
Fig. 7.3 can be a valuable method to define the 
degree of suspicion of renal artery stenosis [23].
Both the images and the time-activity curves are 
evaluated using the traditional parameters of 
function discussed earlier, and the following 
changes after ACE inhibition are considered sig-
nificant for renovascular hypertension [21–24]:

 1. Increase in cortical retention by at least 15% 
or a change ≥2 in the renogram grade, i.e., 0 
to 2 or 1 to 3.

 2. Delay in collecting system visualization by at 
least 2 min.

 3. Decrease in initial cortical uptake by at least 
10%.

 4. Increase in time to peak by at least 2 min.

Factors Influencing ACE Inhibitor 
Scintigraphy
ACE inhibitor renography is subject to several 
variables that may result in false-positive or false- 
negative studies.
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Fig. 7.3 Renographic curve patterns with the grading of 
suspicion for renovascular hypertension: 0, normal; 1, 
minor abnormalities; 2, delayed excretion rate with pre-
served washout phase; 3, delayed excretion rate without 
washout phase; 4, renal failure pattern with measurable 
kidney uptake; 5, renal failure pattern without measurable 
kidney uptake (blood-background type curve). (Adapted 
from [24])
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 1. Hypotension or a marked change in blood 
pressure after ACE inhibitor administration is 
often associated with bilateral symmetrical 
renal retention of the radiotracer.

 2. Dehydration with or without diuretics. An 
additional oral fluid load of 5–10  mL/kg of 
body weight 30–60 min before the procedure 
is advised to ensure proper hydration [25, 26].

 3. Chronic ACE inhibitor therapy may poten-
tially lower scintigraphic sensitivity and 
should be discontinued before the test. 
Alternatively, if the ACE inhibitor cannot be 
discontinued, scintigraphy may be performed 
while the patient is on therapy. If renal func-
tion appears symmetrical, renovascular hyper-
tension is unlikely, and a baseline study need 
not be done. However, if the function is asym-
metrical, the ACE inhibitor should be discon-
tinued before the baseline study.

 4. Aspirin and other nonsteroid anti- inflammatory 
agents such as indomethacin may decrease the 
sensitivity of the test. These drugs decrease 
prostaglandin activity and, therefore, indirectly 
decrease renin- angiotensin activity. This is par-
ticularly true with the use of DTPA, and hence 
MAG3 is preferred in patients who take nonste-
roidal anti-inflammatory drugs [24].

 5. Calcium channel blocking drugs are com-
monly used in renovascular hypertension. 
Although their effect on GFR is not as pro-
nounced as that of ACE inhibitors, these drugs 
have been implicated as a cause of false- 
positive studies [27]. The mechanisms respon-
sible for this finding are not entirely clear. It 
appears that the effect of angiotensin II on 
efferent arteriolar constriction requires the 
presence of extracellular calcium and, there-
fore, can be attenuated by calcium channel 
blockers. Perhaps a marked decrease in GFR 
resulting from the combined effect of calcium 
channel blockers and captopril may explain 
the above findings.

7.4.2  Urine Outflow Obstruction

Urinary tract obstruction may be complete or 
partial, and it may occur at various locations, 
including the ureteropelvic junction (UPJ), ure-

terovesical junction (UVJ), and bladder outlet. 
The clinical consequences are quite dramatic and 
predictable in an acute and complete obstruction, 
but not in a partial and chronic one, exemplified 
by UPJ obstruction in children. Chronic UPJ 
obstruction, however, may eventually lead to 
renal cortical atrophy.

Hydronephrosis may be due to obstruction or 
non-obstructive conditions such as vesicoureteral 
reflux, urinary tract infection, and congenital 
dysmorphism. It may be temporary with sponta-
neous resolution in infants and young children, 
intermittent, or progressive with eventual 
stabilization.

7.4.2.1  Diuretic Renography
Furosemide, used for the scintigraphic evaluation 
of urine outflow for diagnosis of urinary tract 
obstruction, and other loop diuretics block the 
reabsorption of sodium, chloride, and potassium 
in the thick ascending limb of the loop of Henle. 
Increased tubular sodium decreases water reab-
sorption by an osmotic effect. Additionally, 
decreased sodium reabsorption into the medul-
lary interstitium reduces its osmolarity, which in 
turn reduces water reabsorption from the collect-
ing tubules.

Diuretic renography [28–31] is based on the 
principle that increased urine flow resulting after 
furosemide administration causes rapid “wash-
out” of radiotracer from the unobstructed collect-
ing system (Fig.  7.4), but delayed washout is 
noted if obstruction is present (Fig. 7.5). While 
furosemide generally is administered intrave-
nously after filling the pelvicalyceal system, 
administration at the time of or before radiotracer 
administration has also been used. The standard 
adult dose of furosemide is 0.5 mg/kg or 40 mg, 
producing maximal diuresis within 3–6  min in 
patients with normal renal function. A higher 
dose of furosemide may be required in patients 
with impaired renal function to achieve an ade-
quate diuretic response [32]. The washout half- 
time following diuretic injection is determined 
from the time-activity curve. A half time of 
10 min or less is considered normal, 10–20 min 
equivocal, and more than 20  min abnormal. 
However, over-reliance on the washout half-time 
may not be justified because many factors may 
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Fig. 7.4 A radionuclide diuretic renography study is 
illustrating hold-up activity in the right functioning kid-
ney by the end of the pre-Lasix study with rapid washout 

on post Lasix study, which is clearly illustrated on the 
time-activity curve. These exemplify the non-obstructed 
pattern

influence the diuretic renogram, including renal 
dysfunction, dehydration, inadequate furosemide 
dosage, atonic pelvis (redundant tissue).

Some steps may be taken to optimize the 
radionuclide evaluation of urinary tract obstruc-
tion. Since renal function preservation is the 
overriding concern, it has been suggested that 
renal cortical function evaluation should be the 
primary focus of scintigraphic assessment. 
Additionally, since renal impairment or its pro-
gression is unpredictable, a single study in the 

infant with UPJ obstruction is of limited value. 
Instead, periodic scintigraphic assessments at 
intervals of 3 months are more desirable. Undue 
reliance on a single post-diuresis washout half- 
time also appears unwarranted for the reasons 
noted earlier. If the methodology is standardized, 
periodic evaluation as for functional assessment 
may improve the predictive ability of the washout 
parameter as well. An increasing washout time 
probably is more meaningful than a single “posi-
tive” study [28].
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Fig. 7.5 A diuretic renography study in an adult patient illustrating obstructive pattern on the left side. Note the left 
kidney time activity curve, which shows no clearance before Lasix and no response to Lasix

7.4.3  Urinary Tract Infection

7.4.3.1  Pathophysiology
Urinary tract infections (UTIs) are particularly 
important in the pediatric age group as it is one of 
the most common diseases in children. UTIs’ 
overall incidence in children ranges between 
1.5% and 2% [29–31]. In the neonatal period, 
UTIs are relatively rare and are usually caused by 
bacteria from the bloodstream. The incidence in 
newborns is higher for boys, while girls are 
affected (1%) more than boys (0.3%) between the 

ages of 1 and 5  years [29–31]. The incidence 
increases up to 5% among girls of school age. 
The most common age for UTIs in girls is 
7–11  years, resulting from bacterial infection  – 
usually a pathogenic strain of Escherichia coli—
ascending the urethra.

Many predisposing factors affect the inci-
dence and the severity of the disease in different 
age groups. These factors include individual sus-
ceptibility, bacterial virulence, and the host’s 
anatomical abnormalities such as the presence of 
vesicoureteral reflux (VUR), obstruction, stasis, 
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Table 7.1 Factors predisposing to and affecting the 
severity of UTI in children

Individual susceptibility
Bacterial virulence
High-grade vesicoureteral reflux
Obstruction and stasis
Hydronephrosis with or without pelviureteric junction 
obstruction
Horseshoe kidney
Crossed renal ectopia
Renal duplication with ectopic ureters
Urethral polyps or diverticula
Posterior urethral valves or ureterocele
Lack of circumcision (boys)
Sexual activity (girls)
Indwelling urinary catheter
Trauma to the urinary tract
Diabetes

or stones (Table  7.1). However, UTIs may also 
occur in healthy children with an anatomically 
normal urinary tract. Individual susceptibility 
may be variable and can be related to familial or 
hereditary factors.

Chronic pyelonephritis is a result of recur-
rent or untreated acute pyelonephritis. It occurs 
almost exclusively in patients with major ana-
tomic anomalies, including urinary tract 
obstruction, renal dysplasia, or, most com-
monly, vesicoureteral reflux (VUR) in young 
children.

Although pseudomonas infection is common 
in UTIs following reflux, particularly the severe 
cases [33], the usual pathogenesis of UTIs is the 
proliferation of E. coli in the colon. This bacterial 
proliferation allows the movement of the bacteria 
into the periurethral mucosa. To be able to multi-
ply, bacteria that reach the urinary tract must 
overcome the tendency to be washed away by 
urine flow and bladder voiding. Accordingly, pro-
longed intervals between voiding, increased stor-
age pressure, or significant residual urine volume 
favor bacteria’s growth and allowed even rela-
tively nonpathogenic bacteria to cause significant 
infections. Vaginal filling secondary to high void-
ing velocity and turbulent urine flow related to a 
dysfunctional voiding pattern is an important fac-
tor in bacterial contamination and urinary infec-
tions in girls [34].

Urinary tract infections are divided into lower 
and upper infections. Lower UTI or infection of 
the bladder (cystitis) results in mucosal inflam-
mation and congestion, which causes hyperactiv-
ity of the detrusor muscle and decreasing the 
bladder capacity [35]. This also can lead to urine 
reflux up the ureter. This reflux can send bacteria 
to the kidney, leading to acute or chronic pyelo-
nephritis, which may cause renal abscesses or 
scarring. Acute pyelonephritis requires more vig-
orous treatment than lower urinary tract infection 
and, if left untreated, can lead to scarring and 
renal insufficiency. Consequently, identifying 
renal involvement is critical in children with sus-
pected urinary tract infection and parenchymal 
scintigraphy with the tubular agent, Tc-99m- 
dimercaptosuccinic acid (DMSA), can play an 
important role in their diagnostic evaluation.

Ascending infection from the lower urinary 
tract is the usual cause of pyelonephritis. The 
infection appears to originate in the urethra or the 
vaginal introitus, colonized by enteric flora, pre-
dominantly Escherichia coli. It is more common 
in females, presumably due to their shorter ure-
thra. The ascending infection eventually reaches 
the renal calyces, from which micro-organisms 
enter the parenchyma through the papillae by 
intrarenal reflux.

Severe long-term sequelae, such as hyperten-
sion and renal failure, may develop if urinary 
infection leads to acute pyelonephritis and subse-
quently to renal scarring. The pathophysiology of 
renal scarring is still obscure. Numerous factors 
may contribute to tissue damage following acute 
infection. It was found that patients with increased 
Transforming growth factor-beta1 (TGF-beta1), 
a potent proinflammatory and fibrogenic cyto-
kine known to have a key role in regulating the 
renal tissue fibrosis, may be at higher risk for 
renal damage following reflux [36].

Nonsecretor status of blood type antigen has 
also been associated with a higher risk of urinary 
tract infection (UTI) in women. A study has 
shown that the nonsecretor status significantly 
correlated with the presence of focal renal scar-
ring (41% vs. 22% for children with and without 
scarring, respectively) as determined by 99mTc-
DMSA renal scan [37].

7 Genitourinary System



274

Scarring of the renal parenchyma is a com-
mon cause of hypertension and, if sufficiently 
extensive, can lead to progressive renal insuffi-
ciency and end-stage renal disease. Vesicoureteral 
reflux, particularly of a higher grade, is frequently 
associated with scarring.

The upper UTIs cannot be easily differenti-
ated clinically from cystitis based only on 
symptoms. However, differentiation between 
upper and lower UTI is important since the for-
mer is often associated with renal parenchymal 
damage. It is particularly difficult in infants, 
who usually develop nausea, vomiting, diar-
rhea, or jaundice. In children, fever, frequency, 
urgency, enuresis or incontinence in a previ-
ously dry child, abdominal pain, foul-smelling 
urine, and sometimes hematuria are the most 
common clinical presentations. It is estimated 
that up to 40% of children with UTI are asymp-
tomatic [38].

7.4.3.2  UTI Scintigraphy
Imaging strategies in pediatric urinary tract infec-
tions are controversial. The recent literature illus-
trates the complementary roles of ultrasound, 
computed tomography (CT), and nuclear medi-
cine [39–41].

Imaging renal parenchyma with 99mTc-DMSA 
offers a simple and accurate method for detecting 
acute pyelonephritis in a child with urinary tract 
infection. 99mTc-DMSA localizes in functioning 
proximal tubular cells and is not excreted in sig-
nificant amounts. Imaging at 3–24 h after radio-
pharmaceutical administration reveals primarily 
cortical uptake without interfering activity in the 
collecting system. A cortical defect due to pyelo-
nephritis is characterized by the preservation of 
renal contour, whereas scarring (from a previous 
infection) typically results in organ volume con-
traction (Fig. 7.6).

In addition to imaging during the acute phase 
of the disease, follow-up studies are done to con-
firm the resolution of the pyelonephritic defect(s) 
and the absence of cortical scarring. Patients with 
scars are followed periodically with imaging and 
relative function measurements to assess for pro-
gressive renal insufficiency (Fig. 7.7).

The importance of 99mTc-DMSA for patients 
with urinary tract infections for initial evaluation 
and follow-up of children with UTI was re- 
emphasized by many studies [42–45].

Ultrasonography is recommended by newer 
guidelines to be used more than before; Spiral CT 
and Magnetic resonance imaging (MRI) are other 
modalities that may help evaluate pyelonephritis 
[40, 41].

7.4.4  Renal Transplantation 
Complications

Renal transplantation surgery has shown signifi-
cant improvement in graft survival and an increase 
in the number of transplantations. Graft survival is 
best when the donor is an HLA- identical sibling 
and better for living-related than cadaver donors 
with similar HLA matches. Other factors, includ-
ing harvesting and transplantation technique, cold 

Fig. 7.6 Diagram illustrating the routes of inducing uri-
nary tract infection. The left-hand side represents the 
hematogenous route, while the right-hand side represents 
the retrograde route such as with vesicoureteral reflux
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Table 7.2 Renal transplantation complications

Surgical complications
Urine extravasation, ureteral obstruction
Hematoma, lymphocele
Renal artery stenosis
Medical complications
Acute tubular necrosis
Rejection
   Antibody-mediated rejection
    Hyperacute rejection
    Accelerated acute rejection
   Acute/active rejection
   Chronic/sclerosing allograft nephropathy
Nephrotoxicity of drugs

a b

Fig. 7.7 99mTc-DMSA study (a) demonstrating bilateral upper pole defects and a mid-left kidney defect (arrows). A 
diagram (b) illustrates how scars affect the kidney contour

ischemia time (between harvest and transplanta-
tion), donor/recipient age, recurrence of primary 
renal disease, and race, also play an important role 
in graft survival. Several complications, surgical 
and/or medical (Table 7.2), occur following trans-
plantation and need to be detected and evaluated to 
avoid graft failure and outcome.

7.4.4.1  Surgical Complications

Urine Extravasation, Ureteral Obstruction
Extravasation of urine (“urinoma”) may result 
from ischemic injury related to devasculariza-
tion during harvesting or leakage at the uretero-
vesical anastomosis. It may predispose to 
infection and therefore requires a timely diagno-
sis. While routine renal scintigraphy performed 
after transplantation may detect urine extravasa-
tion, it is often used to confirm a leak suspected 
clinically or sonographically. The scintigraphic 
appearance is an area of increased radiotracer 
activity, although such increase may not be 
apparent for up to 2–3 h after radiotracer admin-
istration in some instances.

Ureteral obstruction is thought to be usually 
due to ischemia or postischemic scarring. 
Extrinsic compression by a lymphocele or hema-
toma is another cause. If needed, dilatation of the 
ureter or stent placement/reoperation may be 
done. Scintigraphy, with the aid of furosemide- 
induced diuresis in some cases, maybe helpful in 
the diagnosis and post-treatment evaluation of 
this condition.
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Hematoma, Lymphocele
Hematomas are generally perinephric or intra-
vesical in location. Scintigraphy can be positive, 
demonstrating a photopenic region, i.e., with 
activity less than the background. Hematomas 
are usually self-limited.

Lymphoceles are extrarenal collections of 
lymphatic fluid from the kidney, occurring most 
frequently about 2–3  months after transplanta-
tion. They may be exacerbated by rejection, 
which increases renal lymph flow. Most lympho-
celes are inconsequential, though some may be 
associated with ureteral compression, as noted 
earlier, or iliac vein compression resulting in 
lower extremity edema. Treatment consists of 
sclerotherapy, drainage, or the creation of a peri-
toneal window. The characteristic scintigraphic 
finding with lymphoceles is a perinephric photo-
penic region, which is easier to visualize if a 
high-intensity image is obtained at the end of the 
study to accentuate the body background. 
However, it should be noted that lymphoceles 
occasionally may become isointense with the 
background or exceed background activity on 
later images.

Renal Artery Stenosis
Hypertension is usually due to pathology in the 
native kidneys, transplant rejection, or cyclo-
sporine/tacrolimus treatment, and, less fre-
quently, renal artery stenosis. The stricture is 
generally at the anastomotic site or distal to it. 
The pathophysiological consequences of renal 
artery stenosis in the transplanted kidney are 
somewhat different from unilateral stenosis in 
patients with two kidneys. In the latter, the 
elimination of sodium is decreased on the ste-
nosed side, but increased sodium excretion by 
the normal kidney helps keep the blood volume 
from increasing. In a transplanted kidney with 
renal artery stenosis, a normal kidney is not 
available to eliminate excess sodium. Therefore, 
depending on the level of salt intake, the initial 
renin-dependent hypertension develops into 
volume-dependent hypertension. Consequently, 
the fall in GFR in response to an ACE inhibitor 
may be less than expected and inapparent on 
the scintigraphic study. However, most of these 
patients are on diuretics and/or a salt-restricted 

diet, which will help to limit the rise in blood 
volume.

7.4.4.2  Medical Complications

Acute Tubular Necrosis
Acute tubular necrosis (ATN), characterized by 
ischemic necrosis of the tubular epithelial cells 
and decreased GFR, is frequently associated with 
cadaver renal transplants. Possible causes are 
hypotension/hypovolemia in the donor and the 
prolonged interval between harvest and trans-
plantation. Urine output usually starts to decrease 
within the first 24 h or so and improves spontane-
ously after a few days, although ATN may occa-
sionally last a few weeks. It is often difficult to 
make a clinical distinction between ATN and 
rejection in the post-transplantation period. A 
clear scintigraphic distinction between these two 
conditions also has remained elusive for two rea-
sons. First, the scintigraphic diagnosis of ATN 
rests on the premise that graft perfusion is pre-
served despite decreasing function (Fig. 7.8), in 
contrast to rejection, where both perfusion and 
function decrease in parallel (Fig. 7.9). However, 
depending on the severity/stage of ATN, graft 
perfusion may vary. Second, ATN and acute 
rejection may coexist. From a clinical standpoint, 
a cadaver transplant with impaired function is 
assumed to have ATN.  An aggressive search/
treatment for rejection is initiated if the expected 
recovery in graft function fails to occur. Such 
recovery can best be ascertained by serial scintig-
raphy, a sensitive measure of graft function, 
although the two may be indistinguishable.

Rejection
The histopathological criteria for the diagnosis 
and classification of rejection have improved sig-
nificantly in recent years and continue to evolve 
[46–48]. From a large body of literature, a con-
sensus referred to as the Banff Classification has 
emerged. The new classification shifts the focus 
from diagnosis of rejection to prognosis to facili-
tate patient management. The distinction is made 
between rejection with tubulointerstitial changes, 
milder disease, and rejection with vasculitis, 
where the outcome is poorer. The types of rejec-
tion are discussed below.
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Fig. 7.8 Acute tubular necrosis following renal transplantation. The perfusion is preserved (a), while the renal dysfunc-
tion is noted through the parenchymal retention (b) and rising time-activity curve (c). (Courtesy of Dr. A. Omar)
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Fig. 7.9 Tc 99m MAG-3 study for a patient with renal transplantation showing decreased perfusion (a) and function 
(b) of the graft illustrating the scintigraphic findings of rejection

 1. Antibody-mediated rejection:
Two types of antibody-mediated rejec-

tion are described, immediate or hyperacute 
and delayed or accelerated acute. 
Hyperacute rejection is caused by pre-
formed anti-donor antibodies and is charac-
terized by intense vasculitis, fibrin-platelet 
thrombi, and infarction of the renal cortex, 
with graft loss. Rejection may begin within 
minutes or hours and is usually apparent 
during surgery. Scintigraphy shows a photo-
penic region corresponding to the avascular 
graft. Fortunately, hyperacute rejection is 
rare nowadays and largely preventable by 
appropriate screening tests.

Accelerated acute rejection may be consid-
ered a “slow” variant of hyperacute rejection, 
mediated primarily by anti-donor antibodies. 
It usually occurs on the second or third day 
following transplantation, after allograft func-
tion has been established. Clinical manifesta-
tions include fever, pain, swelling, tenderness 
in the transplant region, hypertension, oligu-
ria, or anuria. Scintigraphy generally shows 
poor radiotracer uptake in the graft.

 2. Acute/active rejection:
Acute rejection is the most frequent type 

of rejection confronting the nuclear medi-
cine physician. It is most common in the first 

4  weeks following transplantation but may 
occur at any time between 3 days and 10 or 
more years. Clinical findings generally are 
not as dramatic as in accelerated rejection. 
Acute rejection is predominantly a cell-
mediated process with mononuclear cell 
infiltration and tubulitis, although the more 
severe forms are associated with a humoral 
component with various degrees of vasculi-
tis. Accordingly, the Banff system grades 
acute rejection from I to III, with subdivi-
sions for the severity of changes. The lowest 
grade represents interstitial infiltration and 
moderate tubulitis, while the highest grade is 
associated with transmural arteritis and/or 
arterial fibrinoid change and necrosis of 
medial smooth muscle cells.

 3. Chronic/sclerosing allograft nephropathy:
Generally occurs 6  months to years after 

transplantation. It may be related to many 
causes, including chronic rejection, hyperten-
sion, infectious/noninfectious inflammatory 
process, and medications’ effects (see below). 
If present, rejection may respond to treatment, 
though the diagnosis may not be apparent on 
biopsy. Histopathological changes in the con-
dition also can be graded, depending on the 
severity of interstitial fibrosis and tubular 
atrophy.
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Nephrotoxicity of Drugs
Cyclosporine and, more recently, tacrolimus 
(FK506) have been used routinely as immuno-
suppressive agents. Clinically, nephrotoxicity 
resulting from these drugs may be difficult to dis-
tinguish from rejection, and the conditions may 
be superimposed. Toxicity is generally associated 
with elevated blood levels of the drug, improving 
after dose reduction. Histopathological findings 
of microvascular injury, with fibrin thrombi in the 
glomerular arterioles and capillaries, have been 
noted but, unfortunately, are not diagnostic for 
cyclosporine or tacrolimus toxicity [49–51].

7.4.5  Vesicoureteral Reflux

7.4.5.1  Pathophysiology
VUR is the retrograde flow of the urine from the 
bladder into the ureter. Normally, urine is pro-
pelled from the kidney to the urinary bladder 
through the ureter in only one direction. The val-
vular role of the ureterovesical junction depends 
on the anatomical relationship between the ureter 
and the bladder. The ureter follows a retroperito-
neal course from the kidney to the bladder. After 
penetrating the bladder wall, the ureter is securely 
anchored to it throughout its entire transmural 
course. A specific arrangement serves to maintain 
a competent one-way valve at the ureterovesical 
junction with a mechanism that is best described 
as a flap valve.

VUR allows the infected urine to be repeat-
edly returned to the kidneys from the bladder, 
and the reflux drains back into the bladder at the 
end of each voiding. Pyelonephritis, especially in 
children younger than 3 years, is often a result of 
combined reflux and infection. VUR occurs more 
frequently in girls by a ratio of 10:1, and the inci-
dence is approximately 1 in 1000 children. Reflux 
may be unilateral or bilateral and is commonly 
classified by the international radiologic grading 
system (Table 7.3). The international radiologic 
grading includes five grades using detailed anat-
omy, such as the characterization of the fornices 
that are impossible to achieve by scintigraphic 
studies. Accordingly, a more simplified scinti-
graphic grading attempt classifies reflux into 

three grades (Table  7.4 and Fig.  7.10) grades; 
mild (I), moderate (II), and severe (III) [52].

The flap mechanism of the ureterovesical 
junction depends on several anatomical relation-
ships and physiological parameters. Any condi-
tion that alters these relationships can lead to 
reflux. Examples include abnormal obliquity of 
the ureter during its intramural course, conditions 
that weaken the bladder’s muscular support to the 
ureter, and sphincter dyssynergia. VUR may be 
primary or secondary [53, 54].

Primary reflux results from a congenitally 
abnormal or ectopic insertion of the ureter into 
the bladder. Occasionally, the condition is heredi-
tary [55]. Siblings of patients with vesicoureteral 
reflux (VUR) are at greater risk of reflux than the 
general population, and screening in this group is 
widely accepted. In a recent study, at 48 months 
after diagnosis, 75% of mild reflux cases (I–III) 
and 37% of severe reflux (IV and V) of prenatally 
detected primary VUR had resolved, indicating a 
relatively benign clinical course.

Secondary reflux is more serious and may be 
transient or persistent [35]. It develops in 
 association with infection, malformations of the 
ureterovesical junction, increased intravesical 
pressure, and surgery to the ureterovesical 
junction.

Table 7.3 Radiologic grading of vesicoureteral reflux

I Reflux into a non-dilated ureter.
II Reflux into the upper collecting system without 

dilatation.
III Reflux into mildly dilated ureter and 

pelvicalyceal system.
IV Reflux into a grossly dilated ureter and 

pelvicalyceal system.
V Massive reflux with marked ureteral dilatation 

and tortuosity and marked dilatation of the 
pelvicalyceal system.

Table 7.4 Scintigraphic grading of vesicoureteral reflux

Grade 
I

Reflux into the ureter.

Grade 
II

Reflux into the pelvicalyceal system.

Grade 
III

Reflux into the pelvicalyceal system with 
apparently dilated pelvis or both pelvises 
and ureters.
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I II III

Fig. 7.10 Grades of 
vesicoureteral reflux 
used for radionuclide 
studies

The interstitial cells of Cajal (ICCs) are pace-
maker cells that create and coordinate peristaltic 
motility. It was recently found that refluxing ure-
teral endings significantly lack these pacemaker 
cells, implying a malfunctioning valve mecha-
nism permitting VUR. Connexin 43 (gap junction 
protein) immunoreactivity was significantly 
decreased in all refluxing ureteral specimens, 
whereas; it was homogeneously distributed in 
normal controls. A substantial decrease in gap 
junctions in this region adversely affects intercel-
lular signaling, aggravating coordinated peristal-
sis, which is essential for a competent anti-reflux 
mechanism [53].

7.4.5.2  Reflux Scintigraphy
Voiding radionuclide cystography is a sensitive 
procedure for the early detection and monitoring 
of VUR.  Early diagnosis of VUR with subse-
quent follow-up helps to prevent cortical scar-
ring. It is especially attractive because of its 
excellent sensitivity and low absorbed radiation 
dose compared with the radiographic MCUG. It 
was estimated that its radiation exposure is less 
than 1/20 of the conventional contrast-enhanced 
micturating cystourethrogram (MCU) [53]. The 
sensitivity of indirect voiding urosonography 
without contrast media and without filling the 
bladder through a catheter to detect vesicoure-
teral reflux (VUR) in children is inadequate; its 
overall sensitivity is only 49% [56].

Approximately 20% of patients with vesico-
ureteral reflux diagnosed before 6  months of 
age demonstrated dysfunctional voiding after 
the age of toilet training [57]. Accordingly, fol-
low-up of patients is important. The duration 
and methods of follow-up of VYR patients are 
controversial. Voiding cystography, however, 
may not be used in certain groups of patients 
for routine follow- up. For instance, the follow-
up of uncomplicated ureteral reimplantation in 
children is usually done by ultrasonography. 
Additionally, in this group of patients, follow-
up for more than 1 year postoperatively is not 
warranted, and ultrasonography can be elimi-
nated beyond the year [57].

Similarly, ultrasonography is used for screen-
ing for siblings of patients with vesicoureteral 
reflux who are at higher risk than the general 
population. If ultrasonography is abnormal, the 
gold-standard test, the radionuclide voiding cys-
tography, is performed [58].

On the other hand, follow-up of newborns 
with prenatally detected VUR might require 
voiding cystourethrogram (VCUG) and DMSA 
scan. In a study [59], 58% of such infants had 
bilateral VUR. Severe reflux (grades IV and V) 
was more common and present in 54% of infants. 
Renal damage was detected in 34% of the kid-
neys on the first renal scan, with a significant cor-
relation between severe reflux and renal damage 
scars [59].
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Generally, voiding cystourethrograms are 
associated with significant trauma to patients and 
should not be used routinely according to the 
recent guidelines. VCUG is indicated if renal and 
bladder ultrasonography reveals hydronephrosis, 
scarring, or other findings that would suggest 
either high-grade vesicoureteral reflux (VUR) or 
obstructive uropathy, as well as in other atypical 
or complex clinical circumstances [40, 41].

7.4.6  Testicular Torsion

7.4.6.1  Pathophysiology
Testicular torsion occurs when the spermatic 
cord is twisted, and it has been argued that the 
correct term should be spermatic cord torsion 
[60, 61]. Although various factors may predis-
pose to torsion [62], a narrow mesenteric attach-
ment from the spermatic cord to the testis and 
epididymis is regarded as the dominant cause, 
i.e., a slender attachment occurring as a result of 
a narrowed testicular bare area. This bare area 
may reach nearly one-third of the testicular cir-
cumference, allowing the testis to fall forward 
within the cavity of the tunica vaginalis and to 
rotate like a bell-clapper; the intravaginal type of 
torsion [63].

Other forms of testicular torsion are recog-
nized. In neonates, the gubernaculum is not 
attached to the scrotal wall, and the testis is sus-
ceptible to torsion. This is termed extravaginal 
torsion, as the entire testis, epididymis, and tunica 
vaginalis twist in a vertical axis on the spermatic 
cord. Some vestigial testicular appendages are 
susceptible to torsion. There are four testicular 
appendages: the paradidymis (organ of Giraldés), 
the appendix testis (hydatid of Morgagni), the 
appendix epididymis, and the vas aberrans of 
Haller (divided into superior and inferior compo-
nents). The appendix testis was most consistently 
present in 92% of autopsies and found to be mul-
tiple in 8% [63, 64].

Two factors are critical in testicular torsion: 
the extent of spermatic cord twist and the torsion 
duration. The degree of torsion can vary from 90° 
to three complete turns of the vascular pedicle. 
Not surprisingly, blood flow may be variably 
compromised. The initial disruption will be to the 

venous and lymphatic drainage, rather than to the 
arterial input of the testis, and venous infarction 
occurs earlier and at lesser levels of torsion [65].

Experimentally, complete cessation of blood 
flow to the testis occurs with the spermatic cord 
twisting 720° [66]. A 450° twist consistently pro-
duced no flow and testicular infarction in the nor-
mal rabbit testis, whereas a 360° twist resulted in 
decreased flow [67].

In patients with torsion, a twist between 360° 
and 720° is found. Experimental studies have 
shown that testicular infarction begins to appear 
within 2 h of complete occlusion of the testicular 
artery [67]; irreversible ischemia occurs after 6 h 
[68–70], and complete infarction is established 
by 24 h.

With complete vascular occlusion, the testis 
appears grossly swollen and hemorrhagic. 
Microscopically, the picture is that of hemor-
rhagic infarction. The degree of necrosis 
depends upon the duration of occlusion. If this 
has been longer than 10  h, the necrosis of the 
seminiferous epithelium is usually complete 
and irreversible. With incomplete occlusion, 
necrosis may be delayed. Torsion that lasts less 
than 6  h probably will not cause a testicular 
infarct. If torsion lasts longer than 24 h, the test 
is almost certainly will infarct [60, 61]. Although 
exceedingly rare,  testicular torsion can be asyn-
chronously bilateral [71].

The condition may be acute (symptoms last 
less than 6  weeks) or chronic (more than 
3 months). Acute epididymitis is almost always 
unilateral. Gram-negative bacilli commonly 
cause acute epididymitis in children or following 
urinary tract instrumentation. The epididymis is 
sometimes the site of metastatic infection, such 
as tuberculosis.

7.4.6.2  Diagnosis
Testicular torsion results in acute pain and isch-
emia. The most common signs and symptoms 
include red, swollen scrotum, and acutely painful 
testicle, often in the absence of trauma. Nausea 
and vomiting are common. The most common 
conditions in the differential diagnosis include 
epididymitis, strangulated inguinal hernia, trau-
matic hematoma, testicular tumor, or testicular 
fracture. Physical examination techniques such 
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as scrotal elevation can help differentiate between 
epididymitis and testicular torsion. However, 
clinical examination of the scrotum is difficult 
due to the small size of the testes and the epididy-
mis in infants and young children, and eliciting 
patients’ history is challenging. Epididymitis has 
been considered uncommon in childhood, but its 
frequency has increased among children admit-
ted with acute scrotum diagnosis [72].

The long-term prognosis for a functional, non- 
atrophied testicle is improved the sooner the tor-
sion is diagnosed and treated. Therefore, 
confirming the diagnosis and quick management 
is crucial. Accordingly, imaging of the scrotum in 
children suspected of having the condition bears 
great importance [73, 74].

7.4.6.3  Scrotal Imaging
The classification of scrotal disorders in children 
into three typical clinical manifestations, namely 
acute scrotal disorders, scrotal masses, and crypt-
orchidism, is a helpful and practical basis for 
choosing the most suitable imaging modality 
available and commonly used modalities. These 
include sonography, scintigraphy, and magnetic 
resonance (MR) imaging. Either scintigraphy or 
sonography may be used as the first imaging 
study, and both can help distinguish among the 
disorders to different degrees. Although sonogra-
phy provides superior anatomic details to scintig-
raphy, it may not be as accurate as it is thought to 
diagnose the most serious emergency reason for 
scrotal pain [74]. Scrotal masses are also best 
depicted with sonography with MRI as an adjunc-
tive modality. In suspected cryptorchidism with 
equivocal clinical findings, both sonography and 
MR imaging are useful, but sonography is usu-
ally the initial study [75].

This strategy for imaging for acute scrotal dis-
orders most relevant to nuclear medicine is not 
uniform and varies between the institutions based 
on the experience. In most institutions, Doppler 
ultrasound is used most commonly as the stan-

dard imaging technique of choice to confirm the 
diagnosis in most cases.

7.4.6.4  Scrotal Scintigraphy
Scintigraphy is used when color Doppler is inad-
equate, the diagnosis remains unclear, or if com-
plications occur during the course of the disease. 
Radionuclide testicular scintigraphy is also used 
more commonly after the acute phase of the first 
12  h, and vascular compromise has prolonged 
[76–78]. Recent studies comparing both modali-
ties indicate similar sensitivity; the two studies 
may provide complementary information in inde-
terminate cases [79–81].

A study on 41 boys with suspected testicular 
torsion scintigraphy and Doppler ultrasound 
were performed and compared. There was no sta-
tistically significant difference in the sensitivity 
of both modalities. Specificity was 77% for color 
Doppler US and 97% for scintigraphy (P = 0.05). 
Due to the higher specificity, scintigraphy can 
help avoid unnecessary surgery when color 
Doppler US shows equivocal flow [81]. In 
another two studies of 21 and 37 patients, respec-
tively, scintigraphy was more accurate than 
Doppler ultrasonography. It also has the advan-
tage of being simple, fast, and accurate but with-
out any detrimental effect on the human body 
[80, 82].

Findings on a normal scan are symmetrical 
perfusion with little uptake in the blood pool 
images. In acute torsion (early), there will be 
decreased perfusion on flow images, and the 
blood pool images will show no activity in the 
affected side (Fig. 7.11).

In missed torsion (late), there will be a halo 
of activity surrounding the torsion (a doughnut 
shape) due to increased perfusion to the sur-
rounding tissue through the pudendal vessels 
(Fig. 7.12). There will be increased perfusion 
and hyperemia in acute epididymitis in the 
affected side due to vascular changes associ-
ated with the inflammation (Fig. 7.13) [83].
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Fig. 7.12 99mTc-pertechnetate testicular imaging study showing the rim of increased uptake around the area of 
decreased uptake, illustrating the classic pattern of missed torsion of the left testis (arrow)
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Fig. 7.11 99mTc-pertechnetate scrotal scan of a patient 
with acute scrotal pain in the left side. The study shows 
(a) essentially absent activity in the region of the left 

hemi-scrotum (arrow) corresponding to the left testicle by 
palpation markers (b). This case illustrates a pattern of 
acute testicular torsion
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Fig. 7.13 A 14-year-old male was referred for a testicu-
lar scan to rule-out testicular torsion. The patient pre-
sented with 4 h-history of right-sided acute testicular pain 
and swelling. The pain was dull in nature, with no radia-
tion, and was associated with nausea and vomiting. There 
was no history of fever or any urinary symptoms. The 
patient denied any history of trauma. On examination: 
Temperature was 37.4 °C. Left testis was grossly normal, 

and the right testis was tender and swollen. Lab investiga-
tions showed leukocytosis at 14,400. Testicular scan was 
performed, using l7-mCi Tc-99m Pertechnetate given äs a 
bolus intravenous injection. The scan shows increased 
flow (a) and blood pool (b) activity in the right hemi- 
scrotum (arrows) in comparison to the left testis, indicat-
ing an inflammatory process in the right hemi-scrotum 
consistent with right epididymitis
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Respiratory System

Abdelhamid H. Elgazzar and Naheel Alnafisi

8.1  Anatomic and Physiologic 
Considerations

The pulmonary system consists of the lungs, air-
ways, pulmonary and bronchial circulation, and 
chest wall. The lungs consist of lobes, three in the 
right (upper, middle, and lower) and two in the 
left lung (upper and lower). Each lobe is again 
divided into segments and lobules (Fig. 8.1). The 
airway system consists of upper airways (naso-
pharynx and oropharynx) and lower airways (tra-
chea, bronchi, bronchioles, and alveolar ducts) 
connected by the larynx (Fig. 8.2).

8.1.1  Respiratory Airways

The upper airways are lined by a ciliated mucosa, 
richly supplied with blood, which warm and 
humidify the inspired air and get rid of foreign 
particles. The air normally flows by way of the 
nose, nasopharynx, and oropharynx to the lower 
airways. When the nose is obstructed or addi-
tional flow of air is needed, as during exercise, air 
flows via the mouth and oropharynx to the lower 
airways. Foreign particle removal and humidifi-
cation are not efficient with mouth breathing as 

compared with the usual breathing through the 
nose.

The lower airways are formed of a conducting 
system and a gas exchange system (Fig. 8.3). The 
trachea divides into two main bronchi at the 
carina, and each bronchus enters the correspond-
ing lung at the hilum along with the pulmonary 
blood vessels and lymphatic channels. The tra-
chea measures up to 25 cm in length and 2.5 cm 
in diameter. The right main bronchus extends to 
the right lung more vertically than the left bron-
chus to the left lung. This explains the more fre-
quent aspiration of foreign material in the right 
side. At the hila, the bronchi divide to lobar bron-
chi, then segmental and subsegmental bronchi, 
and then into smaller bronchioles, and at the 16th 
division, the tracheobronchial tree ends in the 
tiny terminal bronchioles which form the ends of 
the conducting airways and are followed by the 
gas exchange airways. The lung segments are 
individual units with their bronchovascular sup-
ply; hence, they can be individually resected. The 
airways responsible for conducting air from out-
side the body into the lungs are lined by ciliated 
mucous membranes. The cilia, which are hairlike 
projections, act as sweepers to prevent dust and 
foreign particles from passing distally into the 
lungs. Damage to the respiratory epithelium and 
its cilia allows bacteria and viruses to proliferate 
and induce infection.

The gas exchange airways start where the ter-
minal bronchioles divide further into smaller, 
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Fig. 8.1 Diagram of the lobes and segments of the lungs
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and lower airways
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Fig. 8.3 The trachea, bronchi, and bronchioles form the 
tracheobronchial tree, so-called since it resembles an 
inverted tree. The conducting system is composed of the 
trachea, bronchi, and bronchioles up to the 16th division 

and is lined by ciliated mucosa. The gas exchange system 
consists of the more distal bronchioles (respiratory) and 
the alveoli that are lined by nonciliated mucus membrane

respiratory bronchioles which include increasing 
numbers of alveoli as the division progresses. By 
the 23rd division, the respiratory bronchioles end 
in alveolar ducts that lead to alveolar sacs which 
are made up of numerous alveoli. The alveoli are 
extremely thin-walled sacs surrounded by capil-
laries and are the primary site of gas exchange. At 
birth there are approximately 25 million alveoli; 
this increases to 300 million in adults. The alveoli 
are lined by type I alveolar cells that provide 
structure to the alveolar wall and type II cells that 

secrete a lipoprotein, the surfactant which coats 
the alveolar inner surface and aids its expansion 
during inspiration [1].

Ventilation describes the process by which air 
flows in and out of the gas exchange airways. 
Ventilation is involuntary most of the time and is 
controlled by the sympathetic and parasympa-
thetic autonomic nervous systems, which adjust 
the caliber of the airway via contraction and 
relaxation of the bronchial smooth muscle and 
control the depth and rate of ventilation.
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The nose and trachea trap most particles of 
more than 10 μm in diameter, while the cilia of 
the bronchi and bronchioles pick up particles 
2–10 μm in diameter that are deposited in these 
airways. Smaller particles remain airborne till 
they are deposited in the alveoli and removed by 
macrophages. Extremely small particles behave 
as a gas and are breathed out. This is the basis of 
scintigraphic ventilation studies using radioac-
tive aerosols and gases. The flow of oxygen 
through the 99mTc DTPA reservoir should create 
small aerosol particles to be airborne and depos-
ited distally in the alveoli. Larger particles are 
deposited in the more proximal airways and 
influence the quality of ventilation studies. This 
also explains the longer biologic clearance of 
aerosols compared with radioactive gases, which 
are breathed out without deposition.

8.1.2  Pulmonary Vasculature

The lung is supplied by two different blood circu-
lations. The pulmonary circulation is a low- 
pressure, low-resistance system through which 
oxygen enters and carbon dioxide is removed. 
The bronchial circulation is a part of the high- 
pressure systemic circulation that supplies oxy-
genated blood to the lung tissue itself.

The pulmonary circulation contains the vast 
majority of blood present in the lung, and since it 
has lower pressure than systemic circulation, its 
vessels have a thinner muscle layer. The mean pul-
monary artery pressure is 18  mmHg, compared 
with 90 mmHg for the aorta. The gas exchange air-
ways are served by this pulmonary circulation, 
which is considered a separate division of the cir-
culatory system. The pulmonary circulation is car-
ried through the pulmonary artery, which branches 
out to two main pulmonary arteries, one to each 
lung, entering at the hilum. It then divides progres-
sively into smaller branches, following the branches 
of the bronchial tree to the smallest, precapillary 
arterioles, which divide to form a capillary network 
surrounding the alveoli. The membrane that sur-
rounds the alveoli and contains the capillaries is 
called the alveolocapillary membrane [2].

The precapillary arterioles are approximately 
35  μm in diameter and number approximately 

300 million in adults. The capillaries, 7–10 μm in 
diameter, number 300 billion in adults. The more 
proximal terminal arterioles have a diameter of 
approximately 100  μm. This basic anatomical 
fact is important in determining the size of parti-
cles injected for perfusion studies; they should be 
less than 100 μm to prevent blocking of the ter-
minal arterioles [3].

Although the pulmonary circulation is inner-
vated by the autonomic nervous system, vasodi-
lation and vasoconstriction are controlled mainly 
by local and humoral factors, particularly arterial 
oxygenation, and acid–base balance. 
Vasoconstriction of the pulmonary arterial sys-
tem occurs secondary to alveolar hypoxia and 
acidemia and by the presence of inflammatory 
mediators such as histamine, bradykinin, sero-
tonin, and prostaglandin.

The bronchial circulation, on the other hand, 
carries approximately 5% of the blood coming to 
the lungs and is part of the systemic circulation. 
In contrast to the pulmonary circulation, it does 
not participate in gas exchange. It supplies the 
tracheobronchial tree, large pulmonary vessels, 
and other structures of the lungs, including the 
pleurae, with blood.

8.1.3  Respiratory Function

The major function of the respiratory system is to 
oxygenate the blood and remove waste products 
of the body in the form of carbon dioxide. Oxygen 
in the inhaled air diffuses from the alveoli into 
the surrounding blood in the capillaries, where it 
attaches to hemoglobin molecules and red blood 
cells and is carried to the various tissues of the 
body. Carbon dioxide, on the other hand, as a 
waste product of cellular metabolism, diffuses in 
the opposite direction, from the blood in capillar-
ies into the alveoli, and is removed from the body 
during expiration.

The respiration is controlled by the respiratory 
center in the medulla at the base of the brain. The 
respiratory center in the brain stem sends 
impulses to respiratory muscles to contract and 
relax. The respiratory center also receives 
impulses from two main types of peripheral 
receptors, neuro- and chemoreceptors. 
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Neuroreceptors (lung receptors) monitor the 
mechanical aspects of ventilation such as the 
need to expel unwanted substances and expan-
sion of the lungs. The chemoreceptors in the 
brain circulatory system monitor the pH status of 
the cerebrospinal fluid and arterial oxygen con-
tent (PO2) to regulate ventilation accordingly.

Any change in the carbon dioxide in the blood 
will affect the rate and depth of respiration. A 
slight increase in carbon dioxide concentration in 
the blood increases the rate and depth of respira-
tion, such as when the individual exercises, since 
the accumulated waste gas must be removed 
from the body.

This increase in respiratory rate and depth is sec-
ondary to the stimulation of the muscles of respira-
tion, which include the diaphragm and the intercostal 
muscles, by the respiratory center. Contraction of 
these muscles causes the volume of the chest cavity 
to increase, with a consequent drop in the pressure 
within the lungs, and forces air to move into the tra-
cheobronchial tree. When these respiratory muscles 
relax, the volume of the chest cavity decreases, the 
pressure increases, and the air is pushed out of the 
lungs. When breathing is difficult, or in patients 
with obstructive airway disease, special muscles of 
expiration, abdominal and internal intercostal mus-
cles, may be additionally needed.

8.1.4  Distribution of Ventilation 
and Perfusion

Normally, the lower zones of the lungs are bet-
ter perfused and ventilated because of the effect 
of gravity. This gradient is more pronounced in 
perfusion than in ventilation (Fig.  8.4). This 

physiological fact will usually cause the perfu-
sion to appear less than the ventilation in the 
lung apices on scintigraphy. This should not be 
confused with a mismatching pattern. 99mTc- 
macroaggregated albumin (MAA) is injected 
for perfusion imaging while the patient is in the 
supine position to minimize the gradient. 
Injection while the patient is taking a deep 
breath also helps.

8.2  Pulmonary Embolic Disease

Venous thromboembolism, clinically presenting 
as DVT or PE, is the third most frequent acute 
cardiovascular syndrome globally with around 
ten million cases per year worldwide [5, 6]. The 
true incidence of PE is unknown, but in the USA, 
it is estimated that nearly one-third of hospital-
ized patients are at risk of developing venous 
thromboemboli and up to 600,000 cases of VTE 
are diagnosed per year [7].

Pulmonary embolism is potentially fatal and 
the most common pathological condition involv-
ing the lungs of hospitalized patients. The major-
ity of fatal emboli are not recognized or suspected 
prior to death.

8.2.1  Pathogenesis and Risk Factors

The vast majority of pulmonary emboli are 
thromboemboli originating from deep veins 
mostly from lower extremity [8, 9].

Fat, air, or tumor emboli are rare [10]. Fat 
emboli are reported with long bone fractures and 
liposuction, while air emboli occur in cardiac and 

Perfusion VentilationFig. 8.4 The gradient 
pattern in perfusion and 
ventilation of the lungs. 
(From Elgazzar et al. [4] 
with permission)
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neurosurgeries. Renal cell carcinoma with inva-
sion reaching inferior vena cava is a clinical set-
ting that may lead to tumor emboli. Data indicate 
that 90% of pulmonary thromboemboli originate 
from the lower extremities and pelvis. The 
remainder comes from thrombi that occur in the 
right side of the heart or in bronchial or cervical 
veins. Embolization and symptomatology are 
proportional to how proximal is the vein that 
 contains the thrombus. The vast majority of pul-
monary thromboemboli originating from thrombi 
of the lower extremities come more frequently 
from the thigh and pelvis (75%) than from 
smaller veins of the calf and feet [9, 11, 12]. Only 
6% of the time upper extremity DVTs cause PE 
[13]. Septic embolus refers to an infected throm-
boembolus which occurs either on site or second-
ary to detachment of an infected vein thrombus 
of the lower extremities. The risk of pulmonary 
embolus is also directly related to the presence of 
a residual clot at the site of a venous thrombus 
[14].

Recently a common, yet not novel, risk factor 
for thromboembolism and PE is established with 
the Corona Virus Disease (COVID 2019) infec-
tion. Early in COVID-19 pandemic, multiple 
clinical, pathological, laboratory, and imaging 
reports demonstrated an association between 
COVID-19 infection and coagulopathies. These 
coagulopathies manifested as PE or venous, arte-
rial, and/or microvascular thrombosis which are 
associated with severe viral injury of lung endo-
thelium. In the available early and limited data, 
coagulopathy was reported in up to 50% of 
patients with severe COVID-19 manifestations. 
Deep vein thrombosis and PE was reported in up 
to 40% of patients. Current evidence is limited by 
small retrospective studies, and the true preva-
lence of thrombosis in COVID-19 is yet to be 
evaluated.

Pathogenesis of viral coagulopathy in the pre-
viously known various coronavirus infections has 
been extensively investigated. Some of the mech-
anisms proven include platelets consumption, 
thrombin generation, and increased fibrin degra-
dation product (FDP) leading to disseminated 
intravascular coagulation (DIC)-like syndrome.

The specific mechanisms increasing the risk of 
thrombotic complications in patient with COVID-
19 is currently under extensive investigation. Many 
factors are considered including the high levels of 
D-dimer and FDPs, the high levels of proinflamma-
tory cytokines, and the endothelial dysfunction 
associated with the infection. It is hypothesized that 
an imbalance between coagulation and inflamma-
tion may result in COVID- 19 hypercoagulable 
state. It is also suggested that COVID-19 coagu-
lopathy is distinct from sepsis induced DIC and it 
reflect dysregulated hemostasis [15–20].

8.2.2  Deep Venous Thrombosis

The best solution to the problem of embolism is 
to prevent it. However, prevention requires iden-
tification of those at risk. Perhaps the most impor-
tant step in defining who is at risk for this disorder 
has been the recognition that pulmonary emboli 
arise from the sites of deep venous thrombosis, 
almost exclusively in the lower extremity veins. 
Therefore, those at risk for deep venous thrombo-
sis are those at risk for pulmonary embolism. The 
classical risk triad elucidated by Virchow in the 
nineteenth century includes venous stasis, inti-
mal injury, and alteration in coagulation. These 
are the primary factors in the pathogenesis of 
venous thrombosis. Deficiencies of antithrombin 
III, protein C, protein S, and protein Z are clearly 
important, as is the presence of lupus anticoagu-
lant. There are other rarer conditions such as 
homocystinuria and deficiencies of the fibrino-
lytic system. More factors are being identified, 
but at the present time, up to 90% of all patients 
with thromboembolism have no identifiable 
coagulopathy. Thus, in most patients, some clini-
cal states associated with venous stasis, intimal 
injury, or both are the basis for an increased risk 
of deep venous thrombosis. These clinical states 
include injury to the pelvis or lower extremities, 
surgery involving the lower extremities, all surgi-
cal procedures requiring prolonged (at least 
30 min) general anesthesia, burns, pregnancy and 
the postpartum state, previous venous thrombosis 
with residual obstruction, right ventricular failure 
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Table 8.1 Risk factors for deep vein thrombosis and pul-
monary thromboembolisma

Inherited factors
1. Antithrombin deficiency
2. Protein C deficiency
3. Protein S deficiency
4. Factor V Leiden
5. Prothrombin gene mutation
Acquired factors
1.  Postoperative state especially following operations 

on the abdomen and pelvis
2.  Trauma, including fractures, particularly of the 

lower extremities
3. Neoplasms
4. Prior history of thromboembolic disease
5. Venous stasis
6. Vascular spasm
7. Intimal injury
8. Hypercoagulability states
9. Immobilization
10. Infection of the area in the immediate of veins
11. Heart disease, especially:
   Myocardial infarction
   Atrial fibrillation
   Cardiomyopathy
   Congestive heart failure

12. Pregnancy
13. Polycythemia
14. Hemorrhage
15. Obesity
16. Old age
17. Extensive varicose veins
18.  Certain drugs such as oral contraceptives, 

estrogens
19. Following cerebrovascular accidents
20. Smoking
21.  Central venous instrumentation within the past 

3 months
22. Homocystinemia
23. Homocystinuria
24. Hyperlipidemia
25. Hypertension
26. COVID-19 disease

a [7, 15–21]

of any cause, occupations in which prolonged 
venous stasis is involved, and any cause of immo-
bility. Other risk factors are age (particularly 
above 70 years), obesity, cancer, and the use of 
estrogen-containing medications, neoplasm, 
infection in the immediate area of veins, and 
hypercoagulability (Table 8.1).

An important point to note is that risk factors 
should be regarded as cumulative, not indepen-
dent. These factors allow the establishment of a 
“risk profile” for a given patient, a profile that 
conditions the intensity of prophylactic initia-
tives. The anatomical location of the deep venous 
thrombosis affects as well the likelihood of 
extending into a pulmonary embolism as noted 
earlier.

Venous thrombi appear to begin either in the 
vicinity of a venous valve, where eddy current 
arises, or at the site of intimal injury. Platelet 
aggregation and release of mediators initiate the 
sequence. With stasis, there is local accumulation 
of coagulation factors; the coagulation cascade is 
activated, and the characteristic red fibrin throm-
bus develops. Pathologically there will be a plate-
let nidus from which a large fibrin thrombus 
extends.

Regarding the natural history, one of three 
events can happen after the formation of the 
thrombus. First, the red thrombus grows explo-
sively and obstructs the vein completely. This can 
happen even within a few minutes. Second, par-
tial venous obstruction may occur. Blood flow 
therefore continues over the thrombus surface. 
Under this circumstance, thrombus growth tends 
to occur by the progressive layering of platelets 
and fibrin on the clot surface, pathologically seen 
as the lines of Zahn. Third, probably the most 
common scenario, a small thrombus is swept 
away before it reaches an appreciable size. It 
lodges in the pulmonary vasculature without 
symptoms.

Unless fibrinolytic resolution is prompt, orga-
nization of the thrombus begins within hours of 
formation. The thrombus is slowly replaced by 
granulation tissue. This process anchors the 
thrombus to the venous wall.

The dynamic battle between fibrinolysis and 
thrombus formation is fought out over a period 
of 7–10  days, at the end of which time either 
complete resolution has occurred or an endothe-
lialized residual is present. At any time during 
this period, a portion or all of the thrombus can 
detach as an embolus. This risk is highest early, 
before significant dissolution or organization 
occur [12].
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8.2.3  Pulmonary 
Thromboembolism

8.2.3.1  Consequences
Pulmonary thromboemboli occur more com-
monly in the lower lobes because of the preferen-
tial blood flow to these regions. This also applies 
to the right lung because of the straighter course 
of the pulmonary artery. Immediately after acute 
embolism, there is a decrease of perfusion distal 
to the occluded vessel along with a transient 
decrease of ventilation to the affected segment. 
The blood flow is diverted to the other portions of 
the lung, and pulmonary artery pressure may 
increase, although cardiac output usually remains 
stable. The resultant tissue ischemia disturbs cer-
tain metabolic functions of the lung such as the 
production of surfactant. Reduction of the surfac-
tant concentration reduces the alveolar surface 
tension and may cause the atelectasis that often 
accompanies embolism. If the embolus com-
pletely occludes an artery or an arteriole and the 
collateral bronchial circulation is insufficient to 
sustain tissue viability, infarction occurs over 
24–48 h. Pulmonary infarction with coagulative 
necrosis results in an area of radiographic opacity 
that requires an average of 20 days to resolve but 
occurs in less than 10–15% of patients with pul-
monary embolism. There is significant inflamma-
tory component in pulmonary infarcts which is 
the basis behind the reported significant FDG 
uptake in recent lung infarcts and can cause false- 
positive interpretation for lung malignancy [22]. 
More frequently, incomplete infarction with 
hemorrhage but without necrosis occurs. This 
type of injury resolves quickly and produces only 
transient radiographic opacities. Infarction 
always involves the pleural surface of the lung 
(peripheral) and more frequently involves the 
lower lobes than other sites.

The regional decrease in ventilation is due to 
local bronchoconstriction with a tendency for 
redistribution of ventilation away from the hypo-
perfused segment. This probably occurs due to 
decreased regional alveolar and airway carbon 
dioxide tension, which is the usual stimulus for 
bronchodilation. This hypocapnia is corrected 
quickly, since patients inhale carbon dioxide-rich 

tracheal “dead space air” into the alveolar zones 
after the embolic event, raising the alveolar pCO2 
[12]. The release of neurohumoral factors, most 
importantly serotonin and thromboxane A2, also 
causes bronchoconstriction. These factors are 
released after embolization by activated platelets 
and mediate bronchospasm of small airways 
through their effects on the smooth muscles [23]. 
The ventilation of the hypoperfused areas returns 
to normal within several hours after acute embo-
lism [24, 25]. This concept is the pathophysiolog-
ical basis for the scintigraphic interpretation of 
ventilation and perfusion scans, which show seg-
mental perfusion defects with preserved ventila-
tion as a typical scintigraphic pattern for 
pulmonary embolism. Those showing only 
regions of matched perfusion and ventilation 
defects carry a low probability of pulmonary 
embolism if no chest X-ray abnormalities are 
noted at the same sites, since this pattern is more 
likely associated with nonembolic conditions and 
is more typical of parenchymal lung disease. 
Because patients with pulmonary emboli usually 
arrive at the hospital after normalization of the 
ventilation at the site of pulmonary emboli, the 
mismatching pattern is typical of pulmonary 
emboli. However, inpatients may have their V/Q 
scans within a short time after presentation and 
matching abnormalities may be associated with 
pulmonary emboli. This has to be borne in mind, 
and the duration of symptoms should be a factor 
in decision-making regarding the management of 
pulmonary embolism.

Some degree of arterial hypoxemia may also 
occur, one reason being the widening of the arte-
riovenous oxygen difference caused by acute 
right ventricular failure. Another reason is the 
enhanced perfusion of poorly ventilated or non-
ventilated lung zones. Loss of pulmonary surfac-
tant may add to the hypoxemia. Hyperventilation 
almost always occurs and may partly explain the 
normal levels of oxygen arterial pressure seen in 
10–25% of patients with pulmonary emboli.

An increase in the resistance of the pulmonary 
arterial circulation, due primarily to mechanical 
blockage by numerous small emboli in the pul-
monary vasculature and also to humorally medi-
ated vasoconstriction, may follow pulmonary 
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emboli. These hemodynamic consequences may 
include increased pulmonary arterial resistance 
with elevated pulmonary arterial and right ven-
tricular systolic pressures and hypoxemia. When 
pulmonary hypertension occurs, it indicates at 
least 25% obstruction of pulmonary vascular tree 
as assessed by angiography [26]. The higher the 
degree of obstruction, the more severe the 
 abnormalities of the cardiopulmonary hemody-
namics become. When over 50% of the pulmo-
nary vasculature is included (massive pulmonary 
embolism), acute pulmonary hypertension and/or 
right ventricular failure (cor pulmonale) occurs 
[26]. Systemic hypoxemia results from pulmo-
nary arteriovenous shunting and from perfusion 
of hypoventilated lung segments (V-P imbal-
ances). The AV shunting accounts for the clinical 
observation that administration of 100% oxygen 
will only partially correct hypoxemia induced by 
pulmonary emboli [27].

The physiological consequences of pulmo-
nary embolism depend on the size of the embolic 
mass and the general status of the pulmonary cir-
culation. In young individuals with good cardio-
vascular function and good collateral circulation, 
thrombi of a large central vessel may be associ-
ated with only minimal functional impairment if 

any. On the other hand, in patients with cardio-
vascular or severely debilitating diseases, pulmo-
nary embolism may lead to infarction.

8.2.3.2  Resolution
Pulmonary emboli may, spontaneously or with 
treatment, fragment into smaller portions that 
travel distally and block smaller arterioles 
(Fig.  8.5). This may create new, smaller perfu-
sion defects that are more peripherally located in 
comparison to the original defect caused by the 
original embolus. This pattern should not be mis-
taken for recurrent pulmonary emboli on a fol-
low- up scan. If this pattern is the only interval 
change with no other defects seen in areas other 
than those in the vicinity of the distribution of the 
original embolus, it does not suggest recurrent 
emboli [26].

Resolution of pulmonary thromboembolus 
may start within hours. It can be seen on perfu-
sion scans as early as 24 h and is progressively 
noted up to 3 months, with insignificant change 
after 6 months (Fig. 8.6). This is the basis of the 
recommendation that follow-up ventilation and 
perfusion scans are performed 3 months after the 
initial incident for evaluation of resolution and 
function as a baseline for future incidents to dif-

Original
thromboembolus

Smaller emboli after
fragmentation of
the original one

Fig. 8.5 The phenomenon of fragmentation of the thromboemboli. (From Elgazzar [4] with permission)
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Fig. 8.6 Histogram illustrating the percent resolution of 
pulmonary emboli. Note that there is progressive increase 
of the percentage over time until 3 months after the event 
with no significant increase afterwards. (Data are based on 
the Urokinase Study [27, 28])

ferentiate between acute and unresolved old 
emboli. This resolution is dependent on the age 
of the patient, with complete resolution in young 
age groups and less complete and less significant 
resolution in older age groups [26, 27]. Other fac-
tors include age of the thromboembolus or length 
of time between formation of the embolus and 
the institution of proper anticoagulation. This is 
the basis behind the relatively recent trend of 
starting anticoagulant therapy in most patients 
with pulmonary emboli who have no contraindi-
cation for anticoagulation immediately when a 
pulmonary thromboembolus is suspected before 
finishing the workup for the condition. 
Anticoagulant therapy may then be stopped if the 
condition is excluded.

8.2.3.3  Chronic Pulmonary 
Thromboembolism

Incomplete resolution of acute pulmonary embo-
lism is frequently observed and may rarely result 
in chronic thromboembolic pulmonary hyperten-
sion [29]. Chronic thromboembolic disease is 
characterized by intraluminal thrombus organiza-
tion and fibrous stenosis or complete obliteration 
of pulmonary arteries. The consequence is an 
increased pulmonary vascular resistance result-
ing in pulmonary hypertension and progressive 
right heart failure. Pulmonary endarterectomy is 
the preferred treatment [30].

8.2.3.4  Recurrence
Pulmonary thromboemboli recur in up to 50% of 
patients [31], although the incidence in treated 
PIOPED patients was only 8.3% [32]. The vast 
majority of deaths among pulmonary embolism 
patients are due to recurrent emboli. In the 
PIOPED study population, it was found that nine 
of ten people who died had a recurrent pulmo-
nary embolus [33]. Recurrence has been reported 
to occur at the same site as the original thrombo-
embolus [34].

8.2.3.5  Diagnosis
The clinical diagnosis of pulmonary thromboem-
bolism is difficult and unreliable, due to the non-
specificity of its symptoms and signs as well as 
the laboratory and chest X-ray findings [35, 36]. 
Chest X-ray however must be obtained since it 
may show many parenchymal diseases and must 
be available for lung scan interpretation (Fig. 8.7). 
Pulmonary embolism may also be asymptomatic. 
In the literature, only 24% of fatal emboli were 
diagnosed antemortem (Table  8.2) [37–46]. 
Furthermore the presentation is commonly more 
difficult and atypical in older age group com-
pared to younger patients [47, 48]. Accordingly 
only 24% of fatal emboli were diagnosed ante-
mortem (Table 8.2). Data indicate that the mor-
tality of pulmonary embolism is more than 30% 
if untreated. Promptly diagnosed and treated, 
emboli have a mortality of 2.5–8% [27, 28, 33]. 
The mortality of PE was found to vary among 
patients with or without cardiac disease. Paraskos 
et al. [49] reported survival rates at a mean fol-
low- up period of 29  months of 19% among 
patients with prior congestive heart failure and 
86% for those with no prior congestive heart fail-
ure. Pulmonary angiography is the most accurate 
modality for the diagnosis of pulmonary emboli 
with an accuracy of 96% [50]. However, angiog-
raphy is invasive and is not suitable as a screen-
ing imaging modality for the disease.

D-dimer is a fibrin degradation product pres-
ent in the blood after a thrombus is degraded 
through fibrinolysis. The blood test to determine 
D-dimer concentration helps diagnose thrombo-
sis. Although a negative result practically rules 
out thrombosis, a positive result can indicate 
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Fig. 8.7 Normal chest 
X-ray illustrating the 
important structures that 
may show variants on 
perfusion scans

Table 8.2 Antemortem diagnosis of PE

Author Year
No. (%) of cases with antemortem PE 
diagnosis

Stein and Henry [37] 1995 6/20 (30)
Morgenthaler and Ryu [38] 1995 29/92 (32)
Morpurgo and Schmid [39] 1991 26/92 (28)
Sperry et al. [40] 1990 275/812 (34)
Karwinski and Svendsen [41] 1989 267/1450 (18.4)
Gross et al. [42] 1988 7/18 (39)
Dismuke and Wagner [43] 1986 41/203 (20)
Goldhaber et al. [44] 1982 16/54 (30)
Rubio-Jurado et al. [45] 2003 9/66 (14)
Total 675/2807 (24)

thrombosis but does not rule out other potential 
causes. Its main use, therefore, is to exclude 
thromboembolic disease where the clinical prob-
ability is low. On the other hand, the positive pre-
dictive value of elevated D-dimer levels is low 
and D-dimer testing is not useful for confirma-
tion of PE. D-dimer is also more frequently ele-
vated in patients with cancer [51], in hospitalized 
patients [51–53], in severe infection or inflamma-
tory disease, and during pregnancy [54].

Imaging
Scintigraphy remains the most cost-effective 
noninvasive screening modality. The major 
advantages include its ability to provide regional 
and quantitative information useful for the diag-
nosis, as well as for mapping to guide selective 
angiography if needed for the diagnosis. SPECT 
V/P scan has been strongly recommended as it is 
more accurate than planar imaging in establish-
ing the diagnosis of PE even in the presence of 
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diseases such as COPD, heart failure, and pneu-
monia. Furthermore, adding low dose  CT(SPECT/
CT) improves the scan specificity especially in 
patients with other lung diseases [55].

CTPA is useful in detecting central emboli 
which has become the most commonly used 
modality in many centers at the expense of scin-
tigraphy although data are still controversial for 
peripheral emboli [56–59]. Multislice CT was 
found to have no added value in patients with 
high-probability V/Q scans and has a comparable 
diagnostic value with SPECT V/Q scans [60]. CT 
also as a single study is not cost-effective [61]. It 
also requires the use of iodinated contrast media 
with its risk of renal failure and ionizing radiation 
with its risk of cancer induction [62, 63]. And it 
was also found to result in overdiagnosis of pul-
monary emboli [58]. MRI pulmonary angiogra-
phy will play a greater role [64]; however, the use 
of contrast media is still a shortcoming. In an 
experimental study, reversible PE was induced by 
inflating a nondetachable silicon balloon in the 
left pulmonary artery of five New Zealand white 
rabbits. MR V/Q scans were obtained prior to, 
during, and after balloon deflation. High- 
resolution contrast-enhanced MR pulmonary 
angiography was also used to confirm the occlu-
sion of the pulmonary artery. Similar to radionu-
clide ventilation/perfusion technique, acute PE 
produced a mismatched defect in the MR V/Q 
scan. MRA verified the occlusive filling defect in 
the left pulmonary artery. The study suggests that 
high-resolution MRA and MR V/Q imaging of 
the lung is feasible and allows comprehensive 
assessment of pulmonary embolism in one imag-
ing session [64]. Recently, non-contrast MRI has 
been studied in the diagnosis of PE [65].There 
are growing evidence-based outcome data that 
Contrast-enhanced pulmonary MRA is a safe and 
accurate and radiation-free examination for the 
exclusion of clinically significant PE [66].

Scintigraphy is also valuable in pregnancy. 
When indicated low activity of 1 mCi (37 MBq) 
is used for perfusion, if the perfusion study is 
abnormal, then ventilation and chest X-ray (if not 
obtained earlier) are obtained as needed. Based 
upon the available data, there are no apparent 
short- or long-term consequences to the fetus 

from the radiation received as a result of diagnos-
tic ventilation/perfusion scintigraphy. For a V/Q 
scan, fetal dose would mostly come from tracer 
accumulating in the bladder, with some internal 
scatter from the lungs. Either Xenon133 or 99mTc 
agents can be used safely for the ventilation por-
tion of the exam. Xenon103 has the advantage of 
not being excreted via the urine.

Scintigraphic Agents
Several agents have been used for ventilation 
(Table 8.3). Every agent has certain advantages 
and limitations. Xenon 133 (Fig. 8.8) is useful in 
evaluating obstructive airway disease. Krypton-81 
(Fig. 8.9), 99mTc-DTPA (Fig. 8.10), and Technegas 
(Fig. 8.11) provide the ability to perform ventila-
tion studies after the perfusion, particularly kryp-
ton- 81. 99mTc-macroaggregated albumin is used 
for perfusion. For proper interpretation of lung 
perfusion/ventilation study, chest X-ray must be 
available and should be obtained within 12 h of 
the time of the scans.

Table 8.3 Ventilation agents

Agent Advantages and limitations
Aerosols
99mTc-DTPA 
aerosol

Lung half-clearance 
time = 58 min
Pre- or post-perfusion
Multiple projections

99mTc- 
pyrophosphate 
aerosol

Post perfusion
Suitable for SPECT

Technegas Multiple projections
Good peripheral deposition

Gases
Xenon-133 Ability to obtain single breath, 

equilibrium, and washout 
images
Very sensitive for obstructive 
airway disease
Only posterior view is possible 
in most patients
Low energy of 81 keV
Pre-perfusion acquisition

Krypton-81m Expensive—available only in 
some areas
Energy: 190 keV
Half-life: 13 s
Multiple views
Pre- or post-perfusion
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The particle size of 99mTc-macroaggregated 
albumin (99mTc-MAA) is generally between 10 
and 90 μm (90% of particles), and no particles 
should be larger than 150  μm. 99mTc-MAA is 
injected slowly IV and lodges in precapillary 
arterioles, obstructing approximately 0.1% of 
their total number. The particles clear by enzy-
matic hydrolysis and are phagocytized by RE 
cells (the agent has a biologic half-life in the 
lungs of between 6 and 8  h). Normally, only 
3–6% of the injected 99mTc-MAA will bypass the 
pulmonary vasculature. The critical organ is the 

lungs which receive a dose of about 1 rad (1 cGy) 
from a typical 5 mCi dose. The kidneys and blad-
der receive moderate exposure largely from the 
excretion of degraded albumin.

99mTc-DTPA aerosol is commonly used for 
ventilation studies worldwide. Using an aerosol 
delivery system that generates submicronic par-
ticles, 30  mCi of Tc-DTPA in 3  mL of saline 
(3–5 min of rebreathing on the system with the 
oxygen at 8–10  L/min) delivers about 500–750 
mCi of tracer to the lungs. This dose yields 100 K 
count images in about 2 min on a standard gamma 

Fig. 8.8 (a, b) Xenon-133 ventilation studies. (a) Normal 
study with uniform distribution of the radiotracer in both 
lungs on single breath and equilibrium images. The wash-
out images reveal prompt clearance with no significant 

retained activity. (b) Washout images of a patient with 
obstructive airway disease showing retained activity in 
lower zones of both lungs by the end of the study
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Fig. 8.8 (continued)
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99mTc MAACrypton-81
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Fig. 8.9 Representative 
images of krypton-81 
ventilation study 
obtained post perfusion. 
Note the good quality of 
images. The shown 
anterior and left 
posterior oblique (LPO) 
images illustrate the 
ability to evaluate the 
ventilation status at the 
regions of the perfusion 
abnormalities seen on 
the same projections

Anterior

Posterior R LAT

99mTC-DTPA ventilation

L LATLPO

OPROALOAR

Fig. 8.10 99mTc-DTPA aerosol ventilation study. Images show no abnormalities. Observe the activity in the esophagus 
and stomach due to swallowed activity
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Fig. 8.11 99mTc- 
Technegas ventilation 
study for a patient 
suspected of having 
pulmonary embolism. 
The study shows no 
abnormalities and 
illustrates the good 
quality of ventilation 
studies obtained using 
this agent. The 
perfusion, on the other 
hand, reveals perfusion 
defects in both lungs and 
no matching ventilation 
or X-ray abnormalities, 
indicating a high 
probability of 
pulmonary embolism

camera with a low-energy general-purpose colli-
mator. The typical radiation exposure to the lungs 
is about 100 mrad. This is less than the several 
hundred milliard exposure from a typical Xe133 
rebreathing ventilation exam. The dose to the 
lungs is also less than that from a Kr-81. Images 

should be acquired for 100 K counts or 5 min. 
Exposure to personnel is usually less than that 
delivered a Xenon study.

Technegas is a ventilation aerosol agent that 
gained popularity recently. It is ultrafine labeled 
carbon particles produced by heating 99mTc- 
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pertechnetate to very high temperatures of 
approximately 2500 °C in the presence of 100% 
argon gas. An ash material is produced that acts 
like a gas with good peripheral deposition 
because the particles are so small, with a 
median size of 0.05–0.15 μm. Technegas has a 
half- clearance time of 4–6 h. Since the material 
produced is not filtered and contains up to 50% 
of the initial radioactivity, a large number of 
appropriately sized particles are inhaled with 
each breath. Thus, only a few inspirations (typi-
cally 2–10) are needed to reach an adequate 
dose. Usually about 1 mCi is deposited in the 
lung. Extrapulmonary activity in the orophar-
ynx, trachea, and stomach can be seen in about 
30% of patients. The exam may be technically 
inadequate in up to 15% of patients particularly 
in severely ill patients that cannot be instructed 
for inhalation or in patients with very shallow 
or rapid breathing. If the Technegas portion of 
the exam is performed following the perfusion 
study, a counting rate of at least two times the 
count rate of the perfusion exam is considered 
adequate.

Another agent, pertechnegas, which is a vapor 
of pertechnetate, is prepared similarly but, in the 
presence of 2–5% oxygen, has a shorter clear-
ance time and shows excellent deposition in the 
lungs. Table 8.4 summarizes the essential infor-
mation relevant to its use in obtaining adequate 
perfusion scan.

Interpretation of V/Q Scan
For proper interpretation of lung perfusion/venti-
lation study, chest X-ray must be available and 
should be obtained within 12 h of the time of the 
scans.

Normal perfusion study (Fig. 8.12) rules out 
any clinically significant pulmonary emboli. 
Since the ventilation and perfusion lung scans 
lack specificity (Table  8.5), probabilities have 
been used for the interpretation of abnormal stud-
ies. Based on the pathophysiological changes and 
scintigraphic observations, several scintigraphic 
features of perfusion abnormalities are known to 
affect the probability of a scan for pulmonary 
emboli (Table 8.6). One of the important features 
is the size of segmental perfusion defects. A 
small defect occupies up to 25% of the segment, 
a moderate defect between 25 and 75%, while a 
large defect takes up 75% or more. Using these 
features, several retrospective and prospective 
studies were conducted to refine the interpreta-
tion of ventilation and perfusion scans and assess 
their value in managing patients suspected of 
having embolic disease [67–71]. PIOPED study 
[32] established the value of normal and high- 
probability scans in excluding and diagnosing 
pulmonary embolism. It validated the segment 
equivalent concept (Fig.  8.13) and clarified the 
use of Bayesian analysis utilizing the clinical 
pre-scan and scan probabilities to figure the post- 
scan or diagnostic probability. The study showed 
clearly that when the clinical odds agree with the 
scan probability in the low- and high-probability 
categories, pulmonary embolism can be ruled out 
or confirmed with a high degree of certainty.

Based on the modifications of PIOPED crite-
ria and other validated criteria, a simplified set is 
shown in Table 8.7. Small perfusion defects indi-
cate low probability of pulmonary emboli as well 
as matching perfusion and ventilation defects 
regardless of size with no matching X-ray abnor-
malities (Fig.  8.14). Nonsegmental defects also 
indicate low probability. When perfusion defects 
match the X-ray abnormalities, it may indicate 
low, intermediate, or high probability based on 
the relative size of perfusion compared to the 
X-ray densities. When the perfusion defect is of 

Table 8.4 Characteristics of 99mTc-macroaggregated 
albumin (99mTc-MAA)

Size 10–90 μm (mostly 20–50)
Minimum number 
of particles to be 
used in adults

100,000 unless pulmonary 
hypertension or right to left 
shunt is present

Ideal number of 
particles

200,000–500,000

Biologic half-life 4–8 h
Injection Slow intravenous. Care should 

be taken not to cause particle 
aggregates that can produce hot 
spots

Safety Particles block <1/1000 of the 
capillaries and precapillary 
arterioles

8 Respiratory System



306

Anterior

Posterior R LAT

99mTC-MAA perfusion
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OPROALOAR

Fig. 8.12 Normal perfusion study. A 99mTc-MAA perfu-
sion scan of a patient suspected of having pulmonary 
embolism. The perfusion study reveals uniform perfusion 

throughout both lungs with no defects. Note the parallel 
medial borders of both lungs on the posterior view and the 
sharp delineation of the costophrenic angles

Table 8.5 Causes of abnormal perfusion lung 
scintigraphy

Emphysema
   Inflammatory diseases
   Pneumonia
   Abscess
   Granulomatous disease (sarcoidosis, tuberculosis)
   Pulmonary fibrosis
   Bronchial obstruction
   Infection
   Neoplasm
Acute and chronic asthma
   Mucus plug
   Foreign body
   Rib fractures (reduced lung excursion)
Congenital hypoplasia or absence of the pulmonary 
arteries
   Peripheral pulmonary artery stenosis
   Thromboembolic disease
   Thrombus
   Tumor embolism
   Fat embolism
   Air embolism
   Extrinsic vessel compression (tumor, inflammation)
   Left ventricular failure
   Mitral valve disease
   Veno-occlusive disease
Prior lung resection
   Radiation

Table 8.6 Features of perfusion defects associated with 
higher probability of pulmonary emboli

Size Moderate and large
Larger relative size compared with that of chest X-ray 
densities
Location Pleural-based 

defects
Lower lobes
Shape Wedge shaped
Type Segmental
Relation to ventilation pattern Mismatching
Number Multiple

the same approximate size of the matching X-ray 
density (Fig.  8.15), it indicates intermediate 
probability (approximately 25%).

The minimum number of mismatching perfu-
sion defects is two segment equivalent defects 
with no matching chest X-ray abnormalities to 
make a high-probability interpretation (Fig. 8.16). 
However, a study analyzing PIOPED data indi-
cated that defects equivalent of 1.5 segments are 
indicating high probability among patients with 
no prior cardiopulmonary diseases [72].

To improve interpretation, SPECT is being 
used more frequently in V/Q scans. SPECT scin-
tigraphy has been reported to be strongly pre-
ferred to V/Q planar as it provides more accurate 
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Fig. 8.13 The segment 
equivalent concept. 
(From Morpurgo and 
Schmid [39] with 
permission)
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RAO_VR<--- L ---> RAO_PR<--- L ---> Ant_VR<--- L ---> Ant_PR<--- L --->

Fig. 8.14 99mTc-DTPA aerosol ventilation and 99mTc- 
MAA perfusion studies of a patient suspected of having 
pulmonary embolism. The X-ray was normal. The perfu-

sion study shows multiple small perfusion defects match-
ing the ventilation pattern indicating low probability of 
pulmonary emboli
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Fig. 8.15 Chest X-ray of a patient referred to rule out 
pulmonary embolism with a density in the left lower lobe 
(arrow) matching the perfusion defect on 99mTc-MAA 

scan and is of the same approximate size indicating inter-
mediate probability of pulmonary emboli

P

V

Anterior Posterior RPO LPO

Fig. 8.16 Ventilation and perfusion scans of a 74-year- 
old man with history of fracture of left femur 3 days ear-
lier treated with internal fixation. Patient was referred to 
rule out pulmonary emboli because of acute onset of 
shortening of breath. Perfusion study shows multiple per-

fusion defects equivalent to more than two segments with 
no matching abnormalities on ventilation study and no 
corresponding changes in the chest X-ray which was nor-
mal. This illustrates a typical pattern of high probability of 
pulmonary emboli on ventilation/perfusions scans

diagnosis of PE even in the presence of comorbid 
diseases such as COPD and pneumonia [64, 65, 
73, 74].

Recently, trinary interpretative system for V/Q 
scans has been proposed and validated in some 
studies. This system is similar to the interpreta-
tive strategy for CT. V/Q scans were interpreted 
as “PE present,” “PE absent,” or “nondiagnostic.” 
According to this system, the normal, very low 
(near normal), and low probabilities are grouped 

together and reported as PE absent. The high- 
probability pattern is reported as PE present, 
while the intermediate patterns are reported as 
nondiagnostic [75].

This approach can simplify the scan report for 
the referring physicians since the probability sys-
tem still causes confusion. This leads to decrease 
in the utilization of V/Q scans although recent 
data show increasing evidence that lung scintig-
raphy is not only safe but also accurate enough to 
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Table 8.7 Criteria for the interpretation of ventilation/perfusion lung scans

Category Pattern on V/Q images
Normal No perfusion defects. Allow for impressions explained by enlarged heart or other hilar 

structures as seen on chest X-ray
Near normal Nonuniform uptake with no definite segmental or subsegmental perfusion defects
Low Nonsegmental perfusion defects other than those explained by cardiomegaly or other prominent 

hilar structures
Matching V/Q defects with no corresponding CXR abnormalities
Any number of only small defects regardless of ventilation and CXR patterns
Stripe sign
Perfusion defect substantially smaller than CXR abnormality

High Two or more large mismatching defects or their equivalent (4 moderate or 1 large plus 2 
moderate defects) with no corresponding CXR abnormalities
Perfusion defect substantially larger than CXR abnormalitya

Intermediate Perfusion defect matching chest X-ray abnormality and of the same approximate size.
Single moderate up to less than two segmental mismatching defects with no corresponding 
chest X-ray abnormalities
Difficult to categorize as low or high

a 1.5 in patients with no prior cardiopulmonary disease can be considered high probability

be quite useful clinically in patients with sus-
pected PE. It is available conveniently in the clin-
ical setting. Additionally, using the scintigraphic 
diagnostic strategy results in an important reduc-
tion of radiation dose, particularly for the female 
breast [76].

Many algorithms have been developed to 
diagnose PE utilizing D-dimer test, echo cardiog-
raphy, Doppler ultrasound, scintigraphy, and 
multislice CT.  None of these algorithms have 
gained uniform acceptance, and many variations 
were found in practice patterns among physi-
cians, geographic locations, available resources, 
and experience [77].

Till further development, proper utilization of 
V/Q scans along with the DVT imaging and labo-
ratory tests and CT solves most diagnostic prob-
lems and minimizes the need for angiograms 
(Table 8.7) [78].

8.3  Pulmonary Hypertension

Normal pulmonary artery systolic pressure at rest 
is 18–25  mmHg, with a mean pulmonary pres-
sure ranging from 12 to 16 mmHg. This low pres-
sure is due to the large cross-sectional area of the 
pulmonary circulation, which results in low resis-
tance. An increase in pulmonary vascular resis-

tance or pulmonary blood flow results in 
pulmonary hypertension. It is defined as a pulmo-
nary artery systolic pressure higher than 
30 mmHg or a pulmonary artery mean pressure 
higher than 20 mmHg.

Pulmonary hypertension may have no cause (pri-
mary) which is rare or may follow cardiac or pulmo-
nary disorders (secondary). Pathophysiologically, 
three predominant mechanisms may be involved in 
the pathogenesis of secondary pulmonary hyperten-
sion, (1) hypoxic vasoconstriction, (2) decreased 
area of the pulmonary vascular bed, and (3) volume/
pressure overload.

Chronic hypoxemia such as due to COPD 
causes pulmonary vasoconstriction by a variety 
of actions on pulmonary artery endothelium and 
smooth muscle cells.

A variety of causes may decrease the cross- 
sectional area of the pulmonary vascular bed, pri-
marily due to disease of the lung parenchyma. 
Examples of these conditions include collagen 
vascular diseases particularly systemic sclero-
derma or CREST (calcinosis cutis, Raynaud phe-
nomenon, esophageal motility disorder, 
sclerodactyly, and telangiectasia) syndrome and 
acute and chronic pulmonary emboli [29, 30].

Disorders of the left heart may cause second-
ary pulmonary hypertension, resulting from vol-
ume and pressure overload. Pulmonary blood 
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volume overload is caused by left-to-right intra-
cardiac shunts, such as in patients with atrial or 
ventricular septal defects. Left atrial hyperten-
sion causes a passive rise in pulmonary arterial 
systolic pressure in order to maintain a driving 
force across the vasculature.

8.4  Pneumocystis carinii (jiroveci) 
Pneumonia

Pneumocystis carinii (jiroveci) is an opportunis-
tic pathogen currently classified as a fungus [79]. 
It is a significant cause of morbidity and mortal-
ity in human immunodeficiency virus and nonhu-
man immunodeficiency virus-associated 
immunosuppressed patients [80, 81] although it 
also occurs in non-immunocompromised patients 
[82–85]. Highly effective active antiretroviral 
therapy in industrialized nations however has led 
to dramatic declines in the incidence of AIDS- 
associated complications, including PCP, but no 
decline has occurred in the developing countries 
[80, 81]. The organism attaches to the alveolar 
macrophages through a mechanism that involves 
fibronectin. The trophozoite develops into cysts 
that produce daughter trophozoites. As the num-
ber of organisms increase, the permeability of the 
alveolar capillary endothelium increases, produc-
ing respiratory distress. Typically, infection with 
P. carinii (now called P. jiroveci) produces a 
patchy or lobar interstitial pneumonia or, rarely, a 
bronchopneumonia pattern. Severe infections 
produce diffuse alveolar damage. The classical 
histological findings consist of alveolar exudates 
having a granular or foamy appearance that rep-
resent nonstaining clusters of the cysts and tro-
phozoites of P. carinii within an eosinophilic 
staining background of the organism’s filopodia 
and host cellular debris. Atypical pulmonary 
reactions include the formation of granulomas, 
focal pulmonary infection, and cavitary lesions. 
In extremely immunosuppressed persons, the 
inflammatory reaction may be minimal and con-
sist only of sparse collections of alveolar macro-
phages. Since clinical manifestations of P. carinii 
pneumonia (PCP) in AIDS patients may precede 
X-ray changes by at least 2 weeks and as long as 

18 months, 67Ga has an important role in the diag-
nosis of early PCP. 67Ga is more sensitive than 
chest X-ray for early PCP and is more accurate in 
measuring the extent of inflammation. The pat-
tern of uptake is typically diffuse and bilateral 
(Fig. 8.17), although other patterns may be noted 
[84, 85]. Localized lung uptake and perihilar 
uptake patterns can be seen in addition to the dif-
fuse pattern, which may be further classified into 
homogeneous and heterogeneous diffuse pat-
terns. The heterogeneous pattern has the highest 
positive predictive value, which is even more spe-
cific when it is of high-grade uptake and when 
accompanied by normal chest radiograph.

8.5  Idiopathic Pulmonary 
Fibrosis

Idiopathic pulmonary fibrosis is a rare disease 
characterized by chronic, progressive irreversible 
interstitial lung fibrosis along with inflammatory 
changes of unknown cause. Clinically, the condi-
tion is often diagnosed at an advanced stage, 
carry a poor prognosis. The median estimated 
survival time from the time of diagnosis is 
2–5 years. Recently several subtypes have been 
clearly identified with different outcomes [86, 
87]. Idiopathic pulmonary fibrosis is character-
ized by parenchymal inflammation and intersti-
tial fibrosis that may eventually be fatal. The 
inciting factors in the development of IPF remain 
unknown. A widely held hypothesis is that this 
disorder occurs in susceptible individuals follow-
ing some unknown stimuli. The inciting agent 
initiates a cascade of events that involve factors 
controlling inflammatory, immune, and fibrotic 
processes in the lung. Viral, immunological, and 
genetic (supported by finding familial cases) fac-
tors appear to play an important role [87]. The 
main feature in IPF is alveolitis, which is chronic 
inflammation of the alveolar unit followed by 
fibrosis. The destruction is mediated by inflam-
matory (neutrophils and macrophages) and 
immune (immune complex disease) processes, 
where immune effector cells injure lung cells and 
induce connective tissue proliferation. The 
chronic active inflammation is important and 
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c

Fig. 8.17 (a–c) Gallium-67 images of two AIDS patients 
with PCP obtained 48  h post-injection. Planar (a) and 
SPECT (b) of one patient show significantly increased 
accumulation of the radiotracer illustrating severe infec-

tion. Planar image of the other patient (c) shows slightly 
increased accumulation of the radiotracer in both lungs 
diffusely illustrating mild form of PCP infection

8 Respiratory System



312

directs the investigations for diagnosis. The 
fibrotic and destructive changes distort the nor-
mal lung architecture and result in morbidity.

The major histopathological findings vary 
from active alveolitis and minimal fibrosis in 
early cases to severe fibrosis and honeycombing 
with minimal alveolitis in late stages. The alveo-
litis is characterized by an outpouring of mono-
nuclear cells, macrophages, and lymphocytes 
into the alveolar space, with relatively intact 
alveolar walls which will be deranged by edema, 
fibrinous exudate, mononuclear cell infiltration, 
and fibroblast proliferation [86]. Connective tis-
sue alteration occurs later in the process. Recent 
classification of the type of fibrosis depends on 
the predominant cell type. Patients with more 
cellular findings respond to treatment favorably 
and have a better long-term prognosis compared 
with those with more fibrotic changes. 67Ga has 
an important role in evaluating the activity of the 
disease and in following up the response to treat-
ment. The degree of 67Ga uptake correlates with 
the degree of interstitial and alveolar cellularity 
as seen on lung biopsies. Accordingly, it helps 
evaluate the extent and activity of the disease by 
visual assessment and/or quantitation of the 
uptake [88].

8.6  Pulmonary Sarcoidosis

Sarcoidosis, a multisystem granulomatous disor-
der, occurs most commonly in young adults, 
more commonly in blacks and in temperate areas. 
A second peak is known to occur in older age 
group (over age 60) [89]. The exact etiology of 
the disease is unknown, but it is believed to be 
due to exaggerated cellular immune response on 
the part of helper/inducer T lymphocytes to exog-
enous or autoantigens. It presents most frequently 
as bilateral hilar adenopathy, pulmonary infil-
trates, and skin and eye lesions. It may be acute 
or chronic. Current evidence points to genetic 
predisposition and exposure to yet unknown 
transmissible agent(s) and/or environmental fac-
tors as etiological agents. Recently it has been 
recognized to be a Th1 mediated disease as it is 

dominated by gene signatures associated with 
IFNȳ signaling [90, 91].

The acute variant has an abrupt onset and may 
commonly show spontaneous remission within 
2 years; the response to steroids is excellent. The 
chronic variant has an insidious onset and is 
more likely to cause progressive disease with 
fibrosis. The disorder is characterized by the 
presence of epithelioid (correct spelling) granu-
loma in affected organs that may lead to fibrosis 
and organ dysfunction. Granulomas of sarcoid-
osis often exist diffusely throughout the body 
despite the lack of clinical evidence of disease. 
Histological features are usually quite typical, 
but not specific. The architecture of the lesion is 
that of multiple similar granulomas, consisting 
of whorls of elongated cells (fibroblasts and epi-
thelioid cells) with mononuclear inflammatory 
cells at their periphery. Giant cells are located 
within the granulomas (Fig. 8.18), and multinu-
cleated cellular inclusion bodies are frequently 
found. Scarring with fibrosis suggests chronic-
ity. Epithelioid cells secrete a number of cyto-
kines and other mediators including 
angiotensin- converting enzyme (ACE) which is 
suggested to reflect the granuloma burden in sar-
coidosis and may play a role in its pathophysiol-
ogy. Lung is involved in more than 90% of cases. 
Pulmonary sarcoidosis starts as diffuse intersti-
tial alveolitis, followed by the characteristic 
granulomas. Granulomas are present in the alve-

Fig. 8.18 Microphotograph of a noncaseating granuloma 
of a case of sarcoidosis. Note multinucleated giant cells 
(arrows)
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olar septa as well as in the walls of the bronchi 
and pulmonary arteries and veins. The center of 
the granuloma contains epithelioid cells derived 
from mononuclear phagocytes, multinucleated 
giant cells, and macrophages. Lymphocytes, 
macrophages, monocytes, and fibroblasts are 
present at the periphery of the granuloma [92]. 
Sarcoidosis represents a challenge to clinical 
investigation because of its unpredictable course, 
uncertain response to therapy, and diversity of 
potential organ involvement and clinical presen-
tations [93].

The diagnosis is based on a compatible clini-
cal and/or radiologic picture, histopathological 
evidence of noncaseating granulomas in tissue 
biopsy specimens, and exclusion of other dis-
eases capable of producing similar clinical or 
histopathological appearances [59]. Patients 
with pulmonary sarcoidosis may have no symp-
toms and are discovered by chest X-ray obtained 

for nonpulmonary reasons. When symptomatic, 
dyspnea, chest pain, and cough are the most 
common chest symptoms [93]. For many years, 
pulmonary sarcoidosis has been staged into four 
stages (Table 8.8) based on chest X-ray findings 
[94]. The distinction between sarcoidosis and 
tuberculosis can be difficult at times, and the two 
diseases may coexist in the same patient. Similar 
granulomas may occur in a wide variety of other 
diseases, such as with malignancy or immune 
deficiencies, berylliosis, and foreign body reac-
tions. 67Ga is useful in evaluating the activity of 
the disease and the response to therapy. 
Semiquantitative and quantitative methods of 
grading 67Ga uptake can be helpful. Diffuse lung 
uptake and bilateral hilar uptake (Fig. 8.19) are 
the most common patterns seen, but they lack 
specificity [94]. The major value of 67Ga is in 
evaluating the activity of the disease, in detect-
ing extrathoracic sites of involvement, and in 
evaluating the response to therapy. Ventilation 
and perfusion scans do not have a specific role in 
sarcoidosis. However, it should be known that a 
mismatching pattern is among those seen in the 
disease and can be falsely interpreted as indicat-
ing a high probability of pulmonary emboli. 

Table 8.8 Radiologic staging of pulmonary sarcoidosis

Stage 1 Hilar adenopathy alone
Stage 2 Adenopathy plus infiltrates
Stage 3 Infiltrates only
Stage 4 Fibrosis

cba

Fig. 8.19 Forty-eight-hour  Ga-67 posterior image of a 
patient with sarcoidosis showing uptake in the hilar nodes 
bilaterally (a). Another patient’s study is shown (b) Ga-67 
images for a patient with sarcoidosis illustrating uptake in 

the axillary and inguinal lymph nodes as we as mild dif-
fuse accumulation in the lungs and (c) a patient with dif-
fuse lung uptake and intense uptake in the parotids and 
lacrimal gland
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FDG uptake in sarcoidosis (Fig. 8.20) is nonspe-
cific in both intensity and pattern and is not gen-
erally useful in making an initial diagnosis. FDG 
uptake can decrease when sarcoidosis is treated, 
and PET can be useful in monitoring the effec-
tiveness of therapy. Accordingly, PET/CT can be 
useful in monitoring disease progression or 
remission [95].

8.7  Obstructive Airway Disease

Chronic bronchitis, emphysema, and bronchial 
asthma are collectively known as obstructive air-
way disease. Chronic bronchitis and emphysema 
are common among smokers but are also caused 
by air pollutants. In chronic bronchitis, the walls 
of the bronchi and bronchioles are inflamed with 
edema, cellular infiltrates, fibrosis, and an 
increase in the mucus glands and bronchial secre-
tions and thickening of the bronchial walls. All 
these changes result in progressive narrowing of 
the lumina of the bronchi and bronchioles.

Emphysema indicates irreversible dilation of 
the alveoli, and destruction of their septa can 
occur alone or, commonly, in association with 
chronic bronchitis as part of chronic obstructive 
airway disease. Hyperinflation of the alveoli and 
septal destruction may lead to formation of large 
air spaces (bullae). Air spaces formed adjacent to 
the pleura are called blebs. There are three types 
of emphysema:

 1. In centrilobular emphysema, the central areas 
of the lungs are affected by alveolar dilation. 
This type is most commonly associated with 
chronic bronchitis in smokers. It affects more 
the upper lobes and usually spares the 
alveoli.

 2. Panlobular emphysema involves an entire lob-
ule with randomly distributed damage. It 
involves more the lower lobes of the lungs, 
older individuals, and patients with alpha 1 
antitrypsin deficiency.

 3. Localized (previously paraseptal) emphysema 
is characterized by emphysematous changes 
in only one or at most a few locations, with 
the remainder of the lung normal. It is usually 

of no clinical significance; however, the rather 
common subpleural bullae may rupture and 
cause spontaneous pneumothorax.

Bronchial asthma is characterized by episodes 
of airflow obstruction, which affect both large 
and small airways. Decreased ventilation and 
perfusion can be seen on ventilation and perfu-
sion scans within moments of the asthma attack.

Obstructive airway disease can cause an abnor-
mal ventilation scan with or without abnormal per-
fusion. Xenon-133 is the most sensitive agent for 
detecting the ventilation abnormalities, particu-
larly in the washout phase. 99mTc-DTPA aerosol 

F-18 FDG

Fig. 8.20 F-18 FDG image of a 35-year-old female with 
proven sarcoidosis. The study shows uptake in the areas of 
active inflammation in mediastinum, pulmonary hilus, 
salivary glands, and cervical, supraclavicular, axillary, 
para-aortic, iliac, and inguinal lymph nodes. (Courtesy of 
Professor Osama Sabry)
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studies show nonuniformity with varying degrees 
of central deposition of the particles, depending on 
the severity of bronchial narrowing (Fig.  8.21). 
The associated perfusion abnormalities range from 
minimal nonuniformity to complete absence of 
perfusion, matching the ventilation defects. 
Obstructive airway disease is commonly seen 
among patients suspected of having pulmonary 
emboli. This may pose difficulty in interpreting 
the ventilation and perfusion images to establish 
whether a matching pattern is present [96], but the 
same criteria of interpretation are applied to deter-
mine the probability of pulmonary emboli as in 
patients with no obstructive airway disease.

8.8  Pleural Effusions

Many etiologies can cause pleural effusion, 
including inflammatory, traumatic, and neoplas-
tic diseases, and disturbance in organ functions. 
Pulmonary embolism is not uncommonly associ-
ated with pleural effusion. Based on the underly-
ing cause, pleural effusion may consist of 
transudate, exudate, pus, or blood. With pleural 
effusions, there is diminished ventilation and per-
fusion, which is proportional to the amount of 
effusion [97]. Elevated hemidiaphragm causes a 
similar pattern. The appearance of pleural effu-
sion may change with the position of the patient 

Ventilation

Perfusion

Ventilation

Perfusion

Fig. 8.21 99mTc-DTPA aerosol image of a patient with severe obstructive airway disease. Note the central deposition 
of the radiotracer at the sites of the narrowed openings of the bronchi and bronchioles
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when effusion is freely mobile or may not change 
when the effusion is loculated or encapsulated.

8.9  Pneumonia

Pneumonia is an acute inflammation of the lung 
parenchyma, which often impairs gas exchange. 
The condition is prevalent in infants, old individ-
uals, and immunocompromised patients. It is the 
leading secondary cause of death in the 
USA.  Three major types can be recognized: 
lobar, lobular (bronchopneumonia), and intersti-
tial. Lobar pneumonia is usually bacterial and 
involves the alveoli of one lobe or more, but not 
the bronchi. Chest X-ray and other imaging 
modalities show varying degrees of abnormali-
ties based on the amount of inflammatory exu-
date. X-ray will show opacities of different 
degrees, while nuclear medicine procedures such 
as labeled WBC or 67Ga (Fig. 8.22) show abnor-
malities correlating in size and intensity with the 

severity of inflammation and its duration (see 
Chap. 4). Lobular pneumonia (bronchopneumo-
nia) shows inflammation of bronchi, bronchioles, 
and alveoli in a patchy manner. Interstitial pneu-
monia, also called pneumonitis or viral pneumo-
nia, is a milder form that usually accompanies 
other viral conditions such as measles. Typically, 
no exudates are present in the alveoli.

8.10  Bronchial Obstruction

Bronchial obstruction may be caused by obstruc-
tion from within or from outside the bronchi. It 
may be acute, such as obstruction due to a foreign 
body or mucus plug, or gradual, as in some 
patients with bronchial compression by an adja-
cent mass. Depending on the level and severity of 
obstruction, the ventilation and perfusion are 
affected. Usually the ventilation is affected more 
severely than the perfusion and may be totally 
absent with complete obstruction (Fig. 8.23).

roiretsoProiretnA

a b

Fig. 8.22 Gallium-67 48-h study (a) shows two areas of increased accumulation of the radiotracer in the right lower 
and left mid lung zones in a patient with pneumonia. Chest X-ray (b) of the same patient shows infiltrates
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Fig. 8.23 (a, b) Xenon-133 washout images of a patient 
complaining of severe shortness of breath. The images 
reveal nonvisualized left lung. 99mTc-MAA perfusion 
study of the same patient shows decreased perfusion to 

same lung diffusely. This pattern suggests bronchial 
obstruction with reflex vasoconstriction. The patient has a 
mucus plug obstructing the left main bronchus

a

b

Fig. 8.24 (a, b) FDG-PET study illustrating right lung 
nodule with intense uptake and a mediastinal involvement 
(arrows) corresponding to lesions seen on CT scan. These 
represent non-small cell lung cancer. The example demon-
strates the value of FDG in determining the nature of mor-
phologic findings of nodules and in staging the disease

8.11  Lung Cancer (See Chap. 12)

Lung cancer is the second most common cancer 
in both men and women (second to prostate and 
breast cancers). It is, however, the leading cause 
of cancer death in both men and women [98].

FDG-PET/CT is useful for imaging lung can-
cer since the tumor cells have both an increased 
uptake of glucose due to a higher number of 
Glut-1 surface proteins as well as a higher rate of 
glycolysis compared to nonneoplastic cells [99].

Histologically, lung cancer may be squamous 
(epidermoid), adenocarcinoma (bronchogenic 
carcinoma), small cell carcinoma, adenosqua-
mous carcinoma, and anaplastic carcinoma. The 
role of nuclear medicine particularly PET/CT 
(Fig.  8.24) lies in the detection of the primary 
tumor in some patients, and more importantly 
staging of the tumor determines the best treat-
ment choice, evaluating the response to therapy 
and sometimes predicting its success [100] (see 
Chap. 10). When pneumonectomy is planned for 
lung cancer, postoperative lung function can be 
predicted with optimal accuracy by a preopera-
tive perfusion scan in the upright or supine posi-
tions. The ventilation scan is less accurate [101]. 
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When pneumonectomy is planned for lung can-
cer, postoperative lung function can be predicted 
with optimal accuracy by a preoperative perfu-
sion scan in the upright or supine positions. The 
ventilation scan is less accurate.
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Circulatory System (Cardiovascular 
and Lymphatic Systems)

Abdelhamid H. Elgazzar, Saud A. Alenezi, 
and Mohamed A. Elfawal

9.1  Introduction

This chapter will review anatomic, physiologic, 
and pathophysiologic principles of major nuclear 
medicine relevant heart diseases. It will also dis-
cuss the role of radionuclide imaging in the diag-
nosis and management of these conditions 
including coronary artery disease, acute ischemic 
syndromes, and heart failure. The chapter 
includes the pertinent radiotracers and imaging 
techniques and the clinical circumstances under 
which these tools are applied to clinical decision 
making. The chapter will also review the lym-
phoscintigraphy and its basis and applications.

9.2  Anatomical Considerations

The heart consists of muscle, valves, specialized 
tissue, coronary arteries, and pericardium. In the 
embryo, during the first month of gestation, a 
primitive straight cardiac tube is formed. The 
tube comprises the sinoatrium, the bulbus cordis, 
and the truncus arteriosus. In the second month 
of gestation, this tube doubles over on itself to 
form two parallel pumping systems, each with 

two chambers and a great artery. The two atria 
develop from the sinoatrium; the right and left 
ventricles develop from the bulbus cordis. 
Differential growth of myocardial cells causes 
the straight cardiac tube to bear to the right, and 
the ventricular portion of the tube doubles over 
on itself, bringing the ventricles side by side 
(Fig. 9.1) [1].

The coronary arteries originate from the left 
and right coronary sinuses of the aorta (Fig. 9.2). 
The left main coronary artery, which comes off 
the left coronary sinus, continues for a variable 
distance before it divides into two major arteries, 
the left anterior descending and circumflex arter-
ies [2]. The left anterior descending artery (LAD) 
descends in the anterior interventricular groove 
and, most of the time, continues to the apex, sup-
plying the apical and inferior apical portion. The 
LAD gives off septal branches that course deep 
into the interventricular septum. The septal 
branches vary in size and number. The anterior 
two thirds of the septum derive their supply from 
the septal LAD branches, while the rest of the 
septum is supplied by the perforator branches 
from the posterior descending branch of the right 
coronary artery. The LAD provides also diagonal 
branches, which run on the epicardial surface 
diagonally to supply the lateral wall of the left 
ventricle. Usually, the first one or two diagonal 
branches are large enough for angioplasty or 
bypass consideration.
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The left circumflex artery (LCx) branches off 
from the left main artery and runs in the left atrio-
ventricular groove. It then continues to the left 
and posteriorly. It supplies several posterolateral 
ventricular branches, which in turn supply the 
posterior lateral surface of the left ventricle and 
parallel the diagonal branches of the LAD.  In 

most cases, the LCx continues as a small terminal 
posterior left ventricular branch.

The right coronary artery (RCA) arises from 
the right coronary sinus and descends in the right 
atrioventricular (AV) groove. Its first supply is to 
the proximal pulmonary conus and right ventric-
ular outflow region. Normally, there are also two 
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or three large right ventricular branches that 
course diagonally over the right ventricle and 
supply the right ventricular myocardium. Most of 
the time the RCA continues along the diaphrag-
matic surface of the heart in the AV groove to 
reach the crux. At the crux, the RCA divides into 
a posterior descending artery (PDA) and  posterior 
left ventricular branch. The PDA branch is usu-
ally a large artery that runs in an anterior direc-
tion in the inferior interventricular groove. The 
PDA supplies the inferior third of the septum. 
The PDA septal branches can provide a rich col-
lateral pathway via septal perforating arteries of 
the LAD. The other terminal branch of the RCA, 
the posterior left ventricular branch, continues in 
the AV groove and communicates with the termi-
nal branch of the Cx.

9.3  Physiological Considerations

9.3.1  Physiology of Coronary 
Blood Flow

The heart is continuously filled with blood 
throughout the whole life although blood within 
the cardiac chambers does not significantly con-
tribute to the function, viability and maintenance 
of cardiac tissue. A specialized separate coronary 
circulation provides the myocardial tissue with 
oxygen and substrates to ensure normal function 
and viability.

Based on the demands for operating a con-
stantly functioning contractile organ, the heart 
has the highest per gram oxygen consumption of 
any organ (50–100  μL  O2/min/g) and hence it 
extracts 70–80% of delivered oxygen even under 

resting conditions compared to skeletal muscle 
which utilizes only about 30–40% of delivered 
oxygen at rest [3, 4].

Coronary blood supply depends on coronary 
vascular resistance. Coronary vascular resistance 
depends on several factors (Fig. 9.3) and is continu-
ously regulated to deliver sufficient quantities of 
oxygen supply to meet any change in the metabolic 
demand of the myocardial tissue (metabolism- 
perfusion matching) [3, 5, 6].

Regional myocardial blood flow can be cur-
rently measured noninvasively in the units of mil-
liliters blood per minute per gram myocardium. 
These noninvasive measurements are achieved 
by positron emission tomography (PET) and can 
also be done using MRI and CT. Flow estimates 
with these different imaging modalities were 
found in animal experimental studies to correlate 
well with invasive flow estimates by the arterial 
blood sampling-microsphere technique which is 
considered the “gold standard” of blood flow 
measurements [7].

Measuring myocardial blood flow at rest pro-
vides limited diagnostic information as even in 
patients with advanced cardiovascular disease 
such as dilated cardiomyopathy, hypertrophic 
cardiomyopathy, or coronary artery disease, rest-
ing myocardial blood flows frequently are similar 
to those in normal individuals [7]. With pharma-
cologic or physiologic interventions, the response 
of coronary blood flow can uncover the presence 
of functional or structural disease-related altera-
tions of the coronary circulation.

Changes in myocardial work and, conse-
quently, in energy demand, are accompanied by 
proportional changes in coronary blood flow. 
This flow increase is initiated by a metabolically- 
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Fig. 9.3 Diagram 
illustrating factors 
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main determinant of 
coronary blood flow

9 Circulatory System (Cardiovascular and Lymphatic Systems)



326

mediated decrease in microvascular resistance 
with vascular smooth muscle relaxation and 
hence to adjust the vessel diameter [7].

Seven to 15% of patients with acute coronary 
syndrome have nonobstructed coronary arteries 
and myocardial infarction is not accompanied 
with obstructed coronary arteries [8]. Quantitative 
measurements of myocardial blood flow identify 
functional rather than structural disturbances that 
may reflect adverse effects of coronary risk fac-
tors on endothelial function or early stages of 
developing coronary artery disease.

Measurements of myocardial blood flow in 
absolute units allows improved characterization 
of the extent and severity of coronary artery dis-
ease, its impact is likely to be the greatest in 
patients with microvascular disorders. It is in this 
particular disease entity where flow measure-
ments offer a means for estimating the true isch-
emic burden of the myocardium and its associated 
cardiac risk. Furthermore, it aids to distinguish 
between functional and structural alterations and, 
at the same time, identifies potential reversibility 
and thus therapeutic strategies [9, 10].

The most useful application of measuring 
myocardial blood flow is in cases with coronary 
disease confined to microvasculature with angio-
graphically nonidentifiable coronary disease. In 
other words, there is coronary disease affecting 
microvessels with no apparent macrovascular 
alterations. This condition may also show diffuse 
luminal narrowing without discreet coronary ste-
nosis [7]. This condition is now known to be 
associated with several conditions such as diabe-
tes and cardiomyopathy (Table 9.1) [11–13]. In 
addition to normal agiography or a finding of dif-
fuse narrowing, myocardial perfusion studies can 
also be normal even in the presence of symptoms 
[7]. However, myocardial blood flow is typically 
diminished in response to vasodilator stress, 

although it is most likely be in the range of nor-
mal in resting status.

9.3.2  Myocardial Contractility

Cardiac muscle has two essential properties: 
electrical excitability and contractility.

9.3.2.1  Electrical Excitation
The conduction system is composed of modified 
cardiac cells. The sinoatrial and atrioventricular 
nodes have cells with high electrical impulse 
automaticity, while the His bundle and the 
Purkinje system cells have higher rapid impulse 
conductivity. The contraction of the heart is nor-
mally initiated by an impulse in the sinoatrial 
node and then spreads over the atrial muscles to 
the atrioventricular node. The impulse then runs 
through the His bundle and the Purkinje system 
to reach all areas of both ventricles at approxi-
mately the same time [1, 14].

9.3.2.2  Contraction
The ability of myocardial muscles to shorten and 
generate the force necessary to maintain blood cir-
culation is a fascinating property of the heart. This 
is achieved primarily through the unique contrac-
tile function of two proteins of the sarcomere 
(actin and myosin) of the syncytially arranged 
myocardial fibers. The two main mechanisms that 
can alter cardiac muscle performance are a change 
in initial muscle length (Frank- Starling mecha-
nism) and a change in contractile state. In the 
intact heart, these are determined by preload sta-
tus, afterload status, the contractile state under a 
given set of loading conditions, and the heart rate. 
There is a passive exponential relationship between 
the length and the tension of muscle fibers. Cardiac 
muscle tissue, like other body tissue, is not entirely 
elastic. Thus, this relationship does not exist 
beyond certain muscle stretch limits. Additionally, 
there is an active proportional relationship between 
the initial length of myocardial muscle and the 
force generated by this muscle, again up to certain 
length limits [1, 2, 14].

Unlike skeletal muscles, cardiac muscle cells 
are connected to each other by intercalated disks 

Table 9.1 Major causes of microvascular coronary 
disease

Diabetic microangiopathies
Hypertrophic cardiomyopathy
Systemic vasculopathies associated with inflammatory 
disorders
Transplant vasculopathies
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and do not run the length of the whole muscle. 
Also, heart muscle has a rich supply of the high- 
energy phosphate needed for the contraction. 
Therefore, it may not easily develop an oxygen 
deficit as skeletal muscle does when its work 
exceeds its oxygen supply. Cardiac sarcomeres are 
limited by the fact that they can be extended only 
to a certain limit (the optimum length of 2.2 μm), 
whereas sarcomeres of skeletal muscles can be 
stretched out beyond that. Finally, cardiac muscle 
has all-or-none twitch contraction and cannot be 
physiologically tetanized as skeletal muscle can.

9.3.2.3  Left Ventricular Performance

Left Ventricular Function Curve
The left ventricular function curve usually refers 
to plotting of some of the LV performance mea-
surements such as stroke volume or work against 
some of the preload indices such as pulmonary 
capillary wedge pressure [2, 15]. This analysis 
requires invasive measurements and is useful not 
only for providing prognostic information in 
acute cardiac conditions but also for monitoring 
response to therapeutic interventions.

Ejection Fraction
The ejection fraction is the most useful single 
number of the LV performance, defined as the 
stroke volume divided by the end-diastolic vol-
ume. This functional index can be measured by 
both invasive and noninvasive techniques. 
Ejection fraction is closely related to the LV 
function curve; however, it is very sensitive to 
loading conditions [2, 15].

Pressure–Volume Relationship 
Measurement
By studying the pressure–volume relationship, a 
stroke work index can be obtained [2, 15]. This is 
defined as stroke volume  ×  (mean LV systolic 
ejection pressure − mean LV diastolic pressure). 
It is a very sensitive index since it is affected by 
all factors that may alter LV performance.

Regional Wall Motion Assessment
The assessment of regional wall motion is 
extremely useful in confirming and locating the 

site of coronary artery disease (CAD). As with LV 
ejection fraction measurement, it can be studied 
using both invasive and noninvasive methods.

Diastolic Function
Diastolic function is usually assessed by studying 
the relationship between LV passive pressure and 
volume and by examining the rate of relaxation 
after contraction. Several important measure-
ments have been derived from various invasive 
and noninvasive techniques that can be used for 
both evaluating and monitoring the changes in 
diastolic function [15].

9.4  Pathophysiological 
Considerations

9.4.1  Heart Failure

Heart failure is considered a pathophysiologi-
cal condition rather than a specific disease. In 
such a condition, the heart fails to supply 
enough blood to meet the metabolic demand of 
the tissues. Most cases of heart failure are due 
to primary myocardial dysfunction or intrinsic 
abnormalities, which include hypertensive 
myocardial hypertrophy, ischemic heart dis-
ease, valvular heart disease, pulmonary hyper-
tension, pericardial disease, and other 
cardiomyopathies (Table  9.2). Various extrin-

Table 9.2 Major causes of heart failure

A. Systolic dysfunction:
1.  Ischemic heart disease (e.g., chronic ischemia, 

myocardial infarction)
2.  Valvular heart disease (e.g., mitral regurgitation, 

aortic regurgitation)
3.  Dilated cardiomyopathy (idiopathic and 

nonidiopathic)
4. Chronic uncontrolled arrhythmia
B. Diastolic dysfunction:
1. Hypertension
2. Ischemic heart disease (e.g., acute ischemia)
3. Infiltrative myocardial disease (e.g., amyloid)
4.  Left ventricular outflow tract obstruction (e.g., 

hypertrophic obstructive cardiomyopathy, aortic 
stenosis)

5. Uncontrolled arrhythmia
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sic abnormalities can cause heart failure as 
well, despite normal  ventricular function; this 
is referred to as secondary heart failure. Heart 
failure in this situation could have many rea-
sons: inadequate blood volume as in hemor-
rhage, inadequate oxygen delivery as in 
anemia, inadequate venous return as in tricus-
pid stenosis, profound capillary vasodilatation 
as in toxic shock, and peripheral vascular 
abnormalities as in arteriovenous shunts.

Under normal conditions, the heart receives 
blood at low pressure in diastole, then ejects it at 
higher pressure during systole. Heart failure occurs 
when the heart fails to maintain adequate cardiac 
output (CO) to meet the body’s metabolic 
demands. CO is the ejected amount of blood by 
the ventricle per minute. It is equal to the stroke 
volume (SV) multiplied by the heart rate (HR), 
i.e., CO = SV × HR. Stroke volume is the amount 
of blood ejected from the ventricle during systole, 
which is equal to the end-diastolic volume (EDV) 
minus end-systolic volume (ESV). SV depends on 
three determinants; preload, afterload, and con-
tractility. Preload is the ventricular pressure at the 
end of diastole, while afterload is the pressure dur-
ing ventricular systolic contraction. Myocardial 
contractility accounts for the change in contraction 
intensity. Ventricular SV increases when there is 
an increase in preload, a decrease in afterload, or 
enhanced contractility. When a cardiac muscle is 
passively stretched before contraction, and then 
stimulated to contract, the generated force depends 
on the length of the muscle fiber. The Frank-
starling law explains how the SV increases if the 
preload is increased in relation to the myocytes 
stretching which results in increased systolic con-
traction. In other words, the more the ventricle is 
distended with blood during diastole, the more is 
the volume of blood ejected during systole. 
Ejection fraction (EF) is the portion of EDV 
ejected from the ventricle during each systole 
(EF = SV ÷ EDV). The normal EF range is between 
55% and 75% [16].

Chronic heart failure occurs when the after-
load increases, or ventricular contractility is 
reduced, a condition termed “systolic dysfunc-
tion.” Essential causes of increased afterload are 
systemic hypertension and severe aortic stenosis. 

Significant causes of impaired contractility are 
coronary atherosclerosis, mitral regurgitation, 
aortic regurgitation, and dilated cardiomyopa-
thies. Chronic heart failure may also result from 
impaired ventricular filling and diastolic relax-
ation which is known as “diastolic dysfunction.” 
Causes include left ventricular hypertrophy, 
myocardial fibrosis, restrictive cardiomyopa-
thies, and constrictive pericarditis or cardiac tam-
ponade. Accordingly, heart failure has been 
categorized into two groups; heart failure with 
reduced EF, i.e., systolic dysfunction and heart 
failure with normal EF, i.e., diastolic dysfunction 
[17]. In heart failure with reduced EF, the incom-
plete ventricular emptying and increased EDV 
cause elevation of the LV pressure during dias-
tole. This, in turn, is transmitted to the left atrium 
and the pulmonary vasculature. When pulmonary 
pressure is significantly elevated, i.e., more than 
20 mmHg, pulmonary congestion and pulmonary 
edema will occur and generalized venous con-
gestion and generalized edema will then follow. 
On the other hand, in heart failure with normal 
EF, diastolic filling occurs at a higher pressure 
due to reduced ventricular compliance. This ele-
vated ventricular pressure is retrogradely trans-
mitted to the left atrium, pulmonary and systemic 
venous circulation with similar consequences as 
described in heart failure with reduced E.F.

Compensatory mechanisms in heart failure 
include the Frank-Starling mechanism. When LV 
contractile function is impaired, this results in 
incomplete emptying and increased LV pressure. 
Myocardial fibers act through the Frank-Starling 
mechanism, increase stretch to induce a greater 
stroke volume which helps to empty the enlarged 
LV and maintain a normal cardiac output. The 
second compensatory mechanism is neurohor-
monal activation which comprises increased 
adrenergic activation, renin-angiotensin- 
aldosterone system, and increased antidiuretic 
hormone. The third (space)mechanism includes 
ventricular hypertrophy and remodeling. All such 
compensatory mechanisms can be beneficial 
within limits, but eventually fail to maintain ade-
quate cardiac output [18].

All the physiological principles described in 
heart failure are essentially applied to both left- 
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sided and right-sided failure. However, the right 
ventricle is highly compliant compared to the left 
ventricle and therefore can accept larger volumes 
of blood with little changes in its filling pressure. 
Apart from the fact that left-sided heart failure is 
the commonest cause of right-sided heart failure, 
as a result of increased pulmonary vascular pres-
sure, isolated right ventricular failure may occur 
following chronic obstructive pulmonary disease, 
reflecting the increased right ventricular after-
load. The most common cause of acute right- 
sided heart failure is massive pulmonary 
embolism due to sudden increase of right ventri-
cle afterload [16].

Heart failure may occur due to ventricular 
dysfunction as a result of various causes which 
include systemic hypertension, ischemic heart 
disease, cardiac valve disease, cardiomyopathies, 
chronic pulmonary disease, pericardiac disease, 
among other conditions. Other conditions may 
also lead to heart failure despite of normal ven-
tricular function, such as hypovolemia, anemia, 
distribution shock, among other causes [19].

9.4.2  Systemic Hypertension

Blood pressure (BP) is the result of cardiac out-
put (CO) and peripheral resistance (PR), i.e., 
BP = CO × PR. There are four structures that are 
responsible for regulation of BP.  These include 
the heart or the pump that creates the ejecting 
pressure; blood vascular tone which is responsi-
ble for peripheral resistance; the kidneys which 
control the intravascular volume; and neurohor-
mones that moderate the previous three struc-
tures. However, a fourth short-term regulatory 
mechanism of BP is through the baroreceptor 
reflex, which plays a significant role in momen-
tary changes in BP. Such receptors are present in 
the walls of the aortic arch and carotid sinuses. 
Whenever BP rises, baroreceptors are stimulated 
and transmit impulses to the brain stem medulla, 
which sends negative feedback signals through 
the autonomic nervous system, causing inhibi-
tion of the sympathetic nervous system and stim-
ulation of the parasympathetic system with a 
consequent fall in BP. Contrarily, baroreceptors 

transmit fewer impulses to the medulla following 
a transient fall in BP, resulting in restoration of 
BP [20].

Hypertension increases the workload of the 
heart and damages the systemic arterial vascula-
ture. It increases the afterload and can cause sys-
tolic dysfunction, left ventricular hypertrophy, 
which if uncontrolled, can eventually end in dia-
stolic dysfunction. All of such effects can lead to 
left ventricular failure. Increased afterload will, 
in turn, increase the myocardial oxygen demands, 
which can lead to chronic myocardial ischemia. 
In addition, hypertension causes vascular endo-
thelial damage, the most significant triggering 
mechanism for the initiation of atherosclerosis 
[21]. Hence, the role of hypertension as a risk 
factor for atherosclerosis cannot be overstated. In 
addition to its atherogenic role, hypertension 
contributes to many arterial pathological compli-
cations, which include tissue ischemia, thrombo-
sis, embolism, aneurysm, and hemorrhage. Such 
effects may influence important and vital target 
organs, such as the heart, brain, kidneys, and the 
eyes.

The increased arterial peripheral resistance 
raises pressure inside the LV with increased 
afterload. As a compensatory mechanism, LV 
hypertrophy ensues in the form of concentric 
hypertrophy, mostly without dilatation. Increased 
LV muscular rigidity results in diastolic dysfunc-
tion [2, 22]. In such conditions, HF is manifested 
with a normal ejection fraction (EF). It follows 
that LV hypertrophy in such cases will result in 
pulmonary congestion and will eventually cause 
RV hypertrophy and congestive heart failure. 
Clinically, increased LV mass as a result of 
hypertrophy can be manifested by heaving LV 
impulse on chest palpation, and a fourth heart 
sound (S4) is present, since the left atrium is con-
tracting into a rigid LV. In hypertensive patients, 
cardiac morbidity is proportionate to the extent of 
LV hypertrophy. This is valid in many cardiac ill-
nesses, such as acute coronary syndrome, con-
gestive heart failure, arrhythmias and, 
unsurprisingly, sudden death.

In patients with advanced hypertension, how-
ever, the increased LV pressure outweighs the LV 
mass built up throughout LV hypertrophy. This 
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will result in LV systolic dysfunction, with low 
CO and reduced EF, pulmonary congestion, and 
congestive HF. Myocardial ischemia, due to the 
likely associated coronary atherosclerosis, and 
the increased LV mass due to LV hypertrophy, 
plays a significant contributory role to LV sys-
tolic dysfunction.

9.4.3  Pulmonary Hypertension

The degree of pulmonary blood flow is affected 
mainly by the lumen size of the pulmonary ves-
sels [23].

Furthermore, the pulmonary vascular resis-
tance is defined as the difference of mean alveo-
lar pressure and left atrial (LA) pressure divided 
by pulmonary blood flow. A change in any of 
these factors may therefore give rise to pulmo-
nary hypertension. Pulmonary hypertension can 
be either primary or secondary to many other 
causes. In congenital heart diseases, increased 
medial thickening and atherosclerotic changes of 
the pulmonary vasculature are observed [24]. 
Such changes are also seen in patients with sys-
temic to pulmonary collateral circulation. The 
sudden rise of PA pressure with irreversible RV 
failure and the usual significant decrease in LV 
systolic function association in acute pulmonary 
embolization are the cause of high mortality 
within the first hour in these patients [25]. 
Conversely, intimal fibrosis due to thrombus 
organization is the reason behind the cor pulmo-
nale in chronic pulmonary embolization [26].

Pulmonary hypertension can also develop due 
to a rise of pulmonary venous pressure caused by 
LV diastolic dysfunction or high LA pressure. If 
such a condition persists long enough, medial 
thickening and arterialization of pulmonary veins 
will develop, which results in pulmonary fibrosis 
and destruction of alveolar capillaries [23]. The 
most common chronic lung disease associated 
with cor pulmonale is chronic bronchitis. The 
increased pulmonary vascular resistance in this 
case is caused by a reduction in the total area of 
the pulmonary vascular tree as well as mild thick-
ening of the pulmonary arterioles [27, 28].

Unlike the LV, the RV is a high-volume, low- 
pressure pump. Consequently, as pulmonary vas-
cular resistance increases, a decrease in RV 
stroke volume and EF is observed [29].

An increase in heart rate does not usually pro-
vide enough compensation, and a decrease in car-
diac output is inevitable. Additionally, signs and 
symptoms of systemic venous congestion are 
seen due to high-pressure transmission from the 
RV. Diastolic LV dysfunction due to RV failure 
could be caused by the decrease in both the LV 
distensibility and the myocardial blood flow from 
the accompanied elevation in coronary venous 
pressure [30].

9.4.4  Atherosclerosis

Currently, atherogenesis is largely viewed as a 
chronic inflammatory process. Several decades 
back, it was regarded as a simple imbibition of 
elevated plasma lipoproteins through permeable 
vascular endothelium. The evolution of early ath-
eromatous lesions, i.e., fatty streaks, may com-
mence as early as during infancy [31]. 
Atherogenesis is a complex and incompletely 
understood multifactorial procedure. There are 
two adopted theories of atherogenesis; the first is 
the response to Injury, which probably contrib-
utes to the build-up of atherosclerotic lesions dur-
ing the early stages of the disease. The second, 
thrombogenic theory, possibly participates in the 
progression of a pre-existing plaque that under-
goes thrombotic formation (Fig. 9.4), with heal-
ing by organization and reendothelialization, and 
further progressive narrowing of the arterial 
lumen. The current view of atherogenesis incor-
porates elements of both theories and includes 
the recognized modifiable and unmodifiable risk 
factors [32].

The response to injury theory entails dynamic 
interaction between (1) endothelial dysfunction, 
(2) subendothelial inflammation, and (3) vascular 
smooth muscle cells response [33].

Endothelial dysfunction can be initiated by a 
number of risk factors, which include sheer 
mechanical stress related to hypertension, oxi-
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Fig. 9.4 Coronarynatherosclertic plaque showing an 
organized thrombus (arrows) building up the atheroma-
tous growth

dized low-density lipoprotein (OxLDL), diabetes 
mellitus, smoking, elevated homocysteine levels, 
infectious agents, among others. Such physical 
and chemical stressors impair endothelial perme-
ability, promote the release of inflammatory cyto-
kines, increase monocytes adhesion, alter the 
release of vasoactive substances (e.g., prostacy-
clin and nitric oxide), and interfere with normal 
antithrombotic properties. Dysfunctional endo-
thelium leads to (a) increased permeability to 
lipoproteins and (b) promoting passage of mono-
cytes across the endothelium. The low-density 
lipoprotein (LDL) trapped in the subendothelium 
undergoes oxidation (OxLDL). The resultant 
inflammatory reaction involves incorporation of 
OxLDL in the subendothelium into the modified 
macrophages, forming foam cells that represent 
the earliest lesions known as fatty streaks or the 
precursor lesions. Fatty streaks are observed in 
the aorta and coronary arteries of most individu-
als by 20 years of age. The intimal thickening in 
fatty streaks is due to the accumulation of 
monocyte- derived macrophages filled with lipid 
(cholesterol esters) forming foamy cells [34].

Some fatty streaks, especially those involving 
the coronary arteries, have been shown to prog-
ress to the classic atherosclerotic plaques, as 
because of progressive lipid accumulation and 
migration and proliferation of smooth muscle 
cells. Some fatty streaks may regress, while oth-
ers remain unchanged.

The pathogenesis of the atherosclerotic plaque 
involves the entry of LDL into the intima, where 
it binds to receptors of macrophages to form 
foam cells as described before. Once within the 
intima, LDL becomes chemoattractant to more 
blood monocytes and also causes macrophage 
aggregation, as well as further injury to the endo-
thelium [34, 35].

Monokines from the activated macrophages 
also attract migration of smooth muscle cells 
from the media into the intima where they prolif-
erate under the influence of platelet-derived 
growth factor (PDGF) and other cytokines 
released by endothelial cells, activated macro-
phages, and the smooth muscle cells themselves 
[36, 37].

Smooth muscles then modify into collagen 
fibers to form the fibrous component of the ath-
eromatous plaque. By this fashion, fatty streaks 
progress into fibrofatty lesions or plaques. Instead 
of following a sequential pathway, the cells con-
stantly interact and modify each other’s behavior, 
forming plaques in one of many possible 
configurations.

The proportion of fibrous and fatty elements 
within the plaque varies from one lesion to 
another, i.e., some lesions are predominantly 
soft and fatty (with a thin fibrous cap and 
necrotic core), while others are largely hard and 
fibrous (with a thick fibrous cap). Beneath the 
cap is an accumulation of smooth muscle cells 
and macrophages containing lipid (foamy cells), 
as well as areas of necrosis (due to the toxic 
effects of oxidized extracellular lipid) and pools 
of lipid consisting of soluble cholesterol (cho-
lesterol crystals). There is usually an associated 
chronic inflammatory infiltrate of lymphocytes 
and plasma cells. In large arteries (e.g., aorta), 
the lesions may appear as isolated or confluent 
plaques which eventually cover the entire inti-
mal surface. In smaller arteries, however, e.g., 
coronary and cerebral, the involvement of the 
intima may be eccentric, reducing and pushing 
the lumen to one side, or it may be circumferen-
tial and concentric with a narrowed central 
lumen depending on the extent of intimal thick-
ening. It is noteworthy that eccentric plaques 
may undergo outward plaque remodeling, which 
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can partly compensate for progressive growth of 
atherosclerotic lesions. However, such outward 
remodeling can possibly conceal angiographic 
diagnosis of large-sized plaques, and may be 
associated with an increased risk of plaque rup-
ture [38].

Advanced or complicated plaques(space) may 
show ulceration, superimposed thrombosis 
(Fig. 9.5), or dystrophic calcification within the 
necrotic material in the intima. The size of the 
plaque determines the extent to which blood flow 
in the vessel is reduced. In the coronary artery, a 
plaque occupying >75% of cross-sectional area 
of the vessel (or >50% reduction of the lumen 
diameter) would cause significant interference 
with blood flow manifested as chronic ischemia 
in stable angina. Dynamic changes within the 
plaque may trigger fissuring or “rupture” of a thin 
fibrous cap (as in the vulnerable soft lipid plaque), 
thus exposing the circulating blood to potentially 
thrombogenic contents of the plaque. The clinical 
consequence of coronary plaque rupture depends 
upon a variety of elements. The site, i.e., proxi-
mal or distal, and caliber of the ruptured artery 
are crucial factors. Type of coronary circulation, 
i.e., right or left dominant circulation, will also 
influence the outcome. The nature of the compo-
sition of the ruptured plaque, i.e., soft fatty or 
hard fibrous, is another significant determinant 
factor. Finally, the presence of adequate collat-
eral circulation at the area supplied by the rup-
tured vessel plays a very important role in such 
context.

Ruptured plaque may result in luminal 
thrombus formation, with partial occlusion 
manifested by unstable angina or total (or near-
total) occlusion leading to myocardial infarction 
or sudden death. Alternatively, a ruptured cap 
may admit blood inside the plaque causing inti-
mal hemorrhage and/or intimal (intramural) 
thrombosis. Either of these may lead to rapid 
plaque enlargement, with the potential to 
occluding the lumen, partially or completely, as 
a result of pressure from inside the plaque. 
Ruptured plaque and subsequent intraluminal 
thrombosis may be also followed by organiza-
tion of the thrombus and its incorporation within 
the plaque with further progressive arterial ste-
nosis (thrombogenic theory). Furthermore, 
plaque erosion, or a small plaque fissuring may 
predispose to sudden coronary spasm without 
thrombosis, and the recognized manifestations 
of variant or Prinzmetal angina.

Extracellular matrix fortifies the fibrous 
cap(space) and (space) separates the thrombo-
genic plaque (space)core(space) from coagulat-
ing substrates within the circulation [39]. 
Macrophages, T-cells and their mediators play an 
important role in the pathogenesis of plaque rup-
ture. Inflammatory signals alter collagen metabo-
lism by reducing the synthesis and promoting the 
breakdown of collagen throughout the overpro-
duction of matrix metalloproteinases (MMPs). In 
such conditions, the consequent thin and friable 
fibrous cap renders the plaque vulnerable to rup-
ture and thrombotic complications. These inflam-
matory signals not only alter collagen synthesis 
and breakdown, but also increase the potential for 
thrombosis through excessive production of 
tissue- factor procoagulant. Such dual actions elu-
cidate the strong association between inflamma-
tion and thrombosis in atherosclerosis [40].

Meanwhile, favorable effects of lipid lowering 
include reduction of the inflammatory signaling 
in plaques, with consequent reduction of the 
expression of MMPs, and increasing endothelial 
nitric oxide synthase. Coupled with the well- 
known anti-inflammatory effects of statins, low 
lipid levels seem to have a beneficial impact in 
stabilizing atherosclerotic plaques and reducing 
thrombotic potential [41].

Fig. 9.5 Occluding recent thrombus (arrow) in a severely 
narrowed coronary artery by a predominantly fatty con-
centric atherosclerotic plaque
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Although it is essentially an intimal disease, 
atherosclerosis is frequently associated with thin-
ning, atrophy and weakening of the media. This 
is due to indirect consequences of the intimal 
changes and can predispose to aneurysm forma-
tion. This is best seen in large arteries, e.g., 
abdominal aorta and iliac arteries. The adventitia 
also demonstrates neovascularization, arising 
from vasa vasorum, in addition to chronic inflam-
matory changes as a response to oxidized lipids 
within the plaque.

In summary, one or more of the risk factors, 
such as hypertension, diabetes mellitus, smok-
ing, dyslipidemia, and others, can induce injury 
to the arterial endothelium, which promotes 
entry of LDL and monocyte-derived macro-
phages into the intima. This initial step is fol-
lowed by a cascade of events that lead to the 
formation of the atherosclerotic plaque. Further 
evolution of changes within the plaque leads to 
increased intimal thickening with further arte-
rial stenosis and chronic ischemic effects or 
acute plaque events resulting in acute ischemic 
episodes. Stages of atheroma include fatty 
streaks, atheromatous plaque, and complicated 
lesions, namely ulceration, thrombosis, and cal-
cification. Diseases commonly associated with 
atherosclerosis result either from acute isch-
emia, e.g., myocardial infarction, stroke, and 
sudden death, or prolonged ischemic effects 
such as angina, chronic ischemic heart failure, 
vascular dementia, chronic renal ischemia, 
intermittent claudication, gangrene, among 
other chronic health impediments. Consequences 
of large-size arterial lesions, e.g., aorta, include 
aneurysm formation, which may lead to rupture 
or thrombo-embolic complications.

9.4.5  Ischemic Heart Disease

Ischemic heart disease (IHD) is a group of closely 
related syndromes due to myocardial ischemia, 
which means an imbalance between coronary 
blood supply and metabolic demands of the heart 
for oxygenated blood. In normal individuals, if 
the myocardial metabolic requirements are 
increased, even following forceful physical exer-

tion, the oxygen supply to the heart matches such 
an upsurge, in order to maintain this balance [42].

Myocardial oxygen demand is proportionate 
to both the heart rate and myocardial contractil-
ity; when demand is increased both the rate and 
contractility are increased as well. Commonly 
referred to as coronary artery disease (CAD), 
IHD in the vast majority of cases, probably more 
than 98%, is due to advanced coronary athero-
sclerosis. Other minor causes include congenital 
ostium stenosis, arteritis, aneurysm, and throm-
boembolism. Two factors influence coronary 
artery flow: (a) coronary perfusion pressure and 
(b) coronary vascular resistance. The greatest 
coronary perfusion occurs during diastole, i.e., 
during myocardial relaxation to allow adequate 
coronary filling, which is unlike other arterial 
systems in the body. Hence, conditions that 
impair the aortic pressure, such as hypotension 
and aortic regurgitation, can have a negative 
impact on coronary perfusion.

Normally, physical or mental stress are associ-
ated with coronary vasodilatation. This is regu-
lated by activation of the sympathetic nervous 
system, with enhanced blood flow and release of 
endothelial-derived vasodilators, such as nitric 
oxide (NO). The relaxation effect of NO seems to 
outweigh the direct constricting effect of cate-
cholamines on arterial smooth muscle. Risk fac-
tors for atherosclerosis, such as hypertension, 
diabetes mellitus, smoking, and hypercholester-
olemia, are associated with the diminished 
release of NO into the arterial wall, either because 
of impaired synthesis or due to excessive oxida-
tive degradation. Diminished NO bioactivity may 
cause constriction of coronary arteries during 
physical or mental stress, thus contributing to 
myocardial ischemic injury. Additionally, dimin-
ished NO may facilitate vascular inflammation, 
thus promote oxidation of lipoproteins and foam 
cell formation in the pathogenesis of atheroscle-
rosis [43].

In patients suffering from atherosclerosis, cor-
onary perfusion is influenced by fluid mechanics, 
as well as the anatomy of the affected arteries. 
Fluid mechanics are essentially determined by 
the degree of coronary stenosis. From the ana-
tomical point of view, distal intramural small- 
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caliber arteries are less affected by atherosclerosis, 
compared to proximal epicardial large coronar-
ies, which display more frequent extents of ath-
erosclerotic narrowing. Nevertheless, such small 
coronary vessels can play a significant compen-
satory role, by vasodilatation, in cases of proxi-
mal atherosclerotic narrowing. Thus, the 
hemodynamic impact of coronary stenosis is 
dependent upon the degree of epicardial proxi-
mal coronary stenosis, as well as the vasodilata-
tion capability of the distal arteries. However, 
remodeling of plaques with outward expansion 
of the arterial wall allows sizable atheromatous 
lesions to reside in the walls of affected arteries 
without causing significant narrowing of the 
lumen. Thus, such plaques are undetectable on 
arteriograms and conceal warning symptoms or 
signs to both the patients and clinicians [41].

Although atherosclerotic plaques are usually 
developed over many years or even decades, they 
frequently produce clinical manifestations sud-
denly and without warnings. IHD may be mani-
fested by a variety of presentations. The most 
popular form is through chest pain or “angina”; 
(Angina Pectoris = chest pain). Angina pectoris 
in its broad term is an uncomfortable feeling in 
the chest and neighboring anatomic structures 
produced by myocardial ischemia. Clinical pre-
sentation of coronary atherosclerosis can be 
gradual, as a result of progressive flow-limiting 
stenosis and exertional angina, or dramatic, with 
plaque rupture and thrombosis triggering unsta-
ble angina, myocardial infarction, (Figs. 9.6 and 
9.7) or even sudden death. “Stable angina” is 
associated with stable coronary plaques of more 
than 75% cross-sectional stenosis and without 
acute coronary pathology, e.g., plaque rupture or 
thrombus formation. In such patients, pain occurs 
following physical exertion, i.e., increased 
demands. “Unstable angina,” on the other hand, 
is a consequence of acute coronary lesions, 
mainly plaque rupture and subsequent thrombo-
sis. However, the myocardial ischemia in such 
patients is not severe enough to cause permanent 
death of the myocardial cells. The third, less 
common form of anginal chest pain, is due to 
transient ischemia as a result of short-term coro-
nary spasm and is known as “variant” or 

“Prinzmetal angina.” A more severe clinical form 
of IHD is the “acute myocardial infarction” (MI). 
This follows severe, commonly occlusive, coro-
nary thrombosis that results in an everlasting 

Fig. 9.6 Acute MI (Arrows) note the discoloration of the 
cardiac muscle with bloody spots compared to the adja-
cent viable muscle (arrow heads)

Fig. 9.7 Ruptured MI (arrows) of the anterior wall of the 
left ventricle. Note the adjacent viable cardiac muscle 
(arrowheads)
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myocardial cell necrosis. Therefore, plaque rup-
ture underlies most unstable angina, myocardial 
infarction, and sudden death due to IHD. Chronic 
IHD with CHF is the consequence of either 
chronic myocardial ischemia, in which there is 
scattered focal myocardial fibrosis following 
focal necrosis, or as secondary to the healing of 
an acute MI with replacement fibrosis [39].

9.4.6  Cardiomyopathies

Cardiomyopathy entails a diverse group of disor-
ders with a primary myocardial dysfunction. 
Secondary myocardial changes, e.g., ischemic, 
hypertensive, valvular, etc., can lead to extrinsic 
cardiomyopathy, i.e., myocardial dysfunction 
with the primary pathology is not within the 
myocardium.

9.4.6.1  Dilated Cardiomyopathy
Dilated cardiomyopathy (DCM) is the most com-
mon form and accounts for almost 90% of cases. 
The etiology can be idiopathic and is possibly 
related to genetic, viral, or immunologic factors. 
DCM may also follow viral myocarditis with 
Coxsackie B virus, child birth, exposure to toxins 
or drugs e.g., cocaine, cobalt, or alcohol. The four 
cardiac chambers are markedly dilated, although 
areas of ventricular hypertrophy may be shown. 
Ventricular dysfunction is systolic as a result of 
impaired contractility. Thrombo-embolic compli-
cations are not uncommon. Functional mitral and 
tricuspid regurgitation are frequent consequences 
due to valve annular dilatation [44].

9.4.6.2  Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is almost 
exclusively genetic [45].

It is characterized by asymmetric myocardial 
hypertrophy, particularly of the left ventricle. 
Thickness of the interventricular septum exceeds 
that of left ventricle free wall, and may cause 
obstruction of the blood flow in one third of the 
cases; a condition termed hypertrophic obstruc-
tive cardiomyopathy (HOCM). Diastolic dys-

function is due to ventricular stiffness and 
impaired compliance [46].

Microscopically, the hallmark is the disorga-
nized alignment or disarray of hypertrophied 
myocardial fibers (Fig. 9.8). Massive ventricular 
hypertrophy, high left ventricular pressure, and 
intramural coronary dysplasia (medial thickening 
and luminal narrowing) can lead to ischemic 
effects with anginal pain in the absence of coro-
nary atherosclerosis.

9.4.6.3  Restrictive Cardiomyopathy
The restrictive cardiomyopathies are less com-
mon than DCM and HCM.  The ventricles are 
abnormally rigid, but not necessarily thickened. 
This results in impaired cardiac filling with dia-
stolic dysfunction, although the systolic function 
is usually normal [47].

There are two forms of restrictive cardiomy-
opathy; the first comprises a group of rare endo-
myocardial diseases which are of poorly 
understood etiology, including endomyocardial 
fibrosis (EMF), hypereosinophilic syndrome, and 
endocardial fibroelastosis (EFE). In EMF, the 
endocardium and the subendocardial layer of the 
myocardium display thickening with fibrotic 
plaques of variable extents. The second form is 
the infiltrative cardiomyopathy, with infiltration 
of the myocardium by an abnormal substance. 
The commonest cause of this form is amyloido-
sis. Other causes include sarcoidosis, radiation 
fibrosis, and hemochromatosis.

Fig. 9.8 Microphotograph of the myocardium illustrat-
ing the disarray of hypertrophied myocytes (arrows) in a 
case of HCM
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9.4.7  Pericardial Effusion

The pericardium is a sac surrounding the heart, 
composed of two layers, a layer on the heart (vis-
ceral pericardium) which is mesothelium, while 
the external portion (parietal pericardium) is 
mesothelium internally and fibrous externally. 
Normally, 15–35  mL of serous fluid surrounds 
the heart. The pericardium prevents the displace-
ment of the heart and large vessels, prevents sud-
den dilatation of the heart, and the spread of 
infection or cancer from the pleura or lung as 
well as minimizes friction between the heart and 
surrounding structures [48]. Pericardial effusion 
is considered to be present when the amount of 
fluid in the pericardial space exceeds 50 mL.  It 
may be presented as an incidental finding to a 
life-threatening emergency. Pericardial effusion 
can be associated with generalized processes not 
related to the pericardium, as the pericardium 
may be involved in a large number of systemic 
diseases (space) such as congestive heart failure, 
hypoalbuminemia, volume overload, and pulmo-
nary hypertension or may be diseased, as an iso-
lated process. The numerous causes of pericardial 
effusion can generally be divided into inflamma-
tory and non-inflammatory etiologies (Table 9.3) 
[48, 49].

The most common causes are neoplastic, ure-
mic, infectious, and idiopathic pericarditis. The 
hemodynamic consequences of pericardial effu-
sion depend on the rate at which the effusion is 
developing and the compliance of both the peri-
cardium and the ventricles. With significant 

increase in the pericardial fluid pressure, the fill-
ing pressure of both ventricles may decrease, 
which subsequently leads to a decrease in cardiac 
output. This condition is called pericardial tam-
ponade and in severe cases is associated with a 
high mortality. Echocardiography is an excellent 
tool for the diagnosis and follow-up of pericar-
dial effusion. The condition is also invariably 
seen with equilibrium radionuclide angiography 
(ERNA); however, an effusion of more than 
400 mL is usually needed to be well recognized. 
The identification of pericardial effusion is 
important to be able to start an appropriate 
workup for this potentially lethal condition.

9.5  Correlative Scintigraphic 
Evaluation of Cardiac 
Diseases

9.5.1  Evaluation of Ventricular 
Function

Radionuclide techniques including first pass, 
equilibrium blood pool, gated myocardial SPECT 
provide both accurate and noninvasive means of 
evaluating cardiac function with simple indices, 
such as left ventricular volumes and ejection 
fraction (LVEF). It provides diagnostic and prog-
nostic implications in the spectrum of cardiac 
diseases [52].

Although most ventricular function studies 
are performed with the patient at rest, exercise 
functional studies can also be done to assess 
regional and global myocardial contraction 
changes with stress. The cardiac information 
obtained by these methods is summarized in 
Table 9.4 [53].

Nuclear medicine techniques are accurate and 
reproducible for cardiac function evaluation. 

Table 9.3 Causes of pericarditis

A. Infectious
Viral (common), bacterial, parasitic, or fungal
B. Non-infectious
Auto immune diseases
Cancer
Metabolic conditions (e.g. end stage renal disease)
Trauma, direct and indirect (e.g. post-myocardial 
infarction, post-pericardiotomy, penetrating injury)
Drugs (e.g. chemotherapy)
Miscellaneous: amyloidosis, chronic heart failure. 
Idiopathic

[49–51]

Table 9.4 Information obtained by radionuclide evalua-
tion of ventricular function

1. Global left and right ventricular ejection fraction
2. Regional right and left ventricular function
3. Absolute ventricular volumes
4. Systolic emptying and diastolic filling rates
5. Detection and quantitation of cardiac shunts

A. H. Elgazzar et al.
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They provide important information that is useful 
in the diagnosis and management of the follow-
ing clinical situations: assessment and prognosis 
of congestive heart failure, monitoring drug 
 therapy and exposure to cardiotoxins and also  
for diagnosis of coronary artery disease. 
Echocardiography made the utilization of gated 
blood pool studies more limited [54].

The left ventricular (LV) ejection fraction is 
the preferred parameter applied for the noninva-
sive evaluation of LV systolic function in clinical 
practice. It has an established and important 
extensive role in the clinical management of 
numerous cardiac conditions.

9.5.1.1  Equilibrium Radionuclide 
Angiography

Radiopharmaceuticals. Studies with radiophar-
maceuticals require the use of an intravascular 
tracer that equilibrates within the blood pool. The 
ease with which 99mTc-pertechnetate can be 
attached to the patient’s own red blood cells 
(RBCs) makes labeled RBCs the preferred tech-
nique over labeled pooled human serum albumin. 
The usual adult dose is about 30  mCi. Three 
methods of labeling the RBCs are commonly 
used: in vivo, modified in vitro, and in vitro. The 
characteristics of each method are described 
below. All three methods allow the 99mTc to bind 
irreversibly to the hemoglobin and remain in the 
intravascular space, allowing serial studies to be 
performed for up to 6–8 h following labeling of 
the RBCs [55].

In Vivo Technique. The patient first receives 
stannous pyrophosphate intravenously. The stan-
nous ion (tin) enters the RBCs and creates the 
optimal oxidation-reduction environment for 
reduction and binding of the 99mTc-pertechnetate, 
which is injected intravenously 15–20 min later. 
Once the 99mTc-pertechnetate is in the RBCs, it is 
trapped inside by strong binding to the beta chain 
of the hemoglobin. Approximately 70–80% of 
the 99mTc is attached to RBCs, but in some 
patients as little as 50% or less may be attached. 
This makes identifying the edges of the blood 
pool during processing and analysis more diffi-
cult. In some laboratories, this method is used 
only when a first-pass study precedes ERNA or 

the patient has limited venous access. The major 
advantages of this method are the simplicity of 
use, shorter labeling time, and lower cost.

Modified In Vitro Technique. This technique is 
used by many laboratories because it is easier to 
perform than the in vitro technique and results in 
a higher labeling efficiency than the in  vivo 
method. As in the previous method, stannous 
pyrophosphate is first injected intravenously. The 
blood is then drawn from the patient into an anti-
coagulant acetate dextrose solution (ACD) or a 
heparin-treated, lead-shielded syringe containing 
99mTc-pertechnetate. Subsequently, the syringe is 
placed in a mechanical rocker or rotated slowly 
by the technician for 10–15 min, and the RBCs 
are then reinjected into the patient. Labeling effi-
ciency is usually greater than 90%. This method 
offers the best compromise between ease of use 
and high labeling efficiency. Total labeling time 
averages 30 min.

In Vitro Technique. The labeling efficiency of 
this method approaches 100%. Patient blood is 
drawn and the RBCs are separated, washed with 
saline, and incubated first with stannous pyro-
phosphate and then with 99mTc-pertechnetate. 
The cells are washed with normal saline before 
and after each step to eliminate unbound mate-
rial. Finally, the labeled cells are reinjected into 
the patient with very little or no free 99mTc- 
pertechnetate. The average labeling time is 
slightly more than 30  min. This technique also 
requires handling blood during multiple steps 
and using needles to inject blood into sealed 
vials.

RBCs from patients receiving heparin therapy 
are sometimes difficult to label, and in such cases 
the use of ACD as an anticoagulant is preferred to 
increase the labeling efficiency. Inadequate anti-
coagulation or too aggressive shaking of cells 
may cause thrombus formation and result in hot 
spots in the lungs. Likewise, stannous pyrophos-
phate can be oxidized by water in glucose solu-
tions, and this may lead to poor RBC labeling.

Image Acquisition
Assessing ejection fraction and regional wall 
motion requires measurement of volume changes 
and wall motion at different intervals throughout 
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Fig. 9.9 Method by which the computer generates mul-
tiple gated images. The cardiac cycle is divided into a pre-
selected number of frames of equal duration. Scintigraphic 
data from successive beats are placed into separate parts 
of the computer memory, depending on the temporal rela-
tion of the scintigraphic data to the R-wave marker (R). 
For each frame (1…N), scintigraphic data from successive 
beats are accumulated either until a preset time is reached 
(e.g., 2 min for exercise scintigraphy) or until the average 
cardiac image contains a predetermined number of counts 
(e.g., 200,000 counts for typical resting studies). 
(Reproduced with permission from Berman et al. [56])

the cardiac cycle. Acquisition of multiple timed 
images of the blood pool activity in the heart will 
then be triggered by each R wave (Fig. 9.9). The 
duration of every frame may be 1–60 ms. Multiple 
beats are acquired to obtain adequate counts in 
each frame, and typically a complete radionu-
clide ventriculographic study will consist of 200–
800 summed beats for each of the three planar 
views [53] (Fig. 9.10).

A minimum of three different views of the 
heart are needed to assess all walls of the LV as 
well as all four cardiac chambers. The best septal 
views are left anterior oblique (LAO), anterior 
(ANT), which is 45° to the right from LAO, and 
left lateral (LLT), which is 45° to the left of 
LAO.  Following labeling of the RBC pool, the 
LAO view is obtained first, as this view allows 
the best quantitation of the ejection fraction. In 
the LAO view, the camera is positioned so that 
the RV and LV are well separated. The other 
views are obtained for a similar number of counts 

as the LAO view. The closer the head of the cam-
era is to the patient, the better the spatial resolu-
tion of the images. A 10° caudal tilt is used in the 
LAO view to minimize overlap of the left atrium 
(LA) and LV counts. Alternatively, a slanted hole 
collimator may be used to give optimal separa-
tion while allowing the camera head to be closer 
to the patient on the LAO view. The general all- 
purpose (GAP) collimator offers a compromise 
between the high-resolution and high-sensitivity 
collimators and is the one most frequently used in 
clinical imaging. A dedicated computer system is 
required to acquire, store, and process the 
information.

Studies may be acquired for a fixed number of 
heartbeats or for the total counts in the complete 
study. Fixed-beat studies usually acquire 200–
800 individual beats, and the time of acquisition 
is dependent on the heart rate. Fixed-count stud-
ies usually require six million counts for the 
entire study or they may be acquired until a fixed 
number of counts are reached within each image 
or in the LV region.

Modes of Acquisition
There are three possible modes of acquiring 
ERNA: list, frame, and dynamic arrhythmia fil-
tration. Each method has its advantages and dis-
advantages, as described below and summarized 
in Table 9.5.

List Mode. During acquisition the computer 
records the spatial location of each photon, the 
ECG gating signal, and rimming markers, usu-
ally every millisecond. Following acquisition, 
each individual beat can be reviewed to eliminate 
atrial or ventricular premature beats that exceed a 
determined R-R interval duration (arrhythmia 
rejection). The acceptable beats can then be 
framed in the most appropriate timing interval for 
the type of analysis that is needed.

Frame Mode. Prior to starting frame mode 
acquisition, the patient’s heart rate is sampled for 
10–20 s, and the mean R-R interval is used to set 
the time limits or window for acceptable sinus 
beats. For clinical studies, beats 10% shorter or 
longer than the mean R–R interval are rejected as 
possible premature beats. The beat following the 
early rejected beat is also rejected, as it has a pro-
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Fig. 9.10 Example of a 
normal gated blood pool 
study. The pictures on 
the left represent 
end-diastolic (ED) 
frames, while the images 
on the right represent 
end-systolic (ES) 
frames. The main 
structures are identified 
in each projection: AO 
aorta, RV right ventricle, 
LV left ventricle, RA 
right atrium, PA 
pulmonary artery, LA 
left atrium

longed filling interval and will result in a higher 
ejection fraction. Frame mode studies are gener-
ally acquired for 16–32 frames. It is extremely 
important that patients be in a resting state during 
the heart rate sampling prior to starting  acquisition 
and throughout acquisition. Major shifts in heart 
rate will cause many beats to be rejected and pro-
long the acquisition.

Dynamic Arrhythmia Filtration. This tech-
nique allows the acquisition parameters (duration 
of each frame, percent R-R variability allowed 
for beat rejection, and total number of frames) to 
be set at the beginning of acquisition. Once 
acquisition starts, each beat is placed in a tempo-
rary memory buffer where it is examined with 
regard to the preset parameters. If it meets all cri-

teria, it is accepted and included in the final data 
set. If it does not meet all the criteria, it is rejected. 
Thus, greater flexibility in beat selection is pos-
sible than with frame mode, but without the 
memory requirements and longer processing 
time required by list mode acquisition.

Regardless of the method of acquisition used, 
it is important to confirm that only the R wave 
from the ECG signal is detected as the trigger 
signal and as appropriately gating the acquisition. 
This can be done by examining an ECG rhythm 
strip and identifying the triggering signal. Gating 
may sometimes occur incorrectly on the P-, T-, or 
R-wave signal as well as muscle artifact and pac-
ing spikes from artificial pacemakers. If this 
occurs, the lead placement needs to be changed 
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Table 9.5 Comparison between the different modes of 
computer acquisition

Mode of 
acquisition Advantages Disadvantages
List mode Optimal temporal 

resolution
Intensive 
memory 
requirement

Excellent 
arrhythmia 
rejection

Longer 
processing time

Frame mode Easy setup Count drop-off
Minimum 
memory

Fixed temporal 
resolution
Poor 
arrhythmia 
rejection

Dynamic 
arrhythmia 
(buffered beat) 
mode

Flexible temporal 
resolution and 
arrhythmia 
rejection

Longer setup 
for greater 
options

Less memory 
than list
Accurate systole/
diastole

or the voltage amplitude adjusted to avoid inap-
propriate gating [56].

Simple LV ejection fraction calculations 
(Fig.  9.11) usually require time intervals of 
40–50  ms to adequately define the end-systolic 
point in the heart cycle, where the heart has the 
smallest volume. For analysis of diastolic func-
tion, timing intervals of 10–20 ms give the most 
reliable information for the ventricular filling 
portion of the heart cycle. Even with list mode 
and dynamic arrhythmia filtration, there is still 
slight R-R interval variability that can lower the 
counts and distort the last few frames of the time- 
activity curve. This count drop-off does not affect 
ejection fraction calculation but is deleterious for 
diastolic function analysis. This limitation can be 
overcome by generating separate forward and 
backward time-activity curves and combining 
them in a final curve for analysis.

Patients in atrial fibrillation have variable 
diastolic filling intervals, and this results in a 
different ejection fraction for each beat. LV 
ejection fraction measurement by ERNA during 
atrial fibrillation has been shown to be an accu-
rate reflection of the summed ejection fraction 
of each of the individual bats. Thus, it is an 

accurate reflection of overall ventricular systolic 
function [55].

Contrast ventriculography and echocardiogra-
phy will sample only a few beats for ejection 
fraction calculation and may be less representa-
tive of true function.

9.5.1.2  ECG-Gated Myocardial 
Perfusion SPECT

Gated myocardial perfusion SPECT studies pro-
vide information on both myocardial perfusion 
and ventricular function. Quantification of gated 
SPECT images provides a global LVEF, plus 
indices of regional wall motion and wall thicken-
ing, useful in the evaluation of ventricular func-
tion and LV dyssynchrony that occurs with 
primary contractile dysfunction [57] (see later). 
Recently, a low-dose SPECT (as low as 8 mci) 
gated bloodpool SPECT for quantification of LV 
function was used [58, 59]. The low-dose 99mTc- 
RBC imaging method was proved to provide pre-
cise quantification of LV function and resulted in 
the most consistent assessment of LV function 
compared with the gold standard high-dose 
ERNA method, along with excellent inter- 
observer reproducibility with a greater than 67% 
reduction in radiation dose [58].

9.5.2  Evaluation of Myocardial 
Perfusion

9.5.2.1  Myocardial Perfusion SPECT 
Imaging

Clinical manifestations of coronary artery dis-
ease include angina pectoris, myocardial infarc-
tion, congestive heart failure, and sudden death. 
It may be asymptomatic until advanced in sever-
ity or complications. Most diagnostic methods, 
both invasive and noninvasive, depend on the 
detection of luminal narrowing of the epicardial 
coronary vessels. Vessel narrowing of up to 75% 
of the cross-sectional area (or <50% of luminal 
narrowing) does not affect the resting coronary 
flow. Increase of coronary flow caused by exer-
cise or pharmacological stress exaggerates flow 
nonuniformity, through either increased meta-
bolic demand or vasodilation [60].
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Fig. 9.11 Ejection fraction calculation of an LAO radio-
nuclide ventriculogram. Shown are left ventricular edges 
as determined by an automated computer algorithm for 
end diastole (top left) and end systole (bottom left), chosen 

area for background subtraction, volume curve (right), 
and ejection fraction (60%) of the left ventricle. Specific 
information on heart rate and time/frame is also provided

The easiest method of increasing coronary 
flow is physical exercise, using a motorized 
treadmill or a stationary bicycle. In patients who 
are unable to exercise adequately, pharmacologi-
cal agents are used for transient elevation of coro-
nary flow.

SPECT Radiotracers
The ideal tracer of coronary flow would be extracted 
by the myocardium with 100% efficiency, like 
microspheres. Its myocardial uptake would be lin-
early related to coronary flow, and the tracer isotope 
would have optimal emission photon energy for 
imaging with a gamma camera. Currently, this ideal 
tracer is not present and two classes of tracers are 
widely used for conventional MPI: thallium-201 
and the Tc-99m-labeled tracers.

Thallium-201
Thallium-201 (Tl-201) has been in clinical use 
for decades. Tl-201 is a metal in group III-A of 
the periodic table and, as an isotopic cationic 
tracer, has properties similar to those of potas-
sium. Tl-201 is extracted with a high extraction 
fraction by the ATPase-dependent Na+/K+ chan-
nels (Table 9.6). Diagnostic and prognostic data 

on Tl-201 are extensive. An advantage of Tl-201 
is the ease of use since one injection only is 
needed (Fig. 9.12). Tl-201 is the preferred radio-
tracer for evaluation of myocardial viability 
among the conventional SPECT agents. Major 
drawbacks of Tl-201 include low energy of its 
principle X-ray photons (69–80 keV) and its long 
half-life (72  h), which limits the injected dose, 
due to its relatively higher radiation dose to the 
patient. The limited dose leads to suboptimal 
image quality due to noise [61].

Tc-99m Sestamibi and Tc-99m Tetrofosmin
Tc-99m sestamibi (MIBI) and Tc-99m tetrofos-
min have shorter physical half-life of Tc-99m 
(6 h) allowing the use of higher tracer doses (up 
to 50 mCi/day) (Table 9.6). Combined with the 
more optimal photon energy for gamma camera 
imaging (140 keV) compared with Tl-201, image 
quality is less noisy, and frequency and severity 
of attenuation artifacts are decreased. Negligible 
washout of Tc-99m-based tracers [62] requiring 
the use of two separate tracer injections: one for 
rest imaging and one for stress imaging. SPECT 
imaging is usually started 20–60 min after tracer 
injection. The delay is needed for blood pool 
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Table 9.6 Radiotracers for SPECT myocardial perfusion imaging

Thallium-201 Tc-99m sestamibi Tc-99m tetrofosmin
Brand name N/A Cardiolite Myoview
Class K+ analog Isonitrile Diphosphine
Preparation Cyclotron Kit (heated) Kit (cold)
Charge Cation Cation Cation
Lipophilicity Low High High
Redistribution Yes Minimal Minimal
Tissue clearance 50%/4 h >6 h >6 h
Excretion Renal GI (renal) GI (renal)
Time of imaging (min) 5–10 20–60 10–45
Completion time (h) 4–6 3–4 3–4
Counts Adequate High High
SPECT Yes Yes Yes
Extraction 0.85 0.39 0.24
Gating ± Yes Yes
Heart-liver (1 h) 2.6 1.2 1.4
TEDE (rem/3.5 mCi) 2.1 1.1 0.8
Clinical use
Diagnosis Yes Yes Yes
Prognosis Yes Yes Yes
Viability Yes Yes Yes

a N/A not applicable

Tl-201

Stress

Stress

Stress

Redistribution

Redistribution

Redistribution

Fig. 9.12 Thallium-201 stress and redistribution images 
of a patient showing a severe fixed inferolateral defect; a 
severe, partially reversible basal inferolateral defect; a 

reversible basal inferoseptal defect; and a mild to moder-
ate reversible anterolateral defect
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Short axis

Vertical long axis

Horizontal long axis

Tc99m sestamibi SPECT

Fig. 9.13 Normal stress Tc-99m sestamibi myocardial 
perfusion SPECT images in short axis, vertical axis, and 
horizontal long. There is homogeneous distribution of the 
radiotracer in the left ventricular wall. The short axis 
views have a doughnut shape distribution of radioactivity, 
while the horizontal and vertical long axis views are like a 
horse shoe. These views depict different parts of the left 

ventricle: apex, anterior wall, septum, lateral wall, and 
inferior wall, as well as the right ventricle. Gated images 
show uniform motion and thickening of ventricular walls 
with left ventricular ejection fraction (LVEF) greater than 
50%. Left ventricular end-diastolic and end-systolic vol-
umes were within normal limits. There is mild uptake in 
the normal right ventricle

clearance and partial liver clearance (Fig. 9.13). 
Gating of Tc-99m sestamibi or Tc-99m 
 tetrofosmin images made possible because of the 
high photon flux, allows simultaneous evaluation 
of perfusion and function.

Excretion of the Tc-99m tracers is through the 
hepatobiliary and, to a lesser extent, renal sys-
tems. High subdiaphragmatic uptake in the liver 
or intestines occasionally interferes with the eval-
uation of cardiac perfusion.

In an attempt to utilize advantages of both 
types of tracers, dual-tracer protocols were devel-
oped: Tl-201 is injected at rest, and rest imaging 
is started within 15 min. Exercise or pharmaco-
logical stress is followed by Tc-99m MIBI or 
Tc-99m tetrofosmin injection at peak stress. The 
test is completed in less than 3 h [63].

A drawback from the different pharmacoki-
netic properties of the tracers results in nonparal-
lel flow-uptake relationships and different spatial 
contrast due to different isotope energies.

Tc-99m teboroxime was another perfusion 
agent that was marketed. This highly lipophilic 
agent readily crosses myocardial cellular mem-
branes but, unlike MIBI, rapidly diffuses out of 
the cells in 6–10 min, allowing only a few min-
utes for imaging [64].

It requires separate rest and stress injections. 
There is some evidence that the differential wash-
out rate of Tc-99m teboroxime obtained from 
stress-redistribution images can differentiate 
between ischemic and infarcted myocardium 
[65].

One advantage of teboroxime is its very high 
extraction fraction, which is higher than any of 
the other conventional SPECT agents at high 
flow rates during pharmacological vasodilation. 
Due to the demanding rapid imaging protocol 
required, its use never became extensively 
applied, in spite of examples of good quality 
images obtained with either multiheaded or 
single- headed gamma cameras in some laborato-
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ries. Its commercial availability has been stopped 
for years.

99mTc-3SPboroximine is a newer perfusion 
radiotracer since its cardiac uptake is largely 
relies on the regional blood flow. It can be used 
for the detection of perfusion abnormalities, 
accurate quantification, and determination of 
regional blood flow rate [66–68].

Methods of Stress

Exercise Stress
Exercise stress is the most frequently used test 
for noninvasive diagnosis of coronary artery dis-
ease (CAD). This form of stress is usually per-
formed with exercise protocols using either a 
treadmill or bicycle. Exercise is associated with 
sympathetic stimulation and changes in coronary 
vasomotor tone which affects coronary blood 
flow through dilatation of coronary arteries. 
Exercise results in increase in myocardial oxygen 
demand and coronary vasodilation allowing 
increased oxygen delivery which is crucial to 
myocardial perfusion to prevent ischemia. This 
hyperemic effect is behind the identification of 
ischemia, as stenotic vessels do not vasodilate 
efficiently [69].

Sensitivity of a symptom-limited exercise 
treadmill test (ETT) for the diagnosis of CAD is 
65–70% [70].

When combined with myocardial perfusion 
imaging, the sensitivity increases to 85–90%, 
while specificity is increased as well [61]. This 
combination of results also provides the best 
prognostic value and risk stratification for 
patients with coronary artery disease [71].

ETT evaluates the hemodynamic changes and 
provides independent prognostic information 
including total exercise time and capacity, heart 
rate response, blood pressure response, and 
symptoms during stress [71]. Systolic blood 
pressure is expected to increase during stress to 
maintain adequate cardiac output. Any drop in 
blood pressure during exercise may indicate the 
presence of coronary artery disease and, there-
fore, poor prognosis and outcome [72, 73]. Heart 
rate is also expected to increase during the exer-
cise preferably up to 85% of the maximum age 

predicted heart rate (MPHR) which can be calcu-
lated by subtracting the patient age from 220 
[74]. However, achievement of 85% of MPHR is 
not an indication for termination of the test and 
ETT should rather be symptom-limited. Slow 
heart rate during exercise can be normally seen in 
athletes. On the other hand, heart rate that is slow 
to return to baseline during recovery may indi-
cate inability of the heart to recover from this 
increased demand resulting in exercise intoler-
ance. This can be seen in patients with coronary 
artery disease and congestive heart failure and is 
considered as an independent predictor of risk for 
major cardiac events [71]. Metabolic equivalent 
(MET) is another parameter that is routinely 
recorded during exercise. One MET equals about 
3.5 mL of oxygen/kg of body weight [72]. This 
parameter can be used to assess the functional 
status of patients and help in treatment options by 
categorizing patients into three classes. Class I 
patients can exercise beyond 7 or 8 METs, class 
II patients get symptom-limited exercise at 5 or 6 
METs, while class III patients get symptom- 
limited exercise at 3–4 METs. Healthy people 
can usually exercise beyond 10–11 METs [71].

The single most powerful prognostic predictor 
in both men and women is the exercise capacity 
(length of the exercise) [75].

Pharmacological Stress
Patients who cannot exercise for noncardiac rea-
sons (e.g., orthopedic, neurological, peripheral 
vascular) or are unable to exercise adequately 
(for a meaningful period of time and/or to an 
adequate heart rate) are candidates for pharmaco-
logical stress testing. Five agents are currently 
approved for use in conjunction with MPI: ade-
nosine, dipyridamole, regadenoson, dobutamine, 
and arbutamine. Adenosine, dipyridamole, and 
regadenoson are coronary vasodilators. 
Dobutamine and arbutamine are beta-adrenergic 
agonists and increase myocardial oxygen 
demand; they also have some direct vasodilatory 
effect [76].

Pharmacological stress makes possible evalu-
ation of patients unable to exercise for noncar-
diac reasons, including sick and debilitated 
patients. However, physiologically useful param-
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eters derived from an exercise test, valuable for a 
comprehensive evaluation, are lost.

Adenosine
Adenosine is an endogenous coronary vasodila-
tor produced from ADP and AMP in myocardial 
and vascular smooth muscle cells. Adenosine 
affects two kinds of receptors: A1 and A2. 
Activation of the A1 receptor slows AV conduc-
tion. Activation of the A2 receptor leads to coro-
nary vasodilation (Fig.  9.14, Table  9.7). The 
half-life of adenosine is extremely short (seconds 
only). Perfusion tracers are therefore injected 
during continuous adenosine infusion (140  μg/
kg/min for 6  min). Side effects of adenosine 
include flushing in 37% of patients, chest pain in 
35%, shortness of breath in 35%, and gastrointes-
tinal symptoms in 15%. Chest pain is not indica-
tive of myocardial ischemia. Vasodilation causes 
a modest blood pressure drop, usually accompa-
nied by compensatory tachycardia, although 

transient second-degree AV block is seen in 
3–4% of patients and third-degree AV block in 
<1% of tested patients. All side effects and hemo-
dynamic changes are transient and reversible. 
Use of an antidote (IV aminophylline) is very 
rarely needed. Most situations can be controlled 
by decreasing the infusion rate and/or by shorten-
ing the duration of the infusion. Adenosine may 
trigger bronchospasm and should not be used in 
patients with bronchospastic disease, particularly 
those who have clinical asthma and/or are being 
treated with bronchodilators. Caffeine, theophyl-
line, and their metabolites competitively block 
adenosine receptors. Therefore, patients should 
abstain from caffeine-containing beverages and 
medication for 12–24 h prior to the test [74].

Dipyridamole
Dipyridamole is an indirect vasodilator: It 
increases intravascular concentration of endoge-
nously produced adenosine by blocking its cel-
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Fig. 9.14 Mechanisms of the vasodilating stress agents. 
Adenosine is synthesized intracellularly and leaves the 
cells to act on surface membrane receptors. Dipyridamole 
blocks adenosine reentry into the cell, increasing extracel-

lular adenosine that can bind to the receptor. 
Methylxanthines, such as theophylline and caffeine, com-
petitively block the receptor sites. (Reproduced from 
Iskandrian et al. [77] with permission)
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Table 9.7 Main coronary vasodilators

Adenosine Regadenoson Dipyridamole
Effect Direct Direct Indirect
Half-life <10 s 8.5 min Minutes
Onset of action Seconds Seconds Minutes
Time to peak effect ca. 1 min 20–40 s ca. 7 min
AV block 7% 3% 0%
Diagnostic utility Inability to exercise Inability to exercise Inability to exercise
Contraindications Bronchospasm Bronchospasm

Unstable/severe ischemia Unstable/severe ischemia Unstable/severe ischemia

lular reuptake (Fig.  9.14). Dipyridamole has a 
longer half-life than adenosine and does not 
affect AV conduction. Dipyridamole is usually 
infused for 4 min. The perfusion tracer is injected 
at 7  min. In some laboratories, the patient is 
asked to perform low-level exercise or handgrip 
exercise to enhance its effects. Contraindications 
for dipyridamole use are similar to those for ade-
nosine, although chest pain is less frequent. An 
effective antidote is IV aminophylline (50–
100  mg IV), which can be used to normalize 
hemodynamic changes, relieve ischemia, and/or 
treat side effects [74].

Dipyridamole potentiates the effects of exog-
enously infused adenosine. Therefore, oral dipyr-
idamole, when being taken for its antiplatelet 
effects, should be discontinued on the day of the 
stress test.

Regadenoson
The first historically available vasodilator stress 
agents, dipyridamole and adenosine, are effective 
and useful, but they do have significant side 
effects, making stress testing an unpleasant expe-
rience in many patients, and are contraindicated 
in patients with bronchospastic disease. It has 
been established that there are four adenosine 
receptor subtypes distributed in various loca-
tions: A1, A2A, A2B, and A3. The selective activa-
tion of A2A receptors leads to coronary 
vasodilation, while A1 are responsible for 
decreased AV conduction and chest pain, while 
the stimulation of A2B receptors leads to periph-
eral vasodilation, mast cell degranulation, and 
bronchiolar constriction, and the stimulation of 
A3 leads to ischemic preconditioning and mast 
cell degranulation [78].

Regadenoson is an A2A receptor agonist that is 
a coronary vasodilator with very weak affinity for 
A1, A2B, and A3 receptors that are associated with 
adenosine’s unpleasant side effects. It is supplied 
in prefilled syringe doses of 0.4 mg in 5 mL of 
solution. It is administered as a single-dose bolus 
(less than 10 s), which leads to increased coro-
nary blood flow to more than twice baseline lev-
els within 30  s, with maximal vasodilation 
1–4 min after injection, and decreases to less than 
twice baseline within 10 min. This is accompa-
nied by decrease in systolic and diastolic blood 
pressure and increase in heart rate [79].

In the ADVANCE MPI multicenter trial com-
paring myocardial perfusion imaging with 
regadenoson compared to adenosine pharmaco-
logical stress, it was demonstrated that regade-
noson was similar to adenosine for the detection 
of ischemia [79].

Methylxanthines block the effects of regade-
noson, as for adenosine. Patients should be 
instructed to avoid consumption of any products 
containing methylxanthines, including caffein-
ated coffee, tea, and other caffeine-containing 
beverages of drug products for at least 12 h prior 
use. In clinical trials conducted during regadeno-
son’s development, where side effects were com-
pared to adenosine, 80% of subjects had some 
kind of adverse reaction, including dyspnea 
(28%), headache (26%), flushing (16%), chest 
discomfort (13%), angina or ST segment depres-
sion as evidence of myocardial ischemia (12%), 
dizziness (8%), chest pain (7%), and nausea 
(6%). In most categories, this profile was similar 
to side effects from adenosine, except for a lower 
rate of chest discomfort (13% vs. 18%) or evi-
dence of ischemia (12% vs. 18%). There was a 
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similar rate (26% vs. 30%) of rhythm or conduc-
tion abnormalities, but a lower rate of first-degree 
block (3% vs. 7%) or second-degree AV block 
(0.1% vs. 1%). There was a higher rate of respira-
tory adverse reactions, such as dyspnea or wheez-
ing compared to placebo (12.9% in the asthma 
group and 19% in the COPD patient group), but 
most respiratory adverse reactions resolved with-
out therapy. Aminophylline was used 3% of the 
time to treat side effects from regadenoson, ver-
sus 2% for adenosine. As for dipyridamole and 
adenosine, serious ischemia, leading to myocar-
dial infarction, ventricular arrhythmias, and car-
diac arrest, has occurred following regadenoson 
injection [80].

Dobutamine and Arbutamine
Dobutamine is a synthetic catecholamine with 
predominantly β1 affinity and short plasma half- 
life (approximately 2  min). In the presence of 
significant epicardial coronary artery stenosis, 
the increase in oxygen demand caused by posi-
tive inotropic and chronotropic effects of dobuta-
mine can induce myocardial ischemia. 
Additionally, dobutamine at higher doses induces 
coronary vasodilation. The infusion rate used for 
diagnostic imaging (40–50 μg/kg/min) is higher 
than the customary therapeutic infusion rate of 
dobutamine (10–20 μg/kg/min) used for inotro-
pic support in the intensive care units. The side 
effects of dobutamine in our patient series 
included supraventricular and ventricular arrhyth-
mia (6% of patients), palpitations (40%), chest 
pain (20%), shortness of breath (17%), headache 
(15%), and GI symptoms (5%). Dobutamine was 
used mostly in patients who are unable to exer-
cise and have bronchospastic disease [81], but its 
use has decreased since the introduction of the 
selective A2A vasodilator agonist regadenoson.

Arbutamine is also a synthetic catecholamine. 
It has been marketed with a computerized feed-
back system between arbutamine infusion rate 
and the heart rate. This approach attempts to min-
imize the time required to reach a selected peak 
heart rate. However, added complexity and 
expense of this approach limited its widespread 
use [81].

Combined Exercise and Pharmacological 
Stress
Many laboratories have found it useful to com-
bine low-level treadmill exercise with either ade-
nosine, regadenoson, or dipyridamole. This has 
been found to reduce the unpleasant side effects 
of flushing, headache, dizziness, or nausea due to 
either stressor. Image quality is also improved 
through a decrease in hepatic and gut uptake of 
the technetium-99m perfusion tracers, which is 
more common with adenosine or dipyridamole, 
compared to exercise [82].

On the other hand, the incidence of stress- 
inducible ischemia is more common due to 
increased myocardial demand, leading to a higher 
prevalence of ischemic chest pain and ischemic 
ECG changes. The combination of adenosine or 
regadenoson and symptom-limited exercise in 
patients who can exercise but where it is not cer-
tain that they can attain maximal heart rate has 
been found safe and useful to achieve maximal 
level of stress [83].

Combined exercise with pharmacological 
stress should be avoided in patients with left bun-
dle branch block or RV pacemaker, since the like-
lihood of false-positive myocardial perfusion 
stress images is increased with exercise.

Methods of SPECT Imaging

SPECT
Single-photon emission computed tomography 
(SPECT) has by now been well standardized and 
optimized for either thallium-201 or Tc-99m ses-
tamibi or Tc-99m tetrofosmin imaging as well as 
optimized for each imaging system manufacturer. 
This includes timing of acquisition, choice of 
collimators, choice of step-and-shoot versus con-
tiguous acquisition, circular versus elliptical 
orbits, filtered versus iterative reconstruction, fil-
tering, display, quantification, and correction for 
movement artifact. The greatest area of concern 
and therefore undergoing the greatest evolution is 
the challenge of addressing inaccuracies in diag-
noses and inefficiencies in patient management 
arising from mistaking soft tissue attenuation 
artifacts from true perfusion defects.
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Solutions to the problem of soft tissue attenu-
ation include training in recognition by the tech-
nologist and the interpreting physician and the 
utilization of various compensation strategies, 
such as prone imaging, ECG gating, image quan-
tification, and the use of attenuation correction 
hardware and corrective reconstruction.

The inspection of the original multiplanar 
images allows one to detect movement artifact, as 
well as ascertain the presence of overlapping soft 
tissue likely to cause attenuation artifact, either 
due to an overlapping diaphragm, causing infe-
rior wall defects, or in women and obese men, 
overlapping breast tissue, causing anterior, 
anteroseptal, or anterolateral defects. This allows 
the interpreting physician to properly evaluate 
the obtained images and avoid an unnecessarily 
false-positive reading.

If an inferior wall defect is recognized early, 
while the patient is still in the laboratory, it has 
been demonstrated that inferior wall defects due 
to attenuation artifact seen in the standard 
supine position resolve after repeat imaging in 
the prone position, which improves diagnostic 
accuracy. Limitations of this approach include 
the creation of a new anterior wall attenuation 
defect and the apparent lack of efficacy in ante-
rior wall attenuation artifacts [84, 85]. This 
strategy is useful when other means are not 
available or in combination with gated SPECT 
imaging.

Gated SPECT
ECG gating of the SPECT myocardial perfusion 
images provides, independently from the perfu-
sion information, important information on 
global LV and RV function, LV ejection fraction, 
and regional wall motion and thickening. This 
information provides information that incremen-
tally add to the value of myocardial perfusion 
imaging alone. It can also help enhance the accu-
racy of perfusion imaging. When there is a wall 
motion abnormality corresponding to a perfusion 
abnormality, the presence of disease can be made 
with greater confidence, resulting in enhanced 
accuracy [86].

However, normal wall motion associated with 
a reversible perfusion defect does not exclude 

reversible ischemia. Normal wall motion in the 
presence of mild to moderate fixed perfusion 
abnormality could be due to non-transmural wall 
injury, insufficient to cause a discernible wall 
motion abnormality.

Quantification of gated SPECT images pro-
vides a global LVEF, plus indices of regional 
wall motion and wall thickening, useful in the 
evaluation of function. Whereas its original use 
was applied in planar gated blood pool imaging, 
it has been applied to three-dimensional SPECT 
gated blood pool images to overcome problems 
of overlap of adjacent cardiac structures and 
inaccurate localization of left ventricular and 
right ventricular abnormalities [87], which was 
subsequently applied to myocardial perfusion 
imaging [88].

This technique has been found useful in 
patients with advanced systolic heart failure and 
evidence of dyssynchrony on ECG due to con-
duction abnormalities, single ventricle pacing, in 
predicting which patients would benefit from car-
diac resynchronization therapy [89].

Clinical Uses of Myocardial Perfusion 
Imaging
Initially, myocardial perfusion imaging was a pri-
marily diagnostic method for noninvasive detec-
tion of coronary artery disease (Figs.  9.15 and 
9.16). Later applications have extended to evalu-
ation of prognosis to assess the patient risk and 
outcome (Table 9.8) [90, 91].

Advances in surgical, percutaneous, and med-
ical therapy of CAD have fundamentally changed 
the natural history of the disease. Thus, appropri-
ate identification of high-risk patients, followed 
by appropriate therapy, favorably modifies prog-
nosis. Conversely, the identification of low-risk 
patients with a benign prognosis reduces the need 
for costly and potentially detrimental invasive 
testing and therapy. A normal SPECT myocardial 
perfusion imaging study has been shown to be 
extremely effective in predicting a good progno-
sis in a variety of settings.

Diagnosis
Appropriate candidates for stress testing with 
MPI are patients with intermediate pretest 
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Fig. 9.15 Stress and rest Tc99m sestamibi myocardial 
perfusion SPECT images in short axis, vertical long axis, 
and horizontal long axis. SPECT images demonstrate 
fixed perfusion defect in the apex (arrows). There was also 
akinetic wall motion in this region. Findings are consis-

tent with apical scar/infarct with possible aneurysm sug-
gested by slight divergence of left ventricular walls as 
they approach the apex, instead of normal convergence on 
horizontal long axis images

 probability for the presence of coronary artery 
disease. The pretest probability is determined 
from easily obtained parameters: age, gender, 
symptoms, and rest ECG [92]. Such patients 
might be chronically symptomatic with some 
atypical features at presentation. MPI is inap-
propriate for patients with a low pretest proba-
bility due to the high rate of false-positive 
results in such patients. Patients with several 
risk factors for CAD and typical symptoms 
with a high probability of CAD do not gain so 
much from MPI for diagnosis, as the diagnosis 
is nearly certain on clinical grounds. However, 
such patients would benefit from MPI for risk 
stratification. Exercise stress testing without 
MPI is inadequate for diagnostic purposes in 
patients who are unable to exercise adequately 

and in those with nondiagnostic baseline ECG, 
such as LBBB, paced rhythm, left ventricular 
hypertrophy, or users of digoxin [93].

In other patients, MPI adds to the diagnostic 
accuracy of ECG stress testing alone.

Average sensitivity and specificity of MPI 
for diagnosis of CAD have been reported close 
to 90 and 70%, respectively. The gold standard 
for diagnosis of CAD remains coronary angi-
ography, despite its known limitations and 
likely systematic underestimation of the extent 
of disease. True sensitivity and specificity with 
each new tracer and each new imaging protocol 
have been difficult to ascertain because of 
posttest angiographic referral bias. Patients 
with negative results on MPI are rarely referred 
for coronary angiography, except where clini-
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Fig. 9.16 Sixty-year-old male with history of hyperten-
sion and CAD and currently complains of shortness of 
breath. Stress and rest myocardial perfusion SPECT 
images in short axis, vertical long axis, and horizontal 
long axis (a) and stress and rest bullseye polar maps (b).

There is a large area of significant reversible perfusion 
defect involving the lateral wall, and inferolateral regions, 
which is consistent with stress-induced ischemia. A small 
fixed defect in the inferolateral base

Table 9.8 Candidate patients for MPI for prognostic and 
risk stratifications

1. Stable CAD evaluated for prognosis
2. Acute chest pain syndromes
3. Post-acute myocardial infarction
4.  Post-revascularization procedures (CABG, PTCA, 

coronary stenting)
5. Before noncardiac surgery
6. Post-cardiac transplantation

cal ECG responses or clues in the MPI images 
suggest possible global “balanced ischemia.” 
This practice is justified because of the known 
excellent prognosis of patients with a normal 
MPI study [94].

Nevertheless, this referral bias limits the use-
fulness of retrospective validation studies using a 
clinical test population.

Prognosis
Several distinct patient groups are commonly 
referred for MPI for prognostic assessment.

 1. Prognosis Assessment in Stable CAD
Current guidelines recommend that the care 

for ishemic heart disease patients is driven by 
risk assessment. Structural and functional infor-
mation provided by different imaging tech-
niques aids the physician in assessing different 
aspects of the disease. The recent shift in the 
management of these patients from an anatomi-
cal to a functional gold standard which further 
emphasized the importance of functional imag-
ing techniques. Recent technological advances 
in image acquisition and processing such as 
tomographic imaging (SPECT), gating, attenu-
ation correction, and Tc-99m-based tracers 
allow for more accurate simultaneous evalua-
tion of myocardial perfusion and function. 
Perfusion abnormalities can be classified 
according to size, localization, severity, and 
reversibility. Left ventricular volumes, systolic 
wall thickening, segmental wall motion, and 
ejection fraction can be quantified. Right ven-
tricular size and function can be assessed.

A. H. Elgazzar et al.



351

Retrospective and prospective observa-
tions have defined patterns which are com-
patible with high-risk prognosis as well as 
benign prognosis. A normal perfusion pat-
tern in patients with an adequate level of 
stress and with high-quality study is consis-
tent with an excellent short-term prognosis, 
regardless of coronary anatomy [94]. The 
extent of perfusion abnormalities character-
ized by number of abnormal segments, 
severity of defects, and extent of reversibil-
ity (ischemia) defines prognosis. When inte-
grated with results of the exercise stress test 
and parameters of left and right ventricular 
function, combined information has a prog-
nostic value which exceeds prognostication 
based on performance of coronary angiogra-
phy [91]. The average annual cardiac event 
rate in patients with abnormal images is 
12-fold than in patients with normal images. 
Both fixed and reversible defects are prog-
nostically significant. Fixed defects are a 
predictor of death, whereas reversible 
defects are an important predictor of nonfa-
tal myocardial infarction [95].

The event rate is significantly greater in 
patients with severe than in those with mild 
abnormalities (10.6% annual hard event rate 
vs. 3.5%) [93]. Incorporation of other SPECT 
variables, such as stress-induced LV dilation, 
LVEF, and LV volumes, further enhances the 
prognostic power of SPECT imaging [93, 96].

A high likelihood of multivessel (hence 
surgical) CAD is indicated by the presence of 
perfusion defects in each of the three coronary 
artery territories, diffuse slow washout of 
Tl-201, prominent pulmonary Tl-201 activity, 
transient stress-induced LV dilation, fall in 
LVEF on the gated stress SPECT MPI images, 
and the “left main pattern” of anterior, septal, 
and posterolateral defects [97].

 2. Prognosis Assessment in Acute Chest Pain 
Syndromes

Acute chest pain may be due to myocardial 
ischemia as a result of a coronary artery 
plaque rupture and may be potentially life 
threatening. However, in only 40% of emer-
gency department (ED) visits for chest pain 

the pain of cardiac origin. Rapid and reliable 
triage is needed for speedy diagnosis of acute 
myocardial infarction and to prevent unneces-
sary hospitalizations and inappropriate dis-
charges from the ED [98].

Current diagnostic tools include clinical 
observation, serial ECGs, ST segment moni-
toring, serial measurements of serum markers 
of myocardial necrosis (such as CK-MB, tro-
ponins), and noninvasive cardiac imaging. 
Some centers perform MPI at rest. Abnormal 
results lead to hospital admission. Others per-
form stress testing, with or without MPI, 
6–12 h after a negative workup for an acute 
MI [99, 100]. Based on the results of MPI, a 
patient’s short-term prognosis can be 
determined.

 3. Prognosis Assessment After an Acute 
Myocardial Infarction

The purposes of early or predischarge MPI 
evaluation after an acute myocardial infarc-
tion are (a) to assess the extent of sustained 
damage, including determination of the ejec-
tion fraction, and (b) to detect residual isch-
emia, both in the infarct-related territory and 
in the other vascular territories using either 
exercise MPI or pharmacological stress. In the 
era of acute interventions (i.e., thrombolysis, 
PTCA, stenting), the urge to perform invasive 
assessment (by angiography) is often irresist-
ible. However, recent reports support a less 
aggressive approach: Patients with a limited 
amount of ischemia after an acute myocardial 
infarction can be risk stratified noninvasively 
and, if found to have a low-risk profile, treated 
medically with the same results as those 
treated with interventions [101, 102].

 4. Prognosis Assessment After Revas
cularization Procedures

In view of the possibility of restenosis after 
percutaneous revascularization and of aorto-
coronary bypass graft closure after coronary 
artery bypass surgery, and the frequent 
absence of reliable symptoms, MPI is an effi-
cient means to determine the need for 
 additional and/or repeat interventions, espe-
cially when the clinical symptoms are vague 
or nonspecific [103].
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 5. Risk Assessment Prior to Noncardiac 
Surgery

Preoperative evaluation for noncardiac sur-
gery depends partly on a patient’s risk factors. 
These include severity and/or stability of 
known heart disease; the presence of concom-
itant conditions such as diabetes mellitus, 
peripheral vascular disease, renal insuffi-
ciency, and pulmonary disease; urgency of the 
surgery (emergency vs. elective); and type of 
surgery planned. Several principles for preop-
erative evaluation are summarized in the 2002 
AHA/ACC Task Force guideline update rec-
ommendations [104].

There is currently no evidence that preop-
erative revascularization alters the outcome of 
noncardiac surgery. However, risk stratifica-
tion based on preoperative testing can help the 
patient and physician choose the best type and 
timing of surgery, perioperative care, and 
long-term postoperative management.

 6. Prognosis Assessment After Cardiac 
Transplantation

Long-term survival after heart transplanta-
tion, in excess of 80% after 1  year, is now 
common [105, 106].

Immunologically mediated obstructive 
coronary vasculopathy has emerged as the 
most devastating late complication. Pain 
symptoms of myocardial ischemia are absent 
because of denervation of the transplanted 
heart. Frequent invasive (angiographic) evalu-
ation is not practical. MPI and perhaps stress 
echocardiography are emerging as surveil-
lance methods for detection of asymptomatic 
myocardial ischemia [107, 108].

9.5.2.2  PET Myocardial Perfusion 
Imaging

Currently, PET is considered the gold standard 
for noninvasive quantitative assessment of myo-
cardial perfusion and metabolism although the 
availability is still limited. Although the role of 
SPECT MPI in the diagnosis and management of 
ischemic heart disease is well established and its 
qualitative or semi-quantitative assessment of 
regional perfusion is most used in clinical prac-

tice, it has limitations in determining the extent of 
the disease particularly in patients with multives-
sel disease and its inability to delineate the extent 
and severity of diffuse atherosclerosis and micro-
vascular dysfunction. On the other hand, PET 
enables better assessment of disease by analyzing 
myocardial perfusion, function, and metabolism 
(Table 9.9).

Myocardial Perfusion PET imaging
The tracers used most commonly are 
82Rb-chloride and 13N-ammonia [109]. Less 
commonly used are and O-15 water and 
F-18flurpiridaz (Table  9.10). Each has specific 
features that make one preferable over another in 
individual situations.

The perfusion tracer is injected intravenously 
at rest, followed by a PET acquisition, and again 
during pharmacological stress with either intra-
venous regadenoson, dipyridamole, adenosine, or 
dobutamine/arbutamine.

The rest and stress perfusion studies can and 
should be gated, if possible, providing valuable 
information about LV function at rest and during 
stress. With a PET-CT scanner, a CT transmis-
sion scan with each of the rest and stress perfu-
sion scans is performed. For N-13 ammonia or 
F-18 flurpiridaz, it is possible to perform either 
exercise or pharmacological stress, although 
pharmacological stress is been used in most 
patients. In the USA, regadenoson is the agent 
utilized most commonly for inducing coronary 
vasodilation [110]. Exercise stress is challenging 
technically because of the short half-lives of PET 
radiotracers, size of PET gantry for supine bicy-
cles, and motion artifacts with exercise [109].

Table 9.9 Advantages of PET imaging in heart disease

Offers reliable attenuation correction
Higher resolution
Ability to reliably detect coronary disease down to 
about 50% occlusion
Ability to delineate the extent and severity of diffuse 
atherosclerosis and microvascular dysfunction
More reliable in obese patients
Absolute perfusion quantitation
Lower radiation than SPECT MPI
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Table 9.10 Positron-emitting tracers for myo cardial perfusion

Tracer
Physical 
half-life

Mean range 
(mm) Production Scan duration Mechanism

Require on-site 
cyclotron

N-13 ammonia 9.8 min 0.7 Cyclotron 20 min Metabolic trapping in 
myocardium

Yes

Rubidium-82 75 s 2.4 Generator 6 min Free diffusion, 
metabolically inert

No

F-18 
flurpiridaz

110 min 0.2 Cyclotron 20 min Metabolic trapping in 
myocardium

Yes

O-15 water 2.0 min 1.1 Cyclotron 6 min Metabolic trapping in 
myocardium

No

 1. N13 Ammonia
In the bloodstream, N-13 ammonia con-

sists of the neutral NH3 molecule in equilib-
rium with NH4

+. At normal pH, NH4
+ is the 

predominant form. The neutral, lipid-soluble 
NH3 readily crosses cell membranes by diffu-
sion. Inside the cell, the NH3 converts into 
NH4

+and is trapped in the cell as glutamine in 
a reaction catalyzed by glutamine synthase 
[111].

Egress from the cell is slow, mostly through 
catabolism of proteins and amino acids. N-13 
ammonia has been used as a PET myocardial 
perfusion agent since 1972 [112] with either 
pharmacological or exercise stress. Its extrac-
tion fraction remains high even with high 
flows during pharmacological vasodilation, 
although under severe metabolic derange-
ment, the glutamine synthase pathway can be 
blocked and the uptake of N-13 ammonia can 
become low [113].

Its half-life allows high-quality image 
acquisition and gating. In dogs, Gould et al. 
demonstrated that coronary stenoses of 47% 
or greater can be detected by perfusion imag-
ing with N-13 ammonia in conjunction with 
IV dipyridamole [114].

In human beings, Schelbert et al. correctly 
identified 52 of 58 stenosed vessels (90% sen-
sitivity per vessel) and correctly diagnosed 
the presence of CAD in 31 of 32 patients 
(97% sensitivity) [111]. Tamaki et  al. [115] 
demonstrated a sensitivity of 95% for N-13 
ammonia rest and exercise stress imaging 
(Fig. 9.17).

 2. Rubidium82
Rubidium-82 is a potassium analog. Like 

Tl-201, Rb-82 is transported into cells by the 
Na+/K+ ATPase pump. Like Tl-201, Rb-82 
extraction decreases at high blood flow and 
can be altered by drugs, severe acidosis, 
hypoxia, and ischemia [116, 117].

With ischemia, segmental reduction of 
Rb-82 uptake can persist following exercise, 
even after symptoms and ECG abnormalities 
have resolved, for up to 30 min. Owing to its 
short half-life (75  s), Rb-82 is injected at a 
high dose (30–60 mCi); this is followed by a 
short acquisition lasting 4–6 min. The imag-
ing sequence can be fast and efficient. An 
example of rest and stress Rb-82 PET myo-
cardial perfusion images and gated resting 
images is shown in Fig. 9.18. In chronically 
instrumented dogs, Gould et al. detected coro-
nary stenoses of 50% or greater with Rb-82 
imaging and dipyridamole stress [118].

Gould et  al. [119] compared Rb-82 rest 
and dipyridamole-handgrip stress imaging 
with a validated quantitative flow reserve 
index obtained from contrast angiograms. The 
results showed a sensitivity of 95% and a 
specificity of 100% for impaired flow reserve. 
Studies performed to study the accuracy of 
Rb-82 PET perfusion MPI for the detection of 
CAD showed a sensitivity from 85 to 93% 
and a specificity of 50–90% (Fig. 9.19).

The normal myocardial distribution of 
Rb-82 is similar to Tc-99m-labeled SPECT 
tracers, but the image resolution is better 
(Fig. 9.18).
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Fig. 9.17 Stress and 
rest N-13 ammonia PET 
images demonstrating a 
mild lateral wall defect 
during stress, with 
normal distribution at 
rest

 3. Oxygen15 Water
The use of O-15 water is limited to quanti-

fication of coronary blood flow. Water enters 
all cells by diffusion, with a high extraction 
fraction even at high myocardial flow. Owing 
to the very short half-life of O-15, the tracer 
must be produced by an on-site cyclotron.

 4. Fluorine18 Flurpiridaz
F-18 flurpiridaz is lipophilic and, like Tc- 

99m sestamibi, binds to mitochondria with 
high affinity. Preclinical studies showed that 
the extraction fraction of F-18 flurpiridaz was 
greater than that of N-13 ammonia, R-82, 
thallium-201 (201Tl), or technetium-99m 
(Tc-99m) sestamibi and was in fact found to 
be greater than 90%. Both sensitivity and 
absolute quantification of MBF would be 
expected to be more suitable with this high- 
extraction- fraction tracer because there is sig-
nificantly less roll-off in extraction at high 

flows than there is with other tracers [119]. In 
Phase I trials, the heart exhibited high and 
sustained retention of F-18 flurpiridaz from 
the earliest images through approximately 5 h 
after injection [120].

Similar to the Tc-99m perfusion agents, 
one administers a slightly lower for resting 
study dose (approximately 74–111  MBq 
(2–3 mCi)). After waiting for approximately 
50–70  min, perform exercise or pharmaco-
logical stress, and administer a higher 
(approximately 240  MBq (6.5  mCi)) during 
stress for stress study (Fig. 9.20). In a Phase II 
study comparing F-18 flurpiridaz MPI to 
Tc-99m sestamibi SPECT MPI in the same 
143 subjects in 21 centers, a higher percent-
age of images was rated as excellent or good 
on PET versus SPECT imaging, with a higher 
diagnostic certainty. In 86 patients who under-
went coronary angiography, sensitivity of 
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Stress Rest

RB-82

Fig. 9.18 Stress and rest selected Rb-82 short axis and 
horizontal and vertical long axis images demonstrating 
normal perfusion

F-18 flurpiridaz PET for individual coronary 
vessel disease was higher than SPECT MPI, 
79% versus 62%, with similar specificity, and 
a normalcy of 90% with F-18 flurpiridaz PET 
versus 97% with SPECT.  In patients with 
CAD on angiography, the magnitude of 
reversible defects was greater with PET com-
pared to SPECT [121].

Myocardial Metabolism FDG PET Imaging
The major source of ATP in a normal heart is oxi-
dation of free fatty acids, rather than of carbohy-

drate. With ischemia, reversible metabolic 
adaptation will occur to enable myocytes to sur-
vive in a low oxygen environment. Mitochondrial 
oxidation is supressed and anaerobic metabolism 
may occur. Exogenous glucose uptake and glyco-
gen breakdown are increased with stimulation of 
glycolysis and ATP production from the anaero-
bic catabolism of glucose. Accordingly F-18 
FDG is the radiotracer used for PET metabolic 
imaging [122].

FDG is a glucose analogue that is transported 
into the myocyte by the same carriers (GLUT-1 
and GLUT-4) as glucose and phosphorylated to 
FDG-6-phosphate by hexokinase. PET imaging 
of regional glucose uptake reflects overall cell 
glucose uptake. FDG uptake may be increased in 
hibernating but viable myocardium; uptake in 
regions with reduced blood flow at rest has 
become a marker of hibernation.

Clinical Uses of PET in Heart Diseases
Positron emission tomography is increasingly 
used in the diagnosis and risk stratification of 
patients with ischemic heart disease (Table 9.11). 
PET myocardial perfusion imaging has a mean 
sensitivity and specificity of around 90% for the 
detection of angiographically significant coro-
nary artery disease, and is also highly accurate 
for assessing the prognosis of patients with isch-
emic heart disease. Based on the tracer used, it 
can provide information not only on myocardial 
perfusion but also on myocardial metabolism, 
which is important for myocardial viability eval-
uation. The value of this imaging technique has 
been further enhanced with the introduction of 
hybrid scanners (PET/CT and PET/MR), offer-
ing integrated morphological and functional 
information and consequently comprehensive 
assessment of atherosclerosis effect on the myo-
cardium [123].

PET in the Diagnosis of Ischemic Heart Disease
FDG-PET has several advantages including 
higher sensitivity and specificity over perfusion 
tracer, reliable attenuation correction, thus avoid-
ing the attenuation artifacts seen frequently in 
SPECT imaging, although caution needs to be 
exercised to recognize and correct for PET emis-
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Stress Rest
Resting

end-diastolic
Resting

end-systolic

Rb-82
a b

Fig. 9.19 (a) Stress and 
rest of Rb-82 PET 
images demonstrating 
severe extensive apical, 
septal, and inferior 
scarring and only 
minimal basal septal 
ischemia. (b) Resting 
end-diastolic and 
end-systolic gated 
images, showing poor or 
absent contractility in 
the scarred regions and 
poor overall LV function

sion-transmission misregistration artifacts. PET 
imaging also offers higher resolution. A number 
of studies have shown a higher accuracy of coro-
nary disease detection by stress PET imaging 
compared with SPECT imaging [111, 120, 124, 
125]. The high extraction fraction of the PET 
tracers, especially N-13 ammonia and O-15 
water, assures higher sensitivity for disease at 
high flows during pharmacological stress, result-
ing in the ability to reliably detect coronary dis-
ease down to about 50% occlusion [124, 126]. 
Comparisons of sestamibi and PET perfusion 
imaging showed that adenosine stress MIBI 
SPECT imaging significantly underestimates 
ischemia and defect severity compared with N-13 
ammonia PET [127, 128].

Many studies indicate that PET imaging con-
sistently yield higher diagnostic accuracy for 
detection of coronary artery disease compared to 
gated Tc-99m sestamibi SPECT imaging, both 
with and without SPECT attenuation correction 

[129–135]. One study performed head-to-head 
comparison of 208 adults of coronary computed 
tomography angiography, single-photon emis-
sion tomography, [15O]H2O positron emission 
tomography, and hybrid imaging for the diagno-
sis of myocardial ischemia [133]. demonstrated 
highest diagnostic accuracy for Positron emis-
sion tomography compared with single-photon 
emission tomography and coronary computed 
tomography angiography.

The gating of MPI at rest and during stress 
with PET imaging allows the additional diag-
nostic and prognostic relevant information 
about the severity of disease. During gated vaso-
dilator stress Rb-82 PET imaging, LVEF 
increases with vasodilator stress in patients 
without significant stress-induced perfusion 
defects or severe left main/3-vessel CAD.  A 
high LVEF reserve appears to be an excellent 
tool to exclude left main/3-vessel CAD nonin-
vasively [136].
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Stress

Stress

Rest

Rest

F-18 flurpiridaz
Fig. 9.20 Stress and 
rest PET images with 
F-18 flurpiridaz, 
demonstrating severe 
inferolateral and mild 
anterolateral and 
apicolateral defects with 
stress, with complete 
improvement in the 
anterolateral and 
apicolateral wall and 
partial improvement in 
the inferolateral wall

Table 9.11 Clinical applications of PET in heart 
diseases

1. Perfusion assessment
2. Absolute quantification of myocardial blood flow
3. Assessment of myocardial viability
4. Prognostic assessment
5. Assessing ventricular function
6. Cardiovascular prosthetic infection
7. Cardiac sarcoidosis, amyloidosis

Quantation of myocardial perfusion in absolute 
units by PET further improves its diagnostic accu-
racy. Patients with multivessel disease, microvas-
cular disease, and obese patients may benefit most 
from this quantitative assessment [137, 138].

Quantification of Myocardial Blood Flow
In addition to qualitative and semi-quantitative 
grading, PET enables absolute quantification of 
perfusion. Absolute quantification of myocardial 
blood flow expands the scope of conventional 
relative MPI from identifying only end-stage epi-
cardial IHD to the earlier identification and char-
acterization of abnormalities in coronary 
endothelial function and subclinical stages of 
IHD (microvascular dysfunction) [139]. 
Quantitation of myocardial perfusion offers an 
objective parameter which is more reproducible 
than visual interpretation. PET has become the 
noninvasive imaging modality of choice for the 
quantification of MBF. In conclusion, it adds not 
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only to diagnostic certainty but also provides 
prognostic value (see later).

PET in Prognosis Assessment
PET MPI, similarly to SPECT MPI, has great 
prognostic value in patients with known or 
 suspected IHD. Marvick et al. noted that defect 
severity with PET was related to outcome [140, 
141]. Normal ribidium-82 PET MPI have good 
prognosis, regardless of ECG changes during 
stress including patients whose diagnosis was 
uncertain after SPECT MPI and in obese patients 
[142–144]. A multicenter observational registry 
in 7061 patients from 4 centers underwent a clini-
cal indicated rest-stress Rb-82 PET MPI, with a 
mean follow-up of 2.2  years. The investigators 
found that the risk- adjusted hazard of cardiac 
death increased with 10% with abnormal stress 
PET, compared to normal PET results. The model 
worked even better when clinical risk factors 
were combined with PET MPI findings [145]. In 
a related work, Rb-82 PET findings were particu-
larly helpful in identifying high-risk, older 
women [146]. Similarly, perfusion findings on 
256 N-13 ammonia PET MPI studies were shown 
to be strong predictors of clinical outcome [147]. 
Dorbala et  al. [148] demonstrated that not only 
vasodilator stress Rb-82 PET MPI provides 
incremental prognostic value to historical/clini-
cal variables to predict risk of cardiac events and 
all-cause death, but also the left ventricular ejec-
tion fraction reserve provides significant inde-
pendent and incremental value to Rb-82 MPI for 
predicting the risk of future adverse events. The 
extent and severity of PET perfusion defect, rest 
left ventricular (LV) ejection fraction (LVEF), 
stress LVEF and LVEF reserve (stress LVEF - 
rest LVEF), LV volumes and myocardial flow 
reserve provide valuable prognostic information 
[144–146, 149]. Even in the presence of angio-
graphically significant IHD, normal findings on 
stress MPI are generally associated with a low 
risk of CV events (around 1% per year) [150].

The risk of cardiac events, however, must con-
sider all factors besides imaging information. 
Ceratin groups of patients such as diabetics, those 
with known IHD, old age group were found to 
have higher annual event rate (1.4–1.8%) despite 
normal MPI.  The warranty period of a normal 

PET MPI in is around 2 years [151] depending on 
risk factor control.

Myocardial flow reserve was found to inde-
pendently augment clinical outcome prediction. 
The quantification of blood flow at rest and dur-
ing maximal pharmacological stress allows mea-
surement of flow reserve in various hypertrophies 
and cardiomyopathies, post-transplant CAD 
[152], syndrome X, and other vascular endothe-
lial disorders and to study the effects of smoking, 
diabetes, various medications [153–156], and 
lipid control [157–159].

Multiple studies documented the greater prog-
nostic value of PET-derived myocardial flow 
reserve (MFR) compared to clinical factors and 
perfusion defect size and severity in patients with 
known or suspected IHD [160, 161]. Addition of 
PET derived MFR, led to correct reclassification 
of estimated risk categories in 35% of patients 
with previously intermediate risk of death [162]. 
Since MFR indirectly reflects microvascular dis-
ease, it also has prognostic value in diabetic 
patients with diabetes and in patients with chronic 
kidney disease [163].

In viability imaging, FDG PET has the great-
est sensitivity for predicting global LV functional 
recovery following revascularization, compared 
with SPECT, dobutamine stress echocardiogra-
phy, and cardiac MRI [164–166].

The amount of tissue of scarring as well as 
hibernating myocardium on FDG PET has also 
been shown to be an important predictor of 
improvement in LVEF following revasculariza-
tion [167–169]. Additionally, compared to scar, 
dysfunctional myocardium diagnosed as hiber-
nating or stunned by PET has a high chance of 
functional improvement following revasculariza-
tion [169].

PET in Assessment of Myocardial Viability
PET is very valuable in assessing viability in 
stunned myocardium (Delayed functional recov-
ery myocardium) and hibernating myocardium 
(chronically depressed function of hypoperfused 
myocardium). Demonstration of preserved glu-
cose metabolism by FDG is a marker of myocar-
dial viability (Fig. 9.21) While matching defect 
on perfusion and FDG indicates non-viable myo-
cardium (Fig. 9.22). The detection of viable myo-
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Horizontal long axis

Tc99m Sestamibi SPECT FDG-PET
Fig. 9.21 Viable 
myocardium pattern

Horizontal long axis

Tc99m sestamibi SPECT FDG-PETFig. 9.22 Pattern of 
non-viable myocardium

cardium is accurately estimated by referencing 
the level of myocardial glucose metabolism to 
the level of MBF [123, 169]. Sequential 
perfusion- metabolism imaging gives the most 
complete information, yielding different inter-
pretation scenarios. See later more details.

PET in Assessing Ventricular Function
Gated first-pass 18F-FDG PET has also been 
introduced for assessing ventricular function 
[170].

PET in Endocarditis and Cardiovascular 
Prosthetic Infection
Cardiovascular prosthetic infection is a difficult 
condition to diagnose. PET has a major role in 
the diagnosis of endocarditis and prosthetic 
infections (Pathophysiology and diagnosis is pre-
sented in Chap. 4).

PET in Assessing Ventricular Function
Gated first-pass 18F-FDG PET has also been 
introduced for assessing ventricular function 
[170].

PET in Endocarditis and Cardiovascular 
Prosthetic Infection
Infective endocarditis is among the most severe 
infectious diseases. Patients with damaged or 
artificial heart valves and heart defects are at 
greatest risk for endocarditis. Cardiovascular 
prosthetic infection is a difficult condition to 
diagnose. PET has a major role in the diagnosis 
of endocarditis and prosthetic infections Fig. 9.23 
(see details in Chap. 4).

PET in Cardiac Sarcoidosis and Amyloidosis
Sarcoidosis and Amyloidosis are both multiorgan 
systemic diseases. Diagnosis of cardiac involve-
ment is particularly important because it can be 
fatal. Sarcoidosis is a multisystem granuloma-
tous disorder affecting the heart in up to 25% of 
patients. Cardiac involvement is often associated 
with a poor prognosis [171] as it may lead to 
advanced heart block, cardiomyopathy, arrhyth-
mias, or death. PET may be essential in the diag-
nosis, risk stratification, and patient management 
[172, 173]. When sarcoidosis involves the heart it 
affectst left ventricular subepicardial regions,  

9 Circulatory System (Cardiovascular and Lymphatic Systems)



360
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FDG-PET/CT

Coronal

CT PET PET/CT

Fig. 9.23 FDG PET/CT study for a 68-year-old male 
with bacteremia and questionable infectious endocarditis. 
There is increased FDG accumulation around electrode in 
the left subclavian vein near superior vena cava. Findings 

are consistent with infection. Note successful suppression 
of normal cardiac uptake of FDG after 6–12 h fasting and 
unfractionated iv heparin administration

septal, and right ventricular free wall in >90% of 
cases [174]. F-18 FDG PET and 18-FDG PET/ 
MRI are useful in the diagnosis of cardiac 
involvement of sarcoidosis [175, 176]. Cardiac 
sarcoidosis may be an incidental finding cardiac 
MR or PET show similar accuracy in the diag-
nostic workup of CS compared with autopsy 
studies. Combining 18F-FDG-PET/CT study 
with SPECT/CT perfusion is particularly useful, 
as the finding of multiple uptake areas associated 
with the matching perfusion abnormalities seen 
in SPECT/ CT indicate high probability of an 
accurate diagnosis 18F-FDG-PET/CT may also 
be useful to assess the therapeutic and prognostic 
factors [177].

Amyloidosis is the clinical condition caused by 
the deposition of unstable misfold proteins as 
amyloid fibrils. Cardiac amyloidosis is the condi-
tion in which the primary interstitial protein depo-
sition occurs in the extracellular space of the heart. 
Systemic amyloidosis represents a debilitating, 
under-diagnosed but increasingly recognized 
group of disorders characterized by the extracel-
lular deposition of these misfolded proteins in one 
or more organs. Cardiac amyloid deposition leads 
to an infiltrative or restrictive cardiomyopathy and 
is the major contributor to poor prognosis in 

patients with systemic amyloidosis. Many proteins 
can form amyloid fibrils, but the two main types 
that can infiltrate the heart are monoclonal immu-
noglobulin light-chain amyloid and transthyretin 
amyloid. Cardiac amyloidosis is classified into 
amyloid immunoglobulin light chain (AL) and 
amyloid transthyretin (ATTR) types [178]. These 
two most common types of cardiac amyloidosis 
have distinct therapeutic management and progno-
sis. Cardiac amyloidosis can be acquired in older 
individuals or inherited from birth. Early and accu-
rate diagnosis of cardiac amyloidosis is crucial for 
the implementation of appropriate patient care and 
is now more important than ever given the avail-
ability of new therapies [179].

Cardiac amyloidosis is currently diagnosed 
more frequently than in the past owing to 
the advanced diagnostic modalities. 
Echocardiography and Cardiac MRI play a cru-
cial role in the diagnostic workup of cardiac 
amyloidosis; however, the differentiation 
between the subtypes of cardiac amyloidosis is 
still difficult [177]. Scintigraphy is valuable in 
the diagnosis and follow-up of the disease. 
Radiotracers for amyloidosis include (1) bone 
tracers including PYP, (2) amyloid-directed mol-
ecules, (3) PET amyloid agents, and (4) I-123-
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MIBG. Bone tracers are particularly sensitive in 
the detection of ATTR type amyloidosis, whereas 
PET amyloid agents show a higher affinity for 
the AL type. An important limitation of 18F-FDG 
is the physiologic uptake in the myocardium, 
which may remain in approximately 20% of 
patients even after proper preparation [178]. 
This fact limited the FDG PET scan’s sensitivity 
for detection of cardiac involvement to 62.5% 
[180]. 11C-Labeled Pittsburgh compound B (11C-
PiB), a radio- labeled derivative of thioflavin-T 
that is used to detect Αβ amyloid deposition in 
Alzheimer’s disease [181]. The findings of 
11C-PiB PET were found to correlate well with 
post-mortem histopathological samples [180]. 
Finally, 123I-MIBG scintigraphy is capable of 
detecting cardiac sympathetic denervation in 
cardiac amyloidosis [181].

9.5.2.3  Hybrid Myocardial Perfusion 
and CT Imaging

CT Attenuation Correction
Combining PET and CT imaging as a single 
combined PET-CT unit has become the preferred 
approach for PET imaging in oncology. For car-
diac PET imaging, the scout CT checks the posi-
tion of the patient in a few seconds. The CT 
transmission scan, lasting 10–30  s, saves a sig-
nificant amount of time compared to transmis-
sion imaging using radiation pin-sources. The CT 
transmission scan is relatively noise free, com-
pared to the dedicated PET transmission scan. It 
enables one to perform an entire rest and pharma-
cological stress PET perfusion imaging study 
with rubidium-82  in 30–40  min, compared to 
45–60 min for a dedicated PET scanner.

Calcium Scoring
Another application of PET-CT and SPECT-CT 
is the possibility of obtaining coronary calcium 
scores in the same imaging session as the PET or 
SPECT MPI, which is feasible with an 8-, 16-, or 
64-slice multidetector CT scanner. Calcium scor-
ing requires gating and a higher current from the 
CT scanner than a transmission scan, resulting in 
higher patient radiation exposure, but still lower 
than diagnostic CT imaging [182–185].

CT Coronary Angiography
The possibility of performing CT coronary angi-
ography performed together with PET or SPECT 
MPI in selected patients can be very valuable.

9.5.2.4  Assessment of Myocardial 
Viability

Nonfunctioning but viable myocardium includes 
stunned and hibernating myocardium and also 
remodeling.

 1. Stunned myocardium reoresents reversible 
regional decreased contractility after an epi-
sode of prolonged ischemia, but intact blood 
flow at the time of observation [169]. Oxygen-
derived free radicals contribute to postisch-
emic dysfunction [186]. Stunned myocardium 
generally improves without further interven-
tion. In most cases of exercise-induced isch-
emia, this may take a few minutes or, 
uncommonly, several hours. Following an 
acute coronary occlusion and thrombolysis, 
most of the improvement takes place over 
7–10 days, but it may take longer in the pres-
ence of residual stenosis and/or repeated stun-
ning [187]. Patients may experience repeated 
episodes of ischemia, often silent, in the same 
territory, and the stunned myocardium may 
not be able to recover, leading to a quasi-per-
manent state of stunning [188, 189] and pro-
gressing to hibernation [190]. When 
superimposed on an already severely dysfunc-
tional heart, it may become dangerous, and 
the patient may require hemodynamic sup-
port. Recovery of myocardial function is 
spontaneous provided that myocardial perfu-
sion remains normal. The duration of stun-
ning is directly proportional to the duration of 
the preceding ischemia.

 2. Hibernation occurs in myocardium that has 
undergone a downregulation of contractile 
function, thus reducing cellular demand for 
energy, in response to chronic or repetitive 
ischemia [123]. Hibernation may represent a 
spectrum, with chronic repetitive stunning 
showing normal or near normal resting perfu-
sion and impaired MFR at one end and reduced 
rest MBF at the other. In most cases, the impair-
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ment is only detected through reduced MFR, 
with reduced rest MBF only being seen in the 
most advanced cases [123]. Hibernation, by 
definition, requires the restoration of blood 
flow in order to improve function. Benefit also 
may be expected from reduced metabolic 
demand via hemodynamic support.

 3. Remodeling may result in dysfunctional myo-
cardium in the area adjacent to an infarct or 
hibernation also that may or may not improve 
with revascularization [169].

Normal myocardium uses several different met-
abolic substrates (predominantly glucose or fatty 
acids) for its energy needs. In the fasting state, the 
myocytes predominantly use fatty acids, whereas in 
the post-prandial state, they switch to use glucose 
[191]. The majority of dysfunctional but viable seg-
ments are in fact due to stunning (72%), with only a 
minority (28%) due to hibernation [192]. The defi-
nition of either stunning or hibernation includes the 
recovery of function, either spontaneously or after 
intervention. Other potential benefits from the 
reversal of stunning or hibernation, including pre-
vention of remodeling or arrhythmias.

Dysfunctional but viable myocardium is not 
uncommon. Up to 50% of patients with previous 
infarction may have areas of dysfunctional viable 
myocardium mixed with scar tissue, even in areas 
with Q waves on the ECG [191].

Resting wall motion imaging identifies myo-
cardium which is thickening and moving well 
and that which is not. It cannot differentiate dys-
functional viable myocardium from perma-
nently scarred myocardium, except by 
documenting serial changes in function over 
time. Stimulation by exercise, catecholamines, 
or nitrates and post- exercise and post-PVC 
potentiation are all evidence of viability, but 
with limited sensitivity. Low-dose dobutamine 
(LDDE) and high-dose dobutamine echocar-
diography (LDDE) showed that both biphasic 
response (improvement at low dose and deterio-
ration at high dose) and sustained improvement 
of wall motion (improvement at both low dose 
and high dose) in dysfunctional segments were 
highly predictive of reversible dysfunction 
[193], with a combined sensitivity of 84% and 
specificity of 81% [193–196].

The uptake and retention of myocardial perfu-
sion agents is good evidence of myocardial  viability. 
However, impaired retention of perfusion tracers 
can be seen in dysfunctional, stunned myocardium, 
while decreased uptake due to decreased perfusion 
is often seen in hibernation [195]. Simple stress-
redistribution imaging with Tl-201 has been shown 
to underestimate the presence of viability. 
Augmentation with late (12–24 h) imaging and/or 
resting reinjection was found to increase sensitivity 
for viability [196–199]. The latter approach yielded 
a combined mean sensitivity of 86% but at the cost 
of a lower specificity [194] (Table 9.12). In patients 
who cannot exercise owing to poor LV function and 
clinical CHF, rest-redistribution Tl-201 imaging has 
shown a combined sensitivity of 90% and specific-
ity of 54% [194]. Comparisons showed LDDE to be 
slightly less sensitive but more specific.

Myocardial perfusion imaging with Tc-99m 
sestamibi has yielded a slightly lower sensitivity 
of 83% but higher specificity of 69% [202]. 
Tc-99m sestamibi imaging combined with nitrate 
administration has yielded an improved sensitiv-
ity of 91% and specificity of 88% [194]. Gated 
Tc-99m sestamibi imaging with nitroglycerin 
(NTG) administration can be used successfully 
as an alternative to rest-redistribution Tl-201 
SPECT imaging [203]. Tc-99m tetrofosmin 
showed performance similar to that of Tl-201 
stress-redistribution imaging and slightly lower 
sensitivity than rest-late redistribution Tl-201 
imaging [204].

Table 9.12 Sensitivity and specificity of various meth-
ods of imaging for myocardial viability

Method Patients Sensitivity Specificity
Dobutamine stress 
echocardiography

1869 76 81

Tc99m 695 83 69
Tl-201 1067 87 51
F-18 FDG PET 930 90 68
Dobutamine 
cardiovascular 
magnetic resonance 
(Db CMR)

247 81 91

Late gadolinium-
enhanced 
cardiovascular 
magnetic resonance 
(LGE-CMR)

331 95 51

Data extracted from [193, 200, 201]
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Myocardial perfusion can be imaged with 
N-13 ammonia or Rb-82 with PET imaging or 
Tl-201, Tc-99m sestamibi, or Tc-99m tetrofos-
min imaging using SPECT (Figs. 9.24, 9.25, and 
9.26).

Stunned myocardium shows relatively pre-
served flow and either matched or excessive FDG 
accumulation. At times, stunning results in 
impaired FDG accumulation, producing an 
underestimation of viability [205]. Hibernation 

Short axis

Vertical long axis

Horizontal long axis

Short axis

Vertical long axis

Horizontal long axis

Tc99m sestamibi SPECT

F18-FDG PET

Stress

Rest

Stress

Rest

Stress

Rest

a

b

Fig. 9.24 Tc-99m sestamibi stress and rest myocardial 
perfusion SPECT images and polar maps (a) and F-18 
FDG studies (b) for a 62-year-old male with dyslipidemia, 
smoking, and fixed perfusion defect on myocardial perfu-
sion SPECT. The patient was referred for viability study. 
Tc-99m sestamibi SPECT images (a) demonstrate a large 

area of fixed perfusion defect involving apex and mid- 
anteroseptal region with stress-induced ischemia in the 
anteroseptal base. FDG PET images (b) demonstrate 
absent glucose metabolism in the same region. Findings 
are consistent with nonviable/scar tissue in the apex/mid 
anteroseptal region
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Rubidium 82 stress SA

Rubidium 82 rest SA

F-18 FDG SA

Fig. 9.25 Selected short axis frames of Rubidium-82 and 
F-18 FDG are shown. Viable myocardium is indicated by 
filling of the inferior-lateral defect by activity on FDG 

images (arrows) while is fixed on the perfusion study 
obtained utilizing Rubidium-82

Fig. 9.26 Rubidium-82Perfusion (upper) and FDG metabolic (lower) images show no difference in an apical defect 
indicating a scar with no viability

has been shown to demonstrate decreased perfu-
sion and relatively preserved or disproportion-
ately increased FDG accumulation [202, 206]. 
Infarcted myocardium shows a matched decrease 
in both perfusion and FDG uptake (Figs. 9.25 and 
9.26) while ischemia shows a mismatched 
pattern.

Addition of metabolic imaging to perfusion 
imaging using analogs of either free fatty acids or 
glucose imaging is valuable. Injured myocardium 
frequently demonstrates impaired oxidative 
metabolism, impaired free fatty acid utilization, 
and an excess of glucose utilization relative to 
flow. Myocardial FFA uptake is proportional to 
blood flow. FFA beta- oxidation is reduced in the 

presence of ischemia, stunning, and hibernation, 
which increases the proportion of FFAs accumu-
lating in the triglyceride pool. Myocardial imaging 
with iodine- 123- labeled FFAs shows uptake and 
rapid clearance in the normal myocardium and 
delayed clearance or accumulation in the presence 
of impaired oxidation. Thus, impaired FFA clear-
ance represents recoverable myocardium [207, 
208]. Labeled FFAs are only investigational in the 
USA. BMIPP is approved for clinical use in Japan. 
Where FDG production and PET imaging equip-
ment are unavailable, I-123-labeled FFA imaging 
is a feasible alternative to FDG imaging.

More recently, several studies tried to address 
the role of viability imaging in routine decision 
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making, with complex results. In the PARR-1 
study, in 82 patients with severe LV dysfunction 
who had FDG PET perfusion imaging before 
revascularization, the amount of scar was a sig-
nificant independent predictor of LV function 
recovery after revascularization. A combination 
of PET and clinical parameters predicted the 
degree of recovery [209]. In PARR-2 the investi-
gators conducted a randomized trial to assess the 
effectiveness of FDG PET-assisted management 
in a patient with severe LV dysfunction followed 
for 1 year for cardiac death, myocardial infarc-
tion, or recurrent hospital stay. Two hundred and 
eighteen patients were randomized to manage-
ment assisted by FDG PET or 212 randomized to 
standard care. The study did not demonstrate a 
significant reduction in cardiac events for FDG 
PET-assisted management versus standard care. 
Given that there was a substantial proportion 
where the recommendations based on FDG PET 
were not followed, a separate analysis of patients 
where management adhered to PET recommen-
dations and in patients without recent angiogra-
phy, significant benefits in event-free survival 
were observed, thus supporting the utility of 
viability FDG PET imaging [210]. The complex-
ity of the relationship between clinical factors 
and viability imaging and management decisions 
was also illustrated in the STICH trial. Among 
1212 patients with CAD and LV dysfunction 
enrolled, 601 were randomized to assessment of 
myocardial viability. Of these, 298 were ran-
domized to medical therapy plus CABG, and 
303 were randomized to medical therapy alone. 
While 37% of 487 patients have viable myocar-
dium and 51% without viable myocardium, 
seemingly confirming utility of viability imag-
ing, after adjustment for baseline variable, the 
association between mortality and viability was 
no longer significant. One potential weakness of 
the study was that the viability studies were a 
mixture of SPECT MPI and dobutamine stress 
echocardiography [211].

9.5.2.5  Imaging of Myocardial 
Metabolism

While gated myocardial perfusion SPECT imag-
ing offers invaluable diagnostic and prognostic 
information for the evaluation of patients with 

suspected or known coronary artery disease, 
advances in the cellular and molecular biology of 
the cardiovascular system lead to molecular 
imaging, which can play a role in in the early 
detection of CAD at the level of the vulnerable 
plaque, the evaluation of cardiac remodeling, and 
monitoring of important new therapies including 
gene therapy and stem cell therapy [212].

Unlike skeletal muscle, cardiomyocytes sus-
tain an everlasting cycles of contraction and 
relaxation in order to supply the body with blood 
and maintain the homeostasis of nutrients and 
metabolic gases [213]. Cardiomyocytes are 
 specialized for aerobic metabolism of fatty acids 
and are packed with mitochondria performing 
oxidative phosphorylation and β-oxidation. 
Cardiac health is dependent on the heart’s ability 
to utilize different substrates to support overall 
oxidative metabolism to generate ATP.  In other 
words, it is a process that converts energy- 
providing fuels to ATP, the energy currency in the 
cell. ATP is largely used to maintain myocardial 
contraction and to regulate the membrane pumps 
and movements of ions in and out of the cell. 
Cardiac health is dependent on the heart’s ability 
to utilize different substrates to support overall 
oxidative metabolism to generate ATP.

For a given physiologic environment, the heart 
consumes the most efficient metabolic fuel. In 
the normally oxygenated heart, fatty acids 
account for the majority of ATP production with 
glucose making only a small contribution to the 
ATP production, unless there is an insulin surge. 
During an acute increase in work load (for exam-
ple, inotropic stimulation), the heart immediately 
mobilizes its metabolic reserve contained in gly-
cogen (transient increase in glycogen oxidation) 
and meets the needs for additional energy from 
the oxidation of carbohydrate substrates (glucose 
and lactate). When the oxygen supply is 
decreased, the heart protects itself from an 
oxygen- deficient state by switching its energy 
source to glycolysis, downregulating mitochon-
drial oxidative metabolism, and reducing con-
tractile function. A substrate preference is 
characteristic of a variety cardiac diseases such 
as diabetic heart disease, in which fatty acid 
metabolism predominates, and dilated cardiomy-
opathy, in which glucose metabolism predomi-
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Table 9.13 Main conditions evaluated by molecular 
imaging for evaluating metabolic alterations

Radiotracer Condition evaluated Basis of uptake
F-18 FDG Myocardial viability Glucose 

metabolism
C-11 
palmitate

Idiopathic dilated 
cardiomyopathy

Fatty acid 
metabolism

C-11 
acetate

Hypertrophic 
cardiomyopathy

Tricarboxylic 
acid flux

F-18 
FTHA

CAD Fatty acid 
metabolism

F-18 FTP Diabetes type-2 Fatty acid 
metabolism

F-18 
FCPHA

CAD Fatty acid 
metabolism

Anterior Posterior

Tc99m MAA

Fig. 9.27 Tc99m MAA shunt study illustrating normal 
findings. There is intense activity is een in the lungs, and 
no abnormal activity in the brain or kidney parenchyma. 
Mild activity in the kidneys is due to excreted activity in 
pelvicalyceal structures

nates [214]. Thus, the tight coupling between 
metabolism and contractile function in the heart 
offers a unique opportunity to assess cardiac per-
formance at different levels in  vivo: coronary 
flow, myocardial perfusion, oxygen delivery, 
metabolism, and contraction [215].

Based of understanding the metabolic changes 
of several cardiac diseases, several tracers are 
used for evaluation such diseases. Table  9.13 
summarizes the main tracers and conditions 
evaluated.

9.5.2.6  Cardiac Shunt Evaluation
Two distinctive types of studies can be obtained 
to both qualitatively and quantitatively evaluate 
cardiac shunts, depending on the type of shunt 
suspected.

Left-to-Right Shunt
A first-pass study should be performed to assess 
patients with this type of shunt. Subsequently, a 
time-activity curve is generated from a region of 
interest drawn in the lung field. The pulmonary 
transit time is normally shown as a narrow spike, 
with symmetric limbs that represent the pulmo-
nary blood flow of the radioactivity. However, 
this curve, particularly the descending limb, is 
distorted in left-to-right shunts due to early recir-
culation of pulmonary blood from the shunt. 
Calculation of the pulmonary-to-systemic flow 
ratio can be obtained by subtracting the fitted 
shunt curve from the pulmonary one. This is a 
sensitive method for detecting pulmonary-to- 
systemic blood flow shunts between 1.2 and 3.0, 

provided that the patient has no pulmonary 
hypertension, congestive heart failure, or tricus-
pid regurgitation [53].

Right-to-Left Shunt
This can be suggested from visual examination 
of a first-pass study, where there will be early 
visualization of the LV.  A more accurate and 
quantitative method of assessing these types of 
shunt is to inject 99mTc-macroaggregated albu-
min (Fig.  9.27). The small particles of this 
 radiopharmaceutical, used mainly in perfusion 
lung scan, are trapped in the capillary beds as 
they pass through the pulmonary arteries. 
However, in the presence of a right-to-left shunt, 
the pulmonary capillary system is bypassed and 
the particles enter the systemic circulation, 
where they are trapped in end organs such as the 
brain and the kidneys. Qualitative as well as 
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quantitative analysis of activity within the body 
can be accurately obtained. A significant right-
to-left shunt is present if the organ counts are 
greater than 7% of the total lung uptake [55]. 
Complication because of capillary blockage is 
not a clinical concern with this procedure, as the 
number of particles used is very small compared 
with the number of capillaries in any organ.

9.6  Lymphatic System

9.6.1  Anatomic and Physiologic 
Considerations

The lymphatic system is the second vascular sys-
tem, after blood circulation, in mammalian spe-
cies. The function of the lymphatic system 
includes drainage of excess interstitial fluid, 
absorption of fat, and immune surveillance. 
Knowledge of the normal anatomy of the lym-
phatic system is crucial for predicting which 
lymph nodes may be the site of metastatic disease 
for primary tumors and for understanding the 
pathophysiological changes of lymphatic disor-
ders such as lymphedema. The lymphatic system 
is composed of many structures including lymph 
nodes, tonsils and adenoids, bone marrow, thy-
mus, and spleen, all of which are connected via a 
network of lymphatic vessels (Table 9.14) that 
run parallel to the venous circulation. Lymphatic 
vessels form a complex network that transport 
the ultrafiltrate of extracellular fluid back to the 
intravascular space. The lymphatic capillary net-

work wraps around the surface of the body and 
also lines the internal surface of the gastrointesti-
nal and respiratory tract. Normally, some fluid is 
forced out of the vascular space at the arterial end 
of the capillary bed but is reabsorbed at the 
venous end. Capillary egress, however, exceeds 
venous reabsorption by approximately 3  L/day 
(approximately 10% of capillary contents), leav-
ing behind fluid in the interstitial tissue [99]. This 
fluid can contain protein and often fat, especially 
after meals. The peripheral lymphatic capillary 
collection site has a single layer of overlapping 
endothelial cells with a poorly developed base-
ment membrane [216]. When the volume of fluid 
in the interstitial space increases, the intercellular 
gaps between the endothelial cells widen to allow 
the surplus of fluid to enter [216]. Lymphatic ves-
sels coalesce into increasingly larger vessels that 
eventually contain smooth muscle and one-way 
valves to promote forward flow back toward the 
vascular space via the thoracic duct or the right 
lymphatic duct. Fluid travels through the lym-
phatic system at an average rate of 120 mL/h or 
2–3 L/day, encountering numerous lymph nodes 
which serve as filters to remove foreign elements 
such as tumor cells and bacteria. Lymph enters 
the nodes through the afferent lymphatic vessel, 
filtering through the sinusoids of the node and 
subsequently leaving through the efferent lym-
phatic vessel. The lymphatic system plays an 
important role in the dynamic control of fluid 
volume, protein concentration, and, conse-
quently, the pressure in the interstitial space.

The lymphatic system is distributed through-
out the entire human body, except CNS (not 
including the dura mater), the bone marrow and 
cartilage [217], endomysium of muscle [216]. All 
human beings have similar lymphatic system 
anatomy; however, there can be considerable 
variation in the exact route of drainage from dif-
ferent locations of the body. The lymphatic ves-
sels are usually located in close proximity to the 
venous system. Approximately 800 lymph nodes 
are present in the human body, with a short axis 
diameter that ranges from a few millimeters to 
1 cm [218, 219]. Lymph nodes contain reticulo-
endothelial cells, primarily tissue phagocytes, 
that remove abnormal substances.

Table 9.14 Components of lymphatic system

a. Organs
 I. Primary lymphoid organs
  1. Bone marrow
  2. Thymus
 II. Secondary lymphoid organs
  1. Spleen
  2. Lymph nodes
  3. Tonsils and adenoids
b. Tissue
  1. Peyer’s patches
  2. Vermiform appendix
c. Lymphatic vessels
d. Collecting ducts
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Lymphatic vessels have the capability of regen-
eration and can establish their own anastomoses 
within a short period (weeks) after organ trans-
plantation [220, 221]. Additionally, new lymph 
tracts can develop and may subsequently recon-
nect to the main system. This occurs when small 
lymphatics are surgically transected or there is an 
attempt to circumvent flow obstruction.

Lymphatic vessels are divided into three cate-
gories according to their structural characteris-
tics: lymph capillaries, pre-collectors, and lymph 
collecting vessels [222]. The lymph capillaries 
(between 20 and 70 μm in diameter) do not have 
a valvular structure. The lymph capillary begins 
with a blind ending. The endothelial cells that 
form the lymph capillary connect with each other 
loosely. A fibrous structure called an anchoring 
filament connects the endothelial cell with the 
surrounding tissue [223]. When the tissue 
increases in volume owing to extra interstitial 
fluid (edema), the anchoring filaments pull the 
endothelial cells outward so that the junctions 
between the cells open up to capture the extra 
interstitial fluid into the lumen [217].

The lymph capillaries connect to pre- 
collectors (70–150 μm in diameter) which have a 
valvular structure that regulates the direction of 
lymph flow unidirectionally. The pre-collectors 
connect to the lymph-collecting vessels, or col-
lectors. These collectors (between 150 and 
500 μm in diameter). The lymph-collecting ves-
sels have a three-layered wall made of endothe-
lial cells, smooth muscle cells, and collagen 
fibers with fibroblasts that contracts rhythmically 
to propel lymph flow [217].

The lymph node barrier theory postulates that 
each lymphatic vessel connects to at least one 
lymph node before connecting to the vein. Lymph 
nodes are classified as regional or interval, 
according to their location. Regional lymph 
nodes are groups of lymph nodes that form lym-
phatic basins into which lymph drains from dif-
ferent skin regions or organs. The regional lymph 
nodes are the target of lymph node dissection in 
cancer treatment to halt the spread of cancer 
cells, with neck dissection for tongue cancer, 
axillary dissection for breast cancer, and inguinal 
dissection for lower extremity melanoma. 

Interval lymph nodes are located in the limbs, 
and the lymph vessels pass through them on the 
way to the regional lymph nodes. The superficial 
lymphatic system in the upper extremities origi-
nates in the lymph capillaries in the fingertips and 
palm while the superficial lymphatic system in 
the lower extremities originates in the lymph cap-
illaries in the toes and soles of the feet [217].

9.6.2  Pathophysiology of Relevent 
Lymphatic Disorders

9.6.2.1  Lymphedema
Lymph is a body fluid with low protein content, 
high fat level, and circulating lymphocytes. 
Lymph drains from peripheral tissues in blind- 
ended lymph vessels passing through lymph 
nodes and ending into the central venous circula-
tion. Failure of lymph drainage from an area of 
the body results in lymphedema. Lymph drainage 
can be studied by following the movement of 
radiolabeled microparticles injected intrader-
mally by scintillation camera imaging.

Lymphedema is the excess accumulation of 
protein-rich fluid in the interstitial space. It may 
develop due to excess production of lymph, 
obstruction of lymphatic drainage, or disruption 
of the integrity of the lymphatic system. Excess 
production occurs when there is (a) obstruction 
of the capillary or venous system with resultant 
increased pressure, (b) excessive fluid migration 
from the vascular space due to low oncotic pres-
sure, or (c) a leak in the system. Obstruction of 
lymphatic drainage occurs secondary to scarring 
following trauma, radiation, surgery, and infec-
tion or when there is abnormal development of 
the lymphatic system or compression of a main 
lymphatic by a mass [224]. These conditions 
force fluid to travel back to the vascular space via 
the nearest accessible lymphatic route.

Lymphedema may be primary or secondary 
(Table  9.15). The primary type is uncommon, 
may be congenital or developmental, and usually 
causes only minimal disturbances in lymphatic 
flow. Primary lymphedemas have been subclassi-
fied on the basis of their onset into congenital, 
peripubertal (lymphedema Praecox) and late- 
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Table 9.15 Causes of lymphedema

Class Pathogenesis
Primary Defects in genes involved in lymphatic 

vessel development
Secondary Damage or physical obstruction of 

lymphatic vessels or LNs due to 
Inflammation Malignancy Radiation 
therapy Filariasis Surgical dissection 
Trauma Recurrent dermatitis

onset lymphedema (Tarda). Many genes have 
been associated with different forms of primary 
lymphedemas including VEGFC-VEGFR3, 
CCBE1, PTPN14, FOXC2, and SOX18 [225]. 
The more common secondary type can be due to 
several factors including infection, trauma, and 
other venous disorders. Since lymph is rich in 
protein, it promotes a cycle of inflammation that 
may be followed by fibrosis, leading to progres-
sive scar formation which can worsen lymphatic 
obstruction [224]. Lymphedema should not be 
confused with lipedema which is a chronically 
progressive accumulation of adipose tissue pri-
marily in the lower extremities but can also affect 
arms. It affects almost exclusively woman and 
can be inherited. It is symmetrical (Lymphedema 
is assymetrical) and does not involve feet 
(affected by Lymphedema) [226].

Severe edema of the upper limb may compli-
cate the effective treatment of breast cancer. The 
surgical removal and irradiation of the breast and 
associated axillary lymph nodes result in lymph-
edema in 4–49% of patients [224, 226].

The most dramatic example of secondary 
lymphedema is seen in lymphatic filariasis, a 
neglected tropical disease that affects about 40 
million people in the endemic areas of Africa, 
South America, and South-East Asia. This disease 
is caused by mosquito-transmitted parasitic nema-
todes, such as Wuchereriabancrofti (in 90% of the 
cases), which targets and dwell in lymphatic ves-
sels and LNs for years, resulting in extensive fibro-
sis. This may cause significant edema of the lower 
limbs and external genitalia that is so massive to 
be named elephantiasis [225].

Podoconiosis (endemic nonfilarial elephantia-
sis), another tropical secondary lymphedema visa 
noninfectious geochemical disease of the lower 
limb lymphatic vessels resulting from chronic 

barefoot exposure to red-clay soil derived from 
volcanic rock. Pathogenesis was suggested to be 
due to mineral particles in red-clay soils are 
absorbed through the skin of the foot and engulfed 
by macrophages in the lymphatic system of the 
lower limbs, inducing an inflammatory response 
in the lymphatic vessels resulting in fibrosis and 
vessel obstruction [227].

9.6.2.2  Lymph Nodes with Metastases
In general, tumors can metastasize by several 
routes including venous, arterial, lymphatic, and 
local invasion. It is believed that while most 
tumors initially spread through the lymphatic 
system, temporarily being retained at successive 
levels of lymph nodes by the body’s defense sys-
tem, some tumors may spread through both the 
vascular and lymphatic systems nearly 
 simultaneously. Since lymph nodes are common 
sites of metastasis, knowledge of their involve-
ment is crucial for patient management and prog-
nosis. When small numbers of tumor cells 
(micrometastases) are found in lymph nodes, the 
architecture and physiological characteristics of 
the lymph node are not altered. Even with larger 
tumor loads, lymph nodes may remain normal in 
size, making them difficult to detect with ana-
tomical imaging studies. Determination of focal 
defects within lymph nodes secondary to tumor 
infiltration is usually unreliable with all current 
imaging modalities.

9.6.2.3  Sentinel Node
The lymph node(s) that receives initial lymphatic 
drainage from a location harboring tumor has 
been termed the “sentinel node.” There can be 
single or multiple nodes which may be located in 
one or different lymphatic beds [228]. Since 
determination of lymph node involvement is an 
integral part of tumor staging and management, 
lymph node excision with pathological evalua-
tion is commonly performed. A complete nodal 
dissection (often involving large areas of tissue), 
however, can cause considerable morbidity, 
including lymphedema, and still fail to remove 
small diseased nodes [228, 229]. If the sentinel 
node(s) can be identified, extensive pathological 
examination of the node(s) can forecast whether 
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tumor dissemination has occurred, since it is the 
first filter that metastatic cells encounter. 
Identification of the sentinel node can be done by 
injections of blue dye around the tumor just 
before surgery or by using a radiopharmaceutical 
injected in a similar fashion.

9.6.3  Scintigraphy of Lymphatic 
System

Tracer is injected into a specific location, and 
imaging is then performed while the material 
crosses into the lymphatic system and migrates 
toward the vascular space. Agent movement will 
depend on the specific radiopharmaceutical used 
and the location of the injection. Particulate 
agents such as colloids are not transported into 
the peripheral collection sites as well because of 
their larger size. However, they are better retained 
in the lymph nodes because of their localization 
within RES cells. Nonparticulate agents travel 
much faster and efficiently but are not retained 
within a lymph node because they do not localize 
to any of the tissue components but are simply 
passing through. Because of the very rich supply 
of lymphatics in the skin, injections into this 
location will show very efficient uptake and 
movement of tracer, while breast injections move 
much slower due to a much sparser lymphatic 
system.

9.6.3.1  Detection and Follow-Up 
of Lymphedema

Lymphoscintigraphy can demonstrate (a) clear-
ance of radiolabeled colloid from an interstitial 
injection and (b) flow to regional lymph node(s), 
along with some lymph node anatomical fea-
tures. Several acquisition protocols can be used. 
The procedure usually consists of a 45-min 
dynamic acquisition followed by delayed imag-
ing, usually at 90 min post injection. For lower 
extremity disease, if movement of the tracer 
through the lymphatic system is not seen on 
early images, patients may be instructed to exer-
cise their calf muscles by walking. Interpretation 

of images includes visual assessment of the 
injection sites, lymphatic tracts, lymph nodes, 
and time-activity curves, along with review of 
the early dynamic acquisition via a computer- 
generated cine display. Several quantitative pro-
cedures have been advocated for use in detecting 
lymphatic flow disturbances, with some attempt-
ing to define the cause of the disease. These 
include determination of the timing as well as 
the amount of tracer uptake in the draining 
lymph nodes. However, care is advised when 
using such measures because there is a normal 
decrease in lymphatic flow parameters with age, 
and the use of different radiopharmaceuticals, 
different injection techniques, and additional 
procedures such as exercise can alter expected 
values.

Normally, there is rapid and fairly symmetri-
cal transport of the radiotracer from foot injec-
tions through one or two lymphatic vessels in the 
calf and one lymphatic vessel in the thigh. 
Multiple pelvic lymph nodes should be clearly 
visualized within 1 h (Fig. 9.28) but may be seen 
within 6 min when a nonparticulate agent such as 
99mTc-HSA is used [230]. Upper extremity find-
ings in normal flow are similer (Fig. 9.29).

Scan findings in patients with lymphedema 
will depend on the cause of the swelling, the 
length of time that the process has been present, 
and compensatory mechanisms that have devel-
oped to circumvent the flow disturbance [231]. 
Figure 9.20 shows the pathological mechanisms 
that lead to lymphedema and the corresponding 
scan patterns. Figures 9.30, 9.31, and 9.32 illus-
trate a lymphedema studies.

9.6.3.2  Detection of Lymph Node 
Metastases

Since lymph nodes have reticuloendothelial cells 
that phagocytose foreign material, radiocolloids 
are used to visualize them. Direct determination 
of the presence of tumor is extremely difficult, 
since the desired space-occupying defects caused 
by tumor infiltration require a significant portion 
of the node to be involved. When lymphatic tis-
sue is largely replaced by tumor, lymph nodes 
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10 min 60 min 120 min 240 min

Tc-99m nanocolloid

Fig. 9.28 Tc-99m nanocolloid images of the lower 
extremities. Anterior view images at 10, 60, 120, and 
240 min. Images demonstrate normal ascend of activity 
throughout the lymphatic channels, particularly the 

medial band, and localization in the inguinal nodes bilat-
erally within 1  h. The lymph nodes are in symmetric 
appearance and similar number

15 min 30 min 60 min 120 min

Tc-99m nanocolloid

Fig. 9.29 Tc-99m nanocolloid lymphoscintigraphy 
images of the upper extremities. Anterior view images at 
15, 30, 60, and 120 min. Normal upper extremity lympho-
scintigraphy images demonstrate normal ascend of activ-

ity through lymphatic channels and localization in axillary 
lymph nodes bilaterally within 30 min. The lymph nodes 
are in symmetric appearance and similar number
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10 min 60 min 120 min 240 min

Tc-99m nanocolloid

Fig. 9.30 Forty-sevenyear-old male with severe right 
leg swelling. No lymphatic channels or lymph nodes are 
identified in the significantly swollen right leg and ingui-
nal region (primary lymphedema). Findings are normal on 

the left side with normal visualization of lymphatic chan-
nels and inguinal lymph nodes which are in normal 
appearance

5 min 45 min 90 min

Tc-99m nanocolloid

Fig. 9.31 Bilateral Lower Limb Lymphedema in a 
65-year-old female with bilateral leg swelling for 2 years. 
Images were obtained at 5, 45, and 90 min and demon-

strate prominent lymphatic channels and dermal backflow 
in the left lower and upper leg (arrows) indicating second-
ary lymphedema in bilateral legs
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30 min 60 min 120 min

Tc-99m nanocolloid

Fig. 9.32 Lymphoscintigraphy of the upper extremities 
for a 75-year-old woman with history of long-standing 
lymphedema in upper limbs. There is dermal backflow 
which is significant in the right arm and mild in the left 

arm. No lymphatic channels are identified in both arms. 
There is activity in few lymph nodes in both axilla 
(arrows)

may not be visualized because the tracer is 
blocked from entering. Tumor-involved nodes 
can even show more tracer uptake than normal 
nodes. This may be explained by reactive changes 
in the lymph node, with increased numbers of 
RES cells being present, possibly in reaction to 
the presence of tumor antigens.

Lymphoscintigraphy with radiolabeled anti-
tumor antibodies such as anti-CEA has been 
used to detect occult tumor in lymph nodes. 
Contrary to radiocolloid lymphoscintigraphy, 
which depends on phagocytosis, radiolabeled 
antibody localization requires attachment of the 
antibody directly to tumor cells. Interstitial 
injection of these agents has the advantage of 
producing a higher concentration of tracer at the 
tumor site in the lymph node than when the anti-
body is injected intravenously. However, the 
presence of a definitive number of metastatic 

cells is required for detection, depending on the 
agent and the imaging technique used. More 
recently FDG PET is being used to detect more 
effectively lymph node metastasis of many 
tumors. It has proven useful in detecting lymph 
node metastasis of lung  cancer changing the 
mode of therapy in a significant number of cases 
[232, 233].

9.6.3.3  Sentinel Node Detection
Radioactive sentinel nodes can be detected using 
imaging with a gamma camera and/or a gamma 
probe at surgery. Lymphoscintigraphy using 
dynamic and static imaging better defines the 
sequence of lymphatic flow from the tumor site 
to draining lymph nodes, especially the sentinel 
node (Fig.  9.33) SPECT/CT is much better in 
achieving accurate localization, (Fig. 9.34) (see 
Chap. 12 for more details).
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Anterior Lateral

Fig. 9.33 A sentinel lymph node localization study in a patient with left breast cancer showing visualization of a sen-
tinel lymph node in the anterior projection and more clearly in the left lateral projection (arrows)

Planar

Coronal
b

a

Sagittal

Transaxial

SPECT/CT

Tc-99m nanocolloid

LAO

Fig. 9.34 Tc-99m nanocolloid sentinel node scintigra-
phy in a patient with breast cancer. Anterior oblique view 
of the left breast and axilla (a) and selected coronal, sagit-
tal, and transaxial SPECT/CT fusion images of the chest 
(b). Breast lymphatic tracts, nodes, and their surgical clas-

sification. Images show intense activity at the injection 
site in the left breast as well as radiotracer accumulation in 
the left axillary sentinel lymph node. SPECT/CT better 
locates the lymph node in the axilla (level 1)
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Digestive System

Abdelhamid H. Elgazzar and Saud A. Alenezi

10.1  Gastrointestinal Tract

The digestive system consists of the gastroin-
testinal tract, hepatobiliary system (Fig.  10.1), 
pancreas, and salivary glands. Nuclear medicine 
is concerned with the evaluation of normal and 
abnormal functions of the gastrointestinal tract 
and hepatobiliary system. To date, the role of 
nuclear medicine in pancreatic disorders is lim-
ited to evaluation of its tumors which is dealt 
with elsewhere in the book.

10.1.1  The Esophagus

10.1.1.1  Anatomic and Physiological 
Considerations

The esophagus is a 18–25 cm long muscular tube 
that passes through the mediastinum, connecting 
the pharynx and the stomach. The cervical esoph-
agus is composed of striated muscles whereas 
the thoracic esophagus consists of smooth mus-
cles. Physiologically, the main function of the 
esophagus is to transport swallowed food from 
the hypopharynx to the stomach. Moreover, the 
normal function of the esophagus prevents the 
regurgitation of food from the upper esophagus 
into the hypopharynx and gastric contents from 

the stomach to the esophagus. The disruption 
of the normal function of the esophagus results 
in dysphagia and/or regurgitation. Functionally, 
the esophagus has three components: the upper 
esophageal sphincter (UES), the body, and the 
lower esophageal sphincter (LES) [1]. The com-
ponents work together to keep the esophagus 
empty. Esophageal motility disorders result from 
sphincter dysfunction or abnormal peristalsis in 
the body of the esophagus or both. The diagnosis 
and treatment of esophageal dysmotility rest on 
the understanding of the functional anatomy of 
the UES, esophageal body, and the LES.

Upper Esophageal Sphincter
The UES is a 3–4-cm-long high-pressure zone 
that forms a barrier between the esophagus and 
the pharynx. It opens and closes intermittently to 
allow the passage of food or liquid. The UES clo-
sure muscles comprise the cervical esophagus, 
cricopharyngeus, and interior pharyngeal con-
strictor. The UES opening muscles consist of the 
superior and inferior hypoid muscles and supe-
rior pharyngeal muscles [1–3]. All UES muscles 
are striated and are innervated by the glossopha-
ryngeal, branches of the vagus, ansa cervicalis, 
and sympathetic nerves from the cervical gan-
glion. The vagus nerve is the major motor nerve 
of the UES. Nerve cell bodies of the vagus effer-
ent fibers are located in the nucleus ambiguus 
(medulla oblongata). Between swallows, the 
UES is tonically contracted to prevent reflux of 
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Fig. 10.1 Diagram of 
the relevant parts of the 
digestive system

Fig. 10.2 Barrett’s esophagus. Solid arrows point to 
columnar metaplasia. Open arrow points to the normal 
stratified squamous epithelium. (Courtesy of Prof. 
M. Elmonayeri)

esophageal contents and entry of air from the 
pharynx during inspiration. During swallowing, 
the cricopharyngeal and inferior pharyngeal con-
strictor muscles relax and the suprahyoid mus-
cles contract.

Esophageal Body
The esophageal body extends from the UES to 
the LES and measures 18–25  cm. The esoph-
ageal wall consists of mucosa, submucosa, 
and the tunica muscularis and adventitia. The 
esophageal body is not surrounded by a tunica 
serosa. The esophageal mucosa is of the strati-
fied squamous epithelium type, except for the 
distal 2 cm, where columnar epithelium of the 
gastric cardia type may be encountered. More 
proximal extension of gastric-type epithelium 
or the presence of intestinal- type columnar epi-
thelium defines the pathological entity known 
as Barrett’s esophagus (Fig. 10.2). Outside the 
epithelial lining is a thin layer of longitudinally 
oriented smooth muscle fibers, the muscularis 
mucosa. Below the muscularis mucosa is the 
submucosa, which consists of connective tis-
sue. The muscularis propria is made up of an 
inner, circular, muscle layer and an outer, longi-
tudinal, muscle layer. In the proximal 5% of the 

esophageal body, the muscularis propria is made 
up of striated muscle fibers. The distal 50–60% 
consists entirely of smooth muscle. The middle 
35–40% is composed of a mixture of smooth 
and striated muscle fibers.

Neuronal control of esophageal body motil-
ity is complex [4]. The esophageal wall receives 
extrinsic innervation via the vagus nerve. 
Striated muscle fibers are directly innervated 
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by postganglionic neurons originating in the 
nucleus ambiguus and terminating on the motor 
end plate. Smooth muscle fibers are controlled 
by preganglionic nerve fibers originating in the 
dorsal motor nucleus. These cholinergic nerve 
fibers terminate on the intrinsic neurons of the 
myenteric plexus located between the circu-
lar and longitudinal muscle layers. Within the 
myenteric plexus, two types of neurons have 
been identified. Excitatory neurons mediate 
contraction of both longitudinal and circular 
muscle layers via nicotinic cholinergic nerve 
receptors. Inhibitory neurons mediate the relax-
ation of mainly circular muscle fibers via non-
cholinergic, nonadrenergic neurotransmitters, 
most probably nitrous oxide and vasoactive 
intestinal peptide (VIP) [5]. Intrinsic sensory 
(afferent) neurons are within Meissner’s plexus 
located in the submucosa. Sensory impulses are 
conveyed to the central nervous system via both 
vagal and thoracic sympathetic nerve fibers.

Swallowing initiates a progressive series of 
coordinated propulsive contractions through-
out both the striated and the smooth muscle 
portions of the esophageal body. This form of 
esophageal motor activity is referred to as pri-
mary peristalsis. Intraluminal distention of the 
esophageal body results in a peristaltic wave at 
or proximal to the site of distention. This wave 
is termed secondary peristalsis and serves to 
clear the esophagus from contents that have not 
been cleared by primary peristalsis, or refluxed 
gastric contents. Primary and secondary peri-
staltic waves have similar amplitudes and travel 
at a velocity of 3–5 cm/s.

Deglutitory inhibition is a unique physiologi-
cal phenomenon whereby repetitive swallowing 
inhibits all esophageal body activity while the 
LES is relaxed. A normal peristaltic contraction 
will follow the last swallow of such a series and 
clear the esophagus completely [6].

Lower Esophageal Sphincter
The LES is a high-pressure zone measuring 
2–5  cm in length located between the esopha-
geal body and the stomach. Ultrastructural stud-
ies show that this high-pressure zone consists 
of a specialized thickened region of the circu-

lar muscles layer of the distal esophagus, albeit 
the muscle fibers are not circular, rather they 
are organized as clasp and sling fibers [7]. At 
rest the sphincter is tonically contracted with a 
normal pressure ranging from 10 to 45 mmHg. 
The basal LES tones are determined by three fac-
tors: myogenic tone that is independent of neu-
ral influences, cholinergic excitatory tone, and 
nitrergic inhibitory tone. The LES relaxes after 
swallowing. Relaxation is mediated by the nitrer-
gic inhibitory neurons. The LES may also relax 
without swallowing, a phenomenon referred to as 
transient lower esophageal sphincter relaxation 
(TLESR). These relaxations are believed to play 
a major role in the pathogenesis of gastroesopha-
geal reflux disease.

A number of endogenous compounds affect 
the LES tone when administered in pharmaco-
logical doses. For instance, large doses of gastrin 
increase the tone of LES. Exogenous substances 
such as beta-adrenergic receptor agonists and 
calcium channel blockers may induce relaxation 
of the LES.

10.1.1.2  Esophageal Motor Disorders

Disorders of the UES and Cervical 
Esophagus
Motor disorders affecting the skeletal (proximal) 
part of the esophagus result from either neu-
rological abnormalities affecting the extrinsic 
innervation of the proximal esophagus, or skel-
etal muscle or neuromuscular disorders. More 
specifically these include:

• Neurological diseases
 – Cerebrovascular accident
 – Parkinsonism
 – Amyotrophic lateral sclerosis
 – Cranial nerve palsy

• Skeletal muscular disorders
 – Dermatomyositis
 – Polymyositis
 – Muscular dystrophy

• Cricopharyngeus dysfunction
• Others

 – Myasthenia gravis
 – Amyloidosis
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Table 10.1 Classification of primary esophageal body 
and LES disorders

Achalasia
Nonspecific esophageal dysmotility
   Hypercontractile esophagus
    Nutcracker esophagus
    Hypertensive lower esophageal sphincter
   Hypocontractile esophagus
    Ineffective esophageal motility
    Hypotensive lower esophageal sphincter
Discoordinated motility
   Diffuse esophageal spasm

Because of the difficulty of transferring food 
bolus from the hypopharynx into the esophageal 
body across the UES, most patients experience 
choking or regurgitation of liquids and/or solids. 
Videofluoroscopy is the best diagnostic modal-
ity for diagnosing oropharyngeal dysphagia. 
Scintigraphy is of limited value.

Disorders of Esophageal Body and LES
Disorders of the distal esophageal body (smooth 
muscle) and LES can be broadly classified into 
achalasia and nonspecific esophageal dysmotility 
according to conventional stationary esophageal 
manometry (Table 10.1).

Achalasia
Achalasia is a primary motor disorder of the 
esophagus with absence of peristalsis and insuf-
ficient lower esophageal sphincter relaxation [8].

It is the best-studied motor disorder of the 
esophagus. It occurs at a rate of 1:100,000 and 
affects both sexes equally. Age of onset is usually 
25–65 years. It results from the degeneration of 
the inhibitory myenteric neurons in the body and 
the LES region. This leads to a hypertensive LES 
which relaxes poorly and also causes aperistal-
sis in the body of the esophagus. Patients usu-
ally present with dysphagia to liquids and solids. 
Barium esophagogram may show dilatation of 
the esophagus and “bird beaking” of the distal 
esophagus. Esophageal manometry confirms the 
diagnosis of achalasia. Typically, there is incom-
plete relaxation of the LES and aperistalsis. LES 
hypertension is detected in 20–40% of patients 

[7]. Although these changes are highly sugges-
tive of achalasia, they are by no means pathog-
nomonic. Other conditions that might mimic 
achalasia include adenocarcinoma of the cardia, 
esophageal squamous cell carcinoma, Chagas’ 
disease, and lung cancer.

Several other spastic disorders have been 
characterized in patients with noncardiac chest 
pain (Table 10.1). They all share a similar clini-
cal presentation. Diffuse esophageal spasm 
(DES) is the most severe form. It is less com-
mon than achalasia. The mean age at presenta-
tion is 40 years. Patients frequently complain of 
intermittent nonprogressive dysphagia for solids 
and liquids. Hot or cold liquids and stress may 
precipitate chest pain. Some patients with DES 
progress to achalasia.

Nonspecific Esophageal Dysmotility
Nonspecific esophageal motility disorders are 
further classified into hypercontractile, hypocon-
tractile, and discoordinated motility. Patients with 
hypercontractile esophagus usually present with 
chest pain and dysphagia. Nutcracker esophagus 
is a hypercontractile disorder characterized by 
increased lower esophageal peristalsis amplitude 
and duration. Hypertensive LES is associated 
with an LES resting pressure of >45 mmHg [9].

Patients with hypocontractile esophageal dis-
orders complain of heartburn, regurgitation, and 
occasional dysphagia. Ineffective esophageal 
motility is characterized by low-amplitude peri-
stalsis. Hypotensive LES is defined as an LES 
pressure below 10 mmHg. A number of systemic 
conditions are associated with esophageal hypo-
contractility including scleroderma, diabetes 
mellitus, and amyloidosis.

Diffuse esophageal spasm is a rare condition 
that presents with atypical chest pain that can 
radiate to the throat and back. Dysfunction in 
nitrous oxide synthesis or degradation is believed 
to be the cause of the spastic component. The 
manometric hallmark of diffuse esophageal 
spasm is simultaneous discoordinated contrac-
tions in more than 20% of swallow. The resultant 
tertiary contractions give the corkscrew appear-
ance on barium swallow.
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Gastroesophageal Reflux Disease
Gastroesophageal reflux disease (GERD) 
involves the reflux of chyme from the stomach to 
the esophagus. The LES may relax spontaneously 
and transiently 1–2 h after the patient has eaten, 
allowing gastric contents to regurgitate into the 
esophagus. The acid is normally neutralized and 
cleared by peristalsis from the esophagus within 
3  min and the tone of the sphincter is stored. 
When the reflux does not cause symptoms, it is 
known as physiological but in some individu-
als it may cause a spectrum of inflammatory 
responses in the esophagus. GERD is the most 
prevalent condition originating from the gastro-
intestinal tract. It is estimated than 20% of the 
Western adult population suffers from heartburn 
more than three times a month [9]. It is particu-
larly important in the pediatric age group. Also, 
GERD is common among pregnant women, 
especially during the third trimester.

The typical symptom of GERD is heartburn. 
However, a number of atypical symptoms are 
also linked to GERD, such as noncardiac chest 
pain, hoarseness, asthma, water brash, teeth ero-
sion, and halitosis.

Most children affected with gastroesophageal 
reflux (GER) are between 6 months and 2 years 
old; they suffer from poor weight gain, vomiting, 
aspiration, choking, asthmatic episodes, stridor, 
apnea, and failure to thrive. A small amount of 
physiological reflux occurs in infants and resolves 
spontaneously by 8  months of age. The Tuttle 
acid reflux test is generally considered the refer-
ence standard but is technically demanding. The 
radionuclide method has a number of potential 
advantages. It is physiological, easily performed, 
well tolerated by the patient, and quantitative and 
involves a low radiation dose to the child.

Pathophysiology
GERD is a multifactorial process. Causes 
of GERD can be categorized as follows: (a) 
decreased pressure of LES, (b) transient increase 
in intra-abdominal pressure, and (c) short intra- 
abdominal esophageal segment. Mechanisms 
involved are summarized in Table 10.2. As men-
tioned earlier, transient LES relaxation appears 

to be the most common mechanism of GERD, 
especially in patients without endoscopic evi-
dence of esophagitis [10]. In patients with mod-
erate to severe esophagitis, LES incompetence 
plays a more important role in promoting reflux. 
The relation between a sliding hiatus hernia and 
GERD is controversial. Although most patients 
with severe GERD have hiatus hernia, most 
patients with hiatus hernia are asymptomatic. 
Recent data suggest that a large hiatus hernia 
may impair acid clearance [11, 12].

Esophageal body peristalsis plays an impor-
tant role in clearing refluxed acid in both the 
upright and the supine position. Defective pri-
mary or secondary peristalsis leads to incomplete 
clearance of acid. Furthermore, salivary HCO3 
usually neutralizes acid that remains in contact 
with the esophageal mucosa. Thus, impaired sali-
vation may contribute to mucosal injury [13].

There is consensus about the fact that the 
potency of the contents of the refluxate, particu-
larly acid/pepsin, is important in the pathogen-
esis of reflux esophagitis. Bile and pancreatic 
enzymes may be additional contributing factors.

Delayed gastric emptying is documented in 
6–30% of patients with GERD.  Theoretically, 

Table 10.2 Mechanisms of gastroesophageal reflux 
disease

Mechanism Causes
Anti-reflux barrier Transient LES 

relaxation
Incompetent LES
Sliding hiatus hernia

Esophageal clearance Impaired peristalsis
Decreased salivary 
output

Refluxate composition nature Acid
Pepsin
Bile salts
Pancreatic enzymes

Gastric factors Delayed gastric 
emptying
Acid hypersecretion
Helicobacter pylori

Defective esophageal mucosal 
protection

Lack of HCO3 
secretion
Lack of mucus 
secretion
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gastric stasis can contribute to GERD. However, 
the relative importance of delayed gastric emp-
tying is not well established [13]. Helicobacter 
pylori has recently been implicated as having a 
potential role in the pathogenesis of GERD [5]. 
H. pylori may secrete proinflammatory sub-
stances that can damage esophageal mucosa 
and sensitize vagal afferent nerves or lead to the 
reduction of LES tone. In contrast, there are data 
suggesting a protective role for H. pylori against 
GERD [6].

Finally, a significant proportion of patients 
with proven esophagitis do not have increased 
exposure to acid/pepsin. These patients probably 
have disruption of mucosal defense mechanisms 
such as the mucus layer, intercellular junctional 
complexes, intracellular mechanisms of handling 
acid, and blood flow to the esophagus [14].

10.1.2  The Stomach

10.1.2.1  Anatomic and Physiological 
Considerations

Anatomic Features
The stomach is a storage sac located between the 
esophagus and duodenum (Fig. 10.1). The proxi-
mal stomach consists of the cardia, fundus, and 
body. The antrum forms the distal stomach and 
is separated from the duodenum by the pyloric 
ring. The wall structure of the stomach is similar 
to that of the rest of the gastrointestinal tract, i.e., 
it consists of the mucosa, submucosa, muscularis 
propria, and serosa. However, unlike other parts 
of the gastrointestinal tract, the muscularis con-
sists of three layers—circular, longitudinal, and 
oblique. This facilitates distension of the stom-
ach and storage of food. The muscle layer in the 
antrum is modified to aid the mixing of food. 
The pyloric ring regulates the emptying of the 
stomach.

Overall Functions
Besides storage, the stomach has a number of 
exocrine, paracrine, and endocrine functions. 
The exocrine secretions consist of HCI and pep-
sin produced by the mucosal parietal cells and 

chief cells, respectively. These cells are located 
in the fundus and body of the stomach. Most 
cells within the lamina propria and submucosa 
are responsible for the main paracrine func-
tion, namely, the release of histamine, which in 
turn stimulates the parietal cells to secrete acid. 
The antrum secretes the hormone gastrin which 
enhances gastric emptying and acid secretion.

The intrinsic factor (IF) is a glycoprotein 
secreted by parietal cells. It binds to Vitamin 
B-12. The IF-B12 complex in turn binds to spe-
cific receptors on the terminal ileal epithelium. 
Without IF, B12 cannot be absorbed and perni-
cious anemia develops. Usually failure to secrete 
IF results from gastric atrophy which causes the 
destruction of parietal cells.

Gastric Motor Physiology
The motor activity of the stomach serves two 
main functions: (a) to act as a reservoir for 
ingested meal and ensure timed delivery of food 
particles to the duodenum at a rate compatible 
with optimal digestion and (b) to disperse solids 
into small particles and to mix them with gastric 
juice. The functions are accomplished by the 
coordinated activity of three functionally distinct 
parts of the stomach: (a) the proximal stomach, 
including the fundus and proximal body; (b) the 
distal stomach, including distal body and antrum; 
and (c) the pylorus, as part of the pyloroduodenal 
unit.

The proximal stomach has three muscle layers, 
longitudinal, circular, and oblique. No myoelec-
trical activity is recorded from the fundus during 
fasting except for the interdigestive migratory 
motor complexes (see below). In the fed state, 
the fundus exhibits two forms of motor activ-
ity: receptive relaxation and accommodation. 
Receptive relaxation refers to the reduction in 
proximal stomach tone initiated by swallowing or 
pharyngeal stimulation. Accommodation is reflex 
relaxation of the proximal stomach in response to 
gastric distention. It is not induced by swallow-
ing or pharyngeal stimulation. Truncal vagotomy 
abolishes both receptive relaxation and accom-
modation, suggesting that they are mediated by 
the vagus nerve. Some gastrointestinal peptides 
such as cholecystokinin, secretin, VIP, and gas-
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trin induce proximal stomach relaxation, whereas 
motilin increases fundic pressure [15, 16].

The distal stomach is comprised of two muscle 
layers: the longitudinal and circular. Slow waves 
or slow pacer potentials originate in the pacemaker 
region, located on the greater curvature of the 
stomach near the junction of the proximal and dis-
tal stomach. Slow waves pace the normal 3 min−1 
corpus-antral peristalsis, which mixes solid and liq-
uid food with gastric juice and triturates larger par-
ticles. The distal gastric motor activity is regulated 
by cholinergic and noncholinergic, vagal efferent 
nerve fibers. Cholinergic pathways stimulate antral 
contraction whereas noncholinergic vagal nerve 
stimulation inhibits antral activity through VIP and 
possibly nitrous oxide release from inhibitory neu-
rons within the myenteric plexus.

The pyloric sphincter functions, in coordina-
tion with the duodenum, as a sieve allowing parti-
cles l mm or smaller to pass into the duodenum in 
2–4-mL aliquots with each gastric peristalsis [17]. 
Emptying of inert liquids such as 0.9% saline fol-
lows first-order kinetics; i.e., the volume of liquid 
emptied into the duodenum in a given time is a 
constant fraction of the volume that remains in 
the stomach (Fig. 10.3) [18]. Emptying of digest-

ible solid particles is characterized by a lag phase 
and a linear phase (Fig. 10.4) [19]. However, the 
caloric density, viscosity, osmolarity, and volume 
of any specific meal will influence gastric emp-
tying rates. Fibrous material in the stomach is 
emptied in the interdigestive state by migrating 
myoelectrical- contractile complexes compris-
ing 3–10 min of strong lumen-obliterating antral 
contractions [8].

10.1.2.2  Disorders of Gastric 
Emptying

Conditions that cause abnormal gastric emptying 
can be divided into two groups: disorders associ-
ated with delayed emptying and disorders asso-
ciated with dumping (Table  10.3). Diabetes is 
one of the most common causes of delayed gas-
tric emptying in clinical practice. Most afflicted 
patients have had type I diabetes for more than 
10 years, complicated by autonomic and periph-
eral neuropathy. Delayed emptying of both sol-
ids and liquids is attributed to the dysfunction 
of the proximal and distal stomach, as well as to 
increase pyloric resistance [20, 21].

Idiopathic gastroparesis is also encountered 
frequently in patients with bloating, early sati-
ety, and nausea. The exact cause is unclear but 
it may be related to post-viral gastroenteritis 
[5]. Delayed gastric emptying is a known and 
frequent complication of gastric surgery. For 
instance, vagotomy delays emptying of solids but 
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Table 10.3 Causes of gastric dysmotility

Condition Causes
Mechanical obstruction
Gastric outlet obstruction (e.g., 
tumor, peptic ulcer)
Small intestinal obstruction
Decreased gastric motility
Postsurgical gastroparesis 
(vagotomy Roux-en-Y, 
fundoplication, etc.)
Endocrine disorders (DM, 
hypothyroidism, Addison’s disease, 
hyper- or hypoparathyroidism)
Drugs (narcotics, anticholinergics, 
calcium channel blockers)
Connective tissue diseases (e.g., 
scleroderma, SLE)
Muscular disorders (myotonic 
dystrophy, dermatomyositis)
Paraneoplastic
Post-viral
Neurological disorders (migraine, 
CVA, Parkinson, dysautonomia)
Intestinal pseudo-obstruction
Idiopathic gastroparesis
Others (anorexia nervosa, uremia, 
ischemic gastroparesis, pregnancy)

Rapid gastric 
emptying 
(dumping)

Duodenal ulcer disease (including 
ZE syndrome)
Vagotomy
Antrectomy
Idiopathic

Table 10.4 Causes of duodenogastric reflux

Causes
Duodenal ulcer Gastritis
Acute cholecystitis Chronic cholecystitis
Enteritis Pancreatitis
Gastric carcinoma Surgery
Post-traumatic stress 
ulceration

Gastric surgery/
vagotomy

Duodenal hematoma Cholecystectomy
Erosive esophagitis Gallstone dyspepsia
Physiological/unknown 
cause

promotes liquid emptying. Similarly, antrectomy 
can cause rapid emptying of undigested solids 
and liquids due to the loss of mixing function and 
loss of pyloric resistance. Symptoms of delayed 
gastric emptying include early satiety, nausea, 
vomiting, postprandial abdominal bloating, 
distention, and pain. The symptoms of gastro-
paresis are nonspecific and cannot be easily dif-
ferentiated from those of mechanical obstruction. 
Other diseases such as gastritis, irritable bowel 
 syndrome, and nonnuclear dyspepsia may cause 
similar complaints.

10.1.2.3  Duodenogastric Reflux
Duodenogastric reflux (DGR) has been suggested 
to occur in normal individuals in both fasting and 
postprandial periods [22, 23], although others 
have suggested that it does not occur physiologi-

cally [24]. The amount of refluxed bile in normal 
subjects is reported to be small and clears rapidly 
from the stomach [25]. This feature helps sepa-
rate normal from abnormal subjects in the fasting 
state.

Pathologically, DGR has been associated with 
many conditions (Table 10.4), including postgas-
trectomy/vagotomy, gastric and duodenal ulcers, 
cholecystitis, and gastritis [26]. In some of these 
conditions, such as duodenal ulcer, duodenal 
hematoma, and cholecystitis, duodenal irritation 
is probably the underlying mechanism. Other 
causes may irritate the duodenal mucosa by the 
adjacent pancreatic inflammation. Slavin also 
proposed that the deficiency of pancreatic secre-
tions can explain DGR since volume, the alka-
line pH, and the physiological components of the 
pancreatic secretions may be important for main-
taining the outward flow of gastric contents [27].

10.1.3  The Intestines

10.1.3.1  The Small Intestine

Anatomic and Histologic Considerations
The small intestine is a hollow muscular cylin-
der that measures 5–6 m in length. It consists of 
three regions: duodenum, jejunum, and ileum. 
The intestinal wall is made up of four layers: the 
mucosa, the submucosa, the muscularis, and the 
serosa. The small intestinal mucosa is fashioned 
into villi and crypts to increase the surface area 
and enhance the absorptive function of the small 
bowel. The mucosa of the villi consists of absorp-
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tive columnar epithelial cells (enterocytes) and 
mucus-secreting goblet cells. Within the crypts 
the most common cell type is the undifferenti-
ated crypt cell which secretes chloride and water 
into the lumen. The crypt also contains pluripo-
tent stem cells. Furthermore, the small bowel 
harbors the enteroendocrine cells which secrete 
a number of hormones including secretin, cho-
lecystokinin, gastrin, gastric inhibitory peptide, 
motilin, glucagon, vasoactive intestinal peptide, 
somatostatin, and others. These hormones play 
an important role in gastrointestinal motility. 
Finally, the intestinal mucosa and lamina propria 
contain the largest lymphoid organ in man: the 
gut-associated lymphoid tissue (GALT) [28]. 
The latter consists of:

• M-cells
• Intraepithelial lymphocytes (IELs)
• Peyer’s patches (lymphoid follicles)
• Lamina propria T and B lymphocytes
• Dendritic cells
• Macrophages

The M-cells are specialized epithelial cells 
overlying lymphoid follicles. Because they 
are not covered by mucus, antigens can bind 
to M-cells which take in the antigens, process 
them, and present them to lymphocytes and mac-
rophages. However, the binding to antigens is 
highly selective. For instance, only pathogenic 
bacteria can attach to M-cells, whereas commen-
sals cannot. IELs are specialized T lymphocytes 
situated between the basolateral membranes of 
mucosal epithelial cells and the lamina propria. 
They appear to have an important immunologic 
function as they express CD45RO a marker of 
memory cells. Dendritic cells are derived from the 
bone marrow and reside beneath M-cells. They 
capture antigens, carry them across the mucosal 
barrier, and present them to T lymphocytes.

The submucosa consists of connective tissue, 
lymphocytes, plasma cells, macrophages, mast 
cells, fibroblasts, eosinophils, nerve fibers, gan-
glion cells (Meissner’s plexus), blood vessels, 
and lymphatics.

The muscularis is made of inner circular and 
an outer longitudinal muscle fibers. Between 

these two layers of smooth muscle lies the myen-
teric plexus, the network of intramural neurons 
that is essential for all coordinated and organized 
motor activity. The extrinsic (autonomic) nerves 
affect the gastrointestinal motility by means of 
these enteric nerves.

Functional Considerations
Most of the digestion and absorption of nutrients 
takes place in the small bowel. Moreover, the 
motor function of the small bowel ensures the 
mixing of chyme with digestive enzymes and the 
propulsion of chyme toward the colon. Also, the 
small bowel plays an important role as a first line 
of defense against pathogenic microorganisms 
and harmful food antigens.

In most instances, nutrients cannot be absorbed 
by the cells that line the gastrointestinal tract in 
the forms in which they are ingested. Digestion is 
the breakdown of ingested molecules into small 
ones via reactions catalyzed by enzymes pro-
duced by the gastrointestinal organs.

The small intestinal epithelium participates in 
digestion by secreting oligosaccharidases such as 
lactase, enterokinase, and peptidases.

Absorption refers to the process of transport-
ing molecules through the epithelial lining of the 
gastrointestinal tract into the blood or lymph.

Water, electrolytes, monosaccharides, amino 
acids, small peptides, glycerol, fatty acid, vita-
mins, and minerals are all absorbed via a number 
of mechanisms including passive diffusion, facil-
itated diffusion, active transport, and endocyto-
sis. Although absorption takes place along the 
entire length of the small intestine, the mucosa in 
certain regions selectively absorbs specific mol-
ecules. For instance, iron is primarily absorbed 
in the duodenum and proximal jejunum, whereas 
the terminal ileal mucosa has specific receptors 
for binding and absorbing vitamin B-12 and bile 
salts [29].

Under physiological conditions the small 
bowel exhibits two main motor patterns. During 
the fed state, and as a result of contact with nutri-
ents, a number of neuronal and hormonal signals 
are elicited including afferent vagal stimulation 
and the release of cholecystokinin which mediate 
segmentation and peristalsis. Segmentation is the 

10 Digestive System



394

most frequent movement in the small bowel and 
is characterized by closely spaced contractions 
of the circular muscle layer. These contractions 
divide the small intestine into short neighbor-
ing segments. Segmentation helps mix chyme 
with digestive enzymes. Peristalsis, on the other 
hand, is the progressive contraction of succes-
sive  sections of circular smooth muscle result-
ing in the propulsion of chyme toward the colon. 
Furthermore, during the fed state, the small intes-
tine especially the duodenum exerts negative 
feedback control on gastric emptying via neural 
and hormonal mechanisms (secretin, cholecysto-
kinin, and gastric inhibitory peptide).

During the fasting phase, the small intestine 
exhibits a different pattern of motility charac-
terized by bursts of intense electrical and con-
tractile activity separated by periods of lack of 
activity. This pattern is called migrating myo-
electric complex (MMC). In humans MMC 
occurs every 90–120  min, originates from the 
stomach, and sweeps through the small bowel 
till the terminal ileum. The function of MMC is 
to clear undigested particles and propagate them 
to the colon [30].

Small Intestinal Dysmotility
Motor disorders of the small bowel can lead to 
symptoms and signs of “functional” as opposed 
to mechanical small bowel obstruction. Patients 
frequently complain of abdominal distension, 
bloating, and abdominal pain, and when small 
intestinal dysmotility is associated with gastro-
paresis, nausea, and vomiting may be promi-
nent. On physical examination, the abdomen is 
usually distended and bowel sounds are dimin-
ished. Features of bacterial overgrowth may be 
observed.

Small intestinal dysmotility may be acute or 
chronic. Acute dysmotility is termed adynamic 
ileus and is commonly seen following abdominal 
surgery, severe septicemia, or electrolyte distur-
bances such as hypokalemia. Chronic dysmotil-
ity is termed pseudo-obstruction (Table 10.5).

Most cases of pseudo-obstruction are second-
ary to endocrine and metabolic causes, such as 
diabetes mellitus and hypothyroidism; neuro-
logical disorders, such as Chagas’ disease and 

Parkinsonism; or drug induced (e.g., phenothi-
azines, narcotics). Primary pseudo-obstruction is 
rare. Few cases are due to familial visceral neu-
ropathies and myopathies. However, the major-
ity of cases of primary pseudo-obstruction are 
sporadic.

Malabsorption
Malabsorption syndrome is an alteration in the 
ability of the GI tract, usually the small intestine 
to absorb one or more nutrients adequately from 
diet into the bloodstream. These may include fats, 
proteins, carbohydrates, vitamins, or others. This 
may result from acquired or congenital defects. 
The syndrome may present with anemia (most 
commonly vitamin B-12, folate, and iron defi-
ciency); diarrhea; steatorrhea (excessive amount 
of fat in the stool); abdominal distention edema; 
malnutrition and weight loss; muscle cramping 
due to decreased vitamin D, calcium, and potas-
sium levels; muscle wasting and atrophy due to 
decreased protein absorption and metabolism; 
and perianal skin burning, itching, or soreness 
due to frequent loose stools. Protein depletion 
can lead to impaired bone formation and osteo-
porosis, and calcium deficiency leads to weak-

Table 10.5 Motor disorders of the small intestine

Cause Mechanism Outcome
Acute illness Impaired smooth 

muscle contraction
Adynamic 
ileus

Altered 
neurotransmission

Pregnancy Decreased smooth 
muscle contraction 
(progesterone)

Slow transit

Diabetes 
mellitus

Autonomic 
dysfunction

Slow or rapid 
transit

Scleroderma Smooth muscle 
fibrosis

Weak 
contractions

Neuronal loss in gut 
wall

Slow transit

Primary 
pseudo- 
obstruction

Neuronal loss, 
plexus degeneration

Weak 
contractions
Abnormal 
MMC
Slow transit

Myopathies Myocyte and 
mitochondrial 
abnormalities

Weak 
segmentation 
and peristalsis
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ening and demineralization of the bone, causing 
osteomalacia.

Common causes of malabsorption syndrome 
include inflammatory bowel disease, tropical 
sprue, Whipple’s disease, lactase deficiency, and 
parasitic diseases; other causes are past intes-
tinal surgeries, bacterial overgrowth, gluten 
 enteropathy (nontropical sprue), AIDS, radiation 
to the abdomen, diabetes, lymphoma, or motil-
ity disorders. In addition to small bowel disease, 
malabsorption can occur in those who have had 
portions of their stomachs removed surgically. 
The pancreas produces enzymes that help digest 
food, so if a condition exists where enzymes are 
not being produced, it can result in maldigestion 
or malabsorption. This could include chronic 
alcoholic pancreatitis, trauma, cystic fibrosis, 
tumors, or postsurgical states. The diagnosis of 
malabsorption syndrome and identification of the 
underlying cause can require extensive diagnos-
tic testing. Generally, an endoscopy is performed 
under mild sedation, at which time a biopsy can 
be obtained to be analyzed under the microscope. 
In addition, various blood tests are helpful to 
determine if a malnourished condition exists. 
These tests may include serum cholesterol; 
serum sodium, potassium, and chloride; serum 
calcium; serum protein and albumin; serum vita-
min A and carotene; d-xylose test; Schilling test; 
and others. Stool collections and cultures are use-
ful as well as certain breath and hormone tests. 
Scintigraphic imaging and quantitation is also 
used in some forms.

Protein-Losing Enteropathy (PLE)
PLE is a condition in which excess protein loss 
into the gastrointestinal lumen is severe enough 
to produce hypoproteinemia. It occurs with 
many of the previously listed conditions caus-
ing malabsorption. Furthermore, diseases such 
as constrictive pericarditis, congestive heart fail-
ure, intestinal lymphangiectasia, nephrotic syn-
drome, and systemic lupus erythematosus may 
also cause protein loss from the gastrointestinal 
tract without any observable mucosal lesions in 
the bowel. The mechanism of the loss of plasma 
protein into the gastrointestinal tract in these dis-
eases is not yet fully understood [5].

The previously reported materials used for 
the detection of protein loss have many limita-
tions, such as rapid reabsorption of the radio-
label, unstable protein binding both in  vivo 
and in vitro, and limited availability. The need 
for measurement of fecal radioactivity over 
3–4 days has also been a drawback with some of 
the methods in which these materials are used. 
Imaging with other radioisotope-labeled materi-
als such as 111In chloride and 111In transferrin has 
been reported [6].

99mTc–labeled HSA has been used to image 
protein-losing enteropathy since its introduc-
tion in 1986 [31]. Serial imaging for up to 24 h 
is useful in detecting protein loss from the gut, 
possibly because of the intermittent nature of this 
protein loss. Tc-99m HSA is also useful in view-
ing the entire gastrointestinal tract at one time 
to permit detection of multiple potential sites of 
protein loss. A new scintigraphic method using 
99mTc-labeled dextran was first described in 1995 
by Bhatnagar et  al. [32]. This method demon-
strates significant intestinal radiotracer accumu-
lation at 3–4 h postinjection in 22 patients, giving 
information about localization and extension of 
the disease. In 4 of 12 healthy subjects, there 
was minimal abdominal accumulation occurring 
late in the study [33]. These polysaccharides of 
molecular weight between 60,000 and 90,000 
are being used as a plasma expander and, in 
radioactive tagged form, for lymphoscintigraphy 
and blood pool agents. Add brief details on the 
procedure.

Vitamin B-12 Malabsorption
Vitamin B-12 deficiency due to pure dietary inad-
equacy of this vitamin is very rare and occurs 
mainly in strict vegetarians. More often gastro-
intestinal disorders, atrophic gastritis, perni-
cious anemia, congenital lack or abnormality of 
gastric IF, or total or partial gastrectomy cause 
malabsorption and consequent deficiency of this 
vitamin. Diseases involving the distal ileum such 
as Crohn’s disease, intestinal stagnant loop syn-
drome, and rarely congenital selective ileal mal-
absorption with proteinuria (Imerslund-Grasbeck 
syndrome) may also result in malabsorption of 
vitamin B-12.
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10.1.3.2  The Colon

Anatomic and Functional Considerations
The colon is a tubular structure that extends from 
the ileocecal valve to the anal verge (Fig. 10.1). 
It measures approximately 1–5 m and consists of 
the cecum; ascending, transverse, descending, 
and sigmoid colon; and rectum. Like the small 
intestine, the colonic wall consists of the mucosal 
submucosa, muscularis, and serosa. However, the 
colonic mucosa lacks villi. Also, unlike the small 
intestine, the external longitudinal muscular layer 
is gathered into three flat longitudinal ribbons of 
smooth muscle called teniae coli. The continuous 
contractions of the teniae coli cause sacculations 
of the wall termed haustrations.

The primary function of the colon is to absorb 
water and electrolytes from its contents and to 
pack feces until defecation. The motility of the 
colon is geared toward this function. As stated 
above, throughout the colon, localized segmen-
tal contractions take place and result in mixing 
chyme. In the cecum and ascending colon, ret-
rograde (antipropulsive) contractions also occur. 
The net effect of these motility patterns is to slow 
transit and facilitate the absorption of water and 
electrolytes. Periodically, massive contractions 
start in the proximal colon to propel fecal material 
toward the sigmoid colon where it is stored. One 
to three times a day, mass contractions sweep the 
stool toward the rectum. Distension of the rectum 
by feces initiates the defecation reflex which is 
mediated by the pelvic nerves and integrated at 
the level of the sacral spinal cord.

Pathophysiology of Relevant Colon 
Diseases

Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) refers to two 
disorders: Crohn’s disease (CD) and ulcerative 
colitis (UC). Both conditions are characterized 
by chronic relapsing intestinal inflammation. 
UC affects the colon only, and the inflammation 
is limited to the mucosa  +  submucosa in most 
cases. CD can affect the entire gastrointestinal 
tract from mouth to anus. The inflammation in 
CD is granulomatous and transmural. Besides 

inflammation of the gut, IBD is associated with 
a number of systemic manifestations including 
anterior uveitis, axial and peripheral arthropathy, 
primary sclerosing cholangitis, erythema nodo-
sum, and pyoderma gangrenosum.

The etiology of IBD is not totally settled. 
Proposed factors include environmental, infec-
tious, genetic, autoimmune, and host fac-
tors. After first described by Burrill B.  Crohn, 
Crohn’s disease was considered an infectious 
disease. Crohn’s disease and ulcerative colitis 
were thought to be autoimmune diseases, and 
currently, microbial factors, as well as other 
direct environmental influences, have been pro-
posed [34].

A lot of research has been performed to dis-
cover potential genes linked to IBD. One of the 
early linkages discovered was on chromosome 
16 (IBD1 gene), which led to the identification 
of the NOD2 gene (now called CARD15) as 
the first gene clearly associated with IBD (as a 
susceptibility gene for Crohn’s disease). Studies 
have also provided strong support for IBD sus-
ceptibility genes on chromosomes 5 (5q31) and 
6 (6p21 and 19p). None of these mechanisms has 
been implicated as the primary cause, but they 
are postulated as potential causes.

The pathophysiology of IBD is still incom-
pletely understood and is under active inves-
tigation, but the common end pathway is 
inflammation of the mucosal lining of the intes-
tinal tract, causing ulceration, edema, bleeding, 
and fluid and electrolyte loss. The inflamma-
tion of the intestinal mucosa includes both acute 
inflammation with neutrophilic infiltration and 
chronic with mononuclear cell infiltration, pre-
dominantly lymphocytes [35].

Many of the immunologic and molecular 
mechanisms that mediate inflammation have 
been elucidated in recent years. Three groups of 
factors seem to play a role: genetic predisposi-
tion, mucosal immune dysregulation, and envi-
ronmental agents (Table  10.6). The importance 
of genetic factors in the pathogenesis of IBD is 
evidenced by familial aggregation of CD and 
UC cases. Approximately 10–20% of patients 
with IBD have an affected relative. Concordance 
among monozygotic twins especially in CD also 
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Table 10.6 Pathogenesis of inflammatory bowel disease

Genetic predisposition Environmental factors Immunologic dysregulation
Family clustering Infectious agents Proinflammatory mediators
NOD2 gene variants Dietary antigens Anti-inflammatory mediators
Gene loci on Chr. 2,3,12 Intestinal commensals

supports the notion of genetic predisposition. . 
One of the early linkages discovered was on chro-
mosome 16 (IBD1 gene), which led to the identi-
fication of the NOD2 gene (now called CARD15) 
as the first gene clearly associated with IBD (as a 
susceptibility gene for Crohn’s disease). Studies 
have also provided strong support for IBD sus-
ceptibility genes on chromosomes 5 (5q31) and 
6 (6p21 and 19p). None of these mechanisms has 
been implicated as the primary cause, but they 
are postulated as potential causes [35].

This gene mediates the innate immune 
response to microbial pathogens. Similarly a 
number of other susceptibility genes have been 
identified in relation to CD and UC.

In genetically predisposed individuals, envi-
ronmental factors can precipitate the disease 
by inducing an abroad immunologic response 
characterized by an imbalance between anti- 
inflammatory mediators.

The mucosal immune system plays a central 
role in the pathogenesis of IBD.  A defective 
mucosal barrier may allow the uptake of micro-
bial and ingested antigens. Under physiological 
conditions, GALT selectively removes harmful 
antigens. This process is mediated by the den-
dritic cells which are the main antigen present-
ing cells in GALT.  The interaction of dendritic 
cells with T lymphocytes results in immunosup-
pression (tolerance) toward commensals and 
beneficial antigens. In IBD patients, tolerance is 
lost due to a number of immunoregulatory abnor-
malities including an imbalance between proin-
flammatory and anti-inflammatory mediators in 
favor of the former. For instance, the levels of 
IL-1, IL-6, IL-18, tumor necrosis factor alpha 
(TNF alpha), and interferon gamma are raised 
in patients with CD (TH1 response), whereas 
the levels of IL-1ra, TGF beta, 4-Y, IL-10 (TH2 
response), and prostaglandin E2 are reduced. The 
role of TNF alpha is of particular therapeutic sig-

nificance. Monoclonal antibodies to TNE alpha 
have been shown to be effective in treating CD.

The rising incidence of IBD especially CD in 
recent years is highly suggestive of the role of 
environmental factors in modulating the immune 
response. Furthermore, a number of studies have 
shown a positive correlation between smok-
ing and CD and a negative association with 
UC.  Other factors that have been implicated as 
environmental precipitants of IBD include the 
use of NSAIDS, antibiotics, infective diarrheal 
illnesses, and increased intake of refined sugar. In 
the genetically susceptible rodent model of IBD, 
colitis does not develop when the gut is sterile, 
and IBD is precipitated by the introduction of 
bacteria into the diet [36, 37].

The primary pathophysiologic change of UC 
is inflammation of the mucosa and the submu-
cosa and formation of crypt abscesses and muco-
sal ulceration with skip areas. The small intestine 
is essentially not involved. UC primarily involves 
the mucosa and the submucosa, with formation 
of crypt abscesses and mucosal ulceration.

CD consists of segmental involvement by a 
nonspecific granulomatous inflammatory process 
involving all layers of bowel with skip areas. The 
disease involves the small bowel in addition to 
the colon, and rectal sparing is typical. Less com-
monly it involves the mouth, tongue, esophagus, 
stomach, and duodenum.

Acute Appendicitis
The appendix is a diverticulum of an average 
of 10  cm in adults arising from the postero-
medial wall of the cecum with its fixed to the 
cecum, while the remainder of the appendix is 
free. This fact accounts for its variable posi-
tions (retrocecal, subcecal, retroileal, pre-ileal, 
or pelvic) and behind much of the diversity 
in clinical presentations among patients with 
acute appendicitis [38].
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The pathophysiology of appendicitis begins 
with obstruction of the narrow appendiceal 
lumen by causes, including fecaliths, lymphoid 
hyperplasia (related to viral illnesses such as 
upper respiratory infections, mononucleosis, or 
gastroenteritis), gastrointestinal parasites, for-
eign  bodies, and Crohn’s disease. Continued 
secretion of mucus results in elevated intralu-
minal pressure, leading to tissue ischemia, over-
growth of bacteria, transmural inflammation, 
appendiceal infarction, and possible perforation. 
Inflammation may subsequently extend into the 
parietal peritoneum and adjacent structures caus-
ing abdominal abscesses.

Acute appendicitis is the most common rea-
son for emergency abdominal surgery and must 
be differentiated from other causes of abdominal 
pain. The overall diagnostic accuracy achieved 
by medical history, physical examination, and 
laboratory tests has been approximately 80% 
as the presentation may be atypical. In atypical 
cases, ultrasonography and computed tomogra-
phy (CT) may help lower the rate of unnecessary 
surgeries. The accuracy rates for ultrasonog-
raphy range from 71 to 97% and the modality 
is highly operator dependent and difficult in 
patients with a large body habitus. The accuracy 
rate of CT scanning is between 93 and 98%. 
However, there is controversy regarding the use 
of contrast media and which CT technique is 
best. Additionally, radiation exposure, cost, and 
possible complications from contrast media are 
disadvantages [4].

Colorectal Cancer
The incidence of colorectal cancer is highest in 
developed countries, such as the USA and Japan, 
and lowest in developing countries in Africa and 
Asia. It is the third most common type of cancer in 
both men and women in the USA. Pathologically 
most (over 95%) of colorectal cancers are ade-
nocarcinomas. Surgery, chemotherapy, radia-
tion therapy, and immunotherapy are the lines 
of treatment. Nuclear medicine has an important 
role in the follow-up to detect recurrence (see 
Chap. 12). FDG-PET has an important role as it 
is more sensitive than computed tomography for 
the detection of metastatic or recurrent colorec-

tal cancer (Fig. 10.5) and may improve clinical 
management in more than 25% of cases [39]. It 
is of particular importance to differentiate post- 
therapy fibrosis and inflammation from viable 
tumor in the presacral region.

Gastrointestinal Bleeding
The localization of the specific bleeding site 
in patients presenting with acute GI bleeding 
remains a serious clinical problem. Scintigraphy 
has emerged as the imaging modality of first 
choice for localizing bleeding sites in the lower 
gastrointestinal tract.

Acute gastrointestinal bleeding (GIB) can be 
divided into bleeding in the upper (proximal to 
the ligament of Treitz) or lower tract. If acute 
upper GIB is a possibility, lavage with a nasogas-
tric tube should identify acute or subacute bleed-
ing. Endoscopy will localize 80–97% cases of 
acute upper bleeding; of these, 75% will resolve 
spontaneously or with conservative medical 
therapy and 10% will require surgery. Because 
of the length and tortuosity of the colon and con-
tamination of fecal matter and blood, endoscopy 
is not that successful in lower GIB cases. Peptic 
ulcers are the most common cause of upper 
GIB; other causes include gastritis, esophageal 
varices, Mallory Weiss tear, esophagitis with or 
without hiatal hernia, and carcinoma [40]. The 
three leading causes of lower GIB are diver-
ticular disease, angiodysplasia, and colorec-
tal cancer. Other causes include inflammatory 
bowel disease, ischemic colitis, infectious colitis 
(inflammation of the colon due to an infective 
cause, including bacterial, viral, fungal, or para-
sitic), and anorectal disease (Table  10.7). This 
bleeding usually resolves spontaneously in 80% 
of cases and rebleeds in 25%. Angiodysplasias 
account for 20% of significant lower GIB and 
tend to rebleed.

Meckel’s diverticulum is a vestige of the 
omphalomesenteric duct that is present in about 
2% of the population with two thirds younger 
than 2  years. It is an outpouch usually found 
on the antimesenteric border of the ileum, 
50–80  cm proximal to the ileocecal valve. 
Ectopic gastric mucosa is present in about 30% 
of cases. Nearly all diverticula responsible for 
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Fig. 10.5 F-18 FDG study of a patient who had rising 
CEA 5  years after resection of rectal adenocarcinoma. 
MRI and CT were inconclusive. Five biopsies were 

obtained from the rectum and were negative. The FDG 
study shows clearly viable local tumor recurrence and 
metastases in the right adrenal gland (arrows)

Table 10.7 Causes of GI bleedinga

Upper gastrointestinal bleeding
Esophageal, gastric, and duodenal ulcers
Mallory Weiss tears
Esophagitis, gastritis, duodenitis, pancreatitis
Neoplasms
Vascular malformations
Varices
Lower gastrointestinal bleeding
Post-polypectomy bleeding
Ischemic colitis
Colorectal polyps/neoplasms
Inflammatory bowel disease
Infectious colitis
Meckel’s diverticulum
Neoplasia
NSAID ulcers
Dieulafoy’s lesion
Anorectal conditions as rectal varices and radiation 
proctitis

a [41–44]

rectal bleeding contain ectopic gastric mucosa. 
Bleeding, which is usually massive and pain-
less, may result from ileal mucosal ulceration 
due to acid secretion.

Scintigraphy and computed tomography 
angiography (CTA) are the most important non- 
invasive imaging tests that can identify pres-
ence of and help locate the site of bleeding [41]. 
Patients with lower GIB should be stabilized and 
supported while diagnostic studies are performed. 
More commonly, a nuclear medicine study is per-
formed first to localize the bleeding because it is 
more sensitive for slow or intermittent bleeding, 
which is a common occurrence. If the scan is pos-
itive, arteriography can be employed to deliver 
vasopressin or embolic agents selectively into the 
bleeding artery. The most recent ACR appropri-
ateness criteria guidelines for stable patients with 
lower GI bleeds give equal weight to Tc-99m 
RBC scan and CTA [45].
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10.1.4  Salivary Gland

10.1.4.1  Anatomic and Physiologic 
Considerations

The major salivary glands include the parotid 
and the submandibular gland. The parotid gland 
is located behind the mandible and consists of 
a superficial and a deep part. The main parotid 
duct (Stensen’s duct) runs anteriorly to pierce 
the buccinator muscle, opening on a papilla on 
the buccal mucosa opposite the second upper 
molar tooth. The submandibular gland is smaller 
than the parotid and lies in the submaxillary tri-
angle just below the mandible. The main duct 
(Wharton’s duct) passes forward and medially to 
open on a papilla lateral to the frenulum at the 
base of the tongue. The sublingual glands are 
situated anteriorly in the floor of the mouth above 
the mylohyoid muscle, and each gland opens into 
the oral cavity through several small ducts.

Salivary glands secrete saliva which is a clear, 
viscous, and watery fluid that contains two major 
types of protein secretions, a serous secretion 
containing the digestive enzyme ptyalin and a 
mucus secretion containing the lubricating aid 
mucin. Saliva also contains large amounts of 
potassium and bicarbonate ions and to a lesser 
extent sodium and chloride ions as well as several 
antimicrobial constituents, including thiocyanate, 
lysozyme, immunoglobulins, lactoferrin, and 
transferrin. Accordingly saliva provides many 
several functions including antimicrobial activ-
ity, mechanical cleansing action, control of pH, 
removal of food debris from the oral cavity, lubri-
cation of the oral cavity, remineralization, and 
maintaining the integrity of the oral mucosa.

10.1.4.2  Pathophysiology of Relevant 
Disorders

Nuclear medicine-relevant conditions affect-
ing salivary glands are numerous. These include 
inflammatory, neoplastic, and mechanical disor-
ders affecting the parenchyma and duct system. 
Xerostomia is defined as dry mouth resulting from 
reduced or absent saliva flow. It is not a disease 
but is a symptom of various medical conditions. 
Xerostomia may result from such conditions as 

mumps, Sjögren’s syndrome, sarcoidosis, radia-
tion-induced atrophy, and drug sensitivity.

Inflammation of salivary glands usually pres-
ents as diffuse enlargement of the glands, unilat-
eral or bilateral. Bilateral enlargement is caused 
by inflammation (mumps, Sjögren’s syndrome), 
granulomatous disease (sarcoidosis), or diffuse 
neoplastic involvement (leukemia and lym-
phoma). The vast majority of salivary neoplasms 
occur in the parotid gland. Over two thirds rep-
resent benign mixed or pleomorphic adenomas. 
Warthin’s tumor is another benign tumor that can 
be bilateral. The more common malignant tumors 
include mucoepidermoid carcinoma, adenocarci-
noma, and squamous cell carcinoma. Plain films 
are of limited use for evaluating these tumors. 
Sialography in conjunction with CT is the pre-
ferred technique [46, 47]. The CT sialogram 
demonstrates the location of the tumor within 
the gland and also defines any involvement of the 
deep structures of the neck.

The duct system of the parotid and the sub-
mandibular glands can be demonstrated by 
sialography, and the technique is particularly 
valuable in the diagnosis of diseases which affect 
the duct system such as calculus, stricture, and 
sialectasia.

10.1.5  Ascites

Ascites is the accumulation of excess fluid 
within the peritoneal cavity. It is most frequently 
encountered in patients with cirrhosis and other 
forms of severe liver disease, but a number of 
other disorders may lead to either transudative or 
exudative ascites. Serous effusion into the peri-
toneum occurs in cases of general edema of both 
the cardiac and renal type and is sometimes abun-
dant; some fluid may accumulate also in severe 
anemias and wasting disease. The most severe 
ascites, however, results from portal obstruction, 
the most common cause being cirrhosis of the 
liver. Hepatic vein occlusion (Budd–Chiari syn-
drome) is also accompanied by gross ascites.

The pathogenesis of ascites is complex, 
and multiple factors have been postulated to 

A. H. Elgazzar and S. A. Alenezi



401

be involved. In cirrhosis the major vascular 
obstruction is post-sinusoidal, and the flow of 
lymph is considerably augmented. The lym-
phatic vessels, including the thoracic duct, are 
dilated but nevertheless appear inadequate to 
deal with the increased volume of lymph. Fluid 
oozes from the liver surface; this is called the 
weeping liver.

Another factor in the pathogenesis of ascites 
is hypoalbuminemia, since if this is combined 
experimentally with portal vein obstruction, asci-
tes develops. It has been postulated that the major 
factor in the formation of ascites is retention of 
salt and water by the kidney, followed by an out-
flow of fluid into the peritoneal cavity. Another 
factor to consider in the pathogenesis of ascites is 
the increased capillary pressure in the splanchnic 
area secondary to portal hypertension. This leads 
to the formation of transudate.

Surgical management of ascites includes 
various shunt operations. Most are performed 
as therapy for esophageal bleeding. Which 
shunt operation is most effective in relieving 
ascites has not been established; in fact, asci-
tes is reduced after any type of portosystemic 
shunt as a consequence of decreased portal flow 
and decreased intrahepatic congestion. Among 
the most commonly performed shunts, spleno-
renal and splenocaval shunts and their vari-
ants have proven effective in relieving ascites. 
Transjugular intrahepatic portosystemic shunt 
(TIPS) has been used to reduce portal hyperten-
sion in patients with bleeding esophageal vari-
ces. TIPS has been shown to relieve intractable 
ascites as well.

The peritoneovenous shunt is a pressure- 
activated shunt devised by LeVeen. One line of 
this shunt lies free in the peritoneal cavity, and 
the venous opening of the efferent inserts into the 
SVC near its entrance into the right atrium. Flow 
into the shunt is maintained if there is 3–5 cmH2O 
pressure gradient between the valve and its 
venous end. Radionuclide studies using Tc99m- 
macroaggregated albumin (MAA) injected intra-
peritoneally are used to evaluate the patency of 
the shunts [48–50].

10.1.6  Gastrointestinal Scintigraphy

10.1.6.1  Radionuclide Esophageal 
Transit Time Study

This study has proven useful and sensitive in 
detecting esophageal disorders and its involve-
ment in certain systemic disorders.

The patient should fast for 4–6 h. A dose of 
250–500 μCi Tc-99m-SC in 10  mL of water is 
taken through a straw. The multiple-swallow 
technique is preferred over the single-swallow 
test because of the considerable intraindividual 
variations in esophageal emptying among normal 
subjects and patients. It is preferable to do the 
imaging with the subject in the supine position 
to eliminate the effect of gravity; images of 1 s 
each are acquired to characterize the esophageal 
transit. Delayed images at 10 min may be helpful 
in patients with significant stasis of radioactivity 
in the esophagus. A time-activity curve can be 
generated; the esophageal transit time is the time 
interval between the peak activity of the proximal 
esophageal curve and the peak activity of the dis-
tal esophageal curve.

The normal transit time is 15  s, with a dis-
tinct peak in each third of the esophagus. A 
slowing of bolus progression can be noted at the 
mid- esophagus because of compression by the 
tracheal bifurcation and aortic arch. Prolonged 
transit time might be found in several esophageal 
and systemic disorders such as achalasia, pro-
gressive systemic sclerosis, diffuse esophageal 
spasm, nonspecific motor disorders, nutcracker 
esophagus, Zenker’s diverticulum (an outpouch 
above the UES that is acquired), esophageal 
tumors, and esophageal stricture.

10.1.6.2  Gastroesophageal Reflux 
Study

The patient should fast for 4  h. The dose is 
0.5–1  mCi Tc-99m-SC in 300  mL of acidic 
orange juice. Imaging is performed with the sub-
ject in a supine position at a rate of 1 frame/10 s 
for 60 min. All frames should be reviewed with 
contrast enhancement. GER is seen as distinct 
spikes of activity into the esophagus (Fig. 10.6). 
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Fig. 10.6 A gastroesophageal reflux study obtained using 99mTc-sulfur colloid for a 2-year-old boy demonstrates reflux 
in three frames (arrows)

The episodes of reflux are graded as high or low 
level, by duration (less or more than 10 s), and 
by their temporal relationship to meal ingestion. 
The salivagram can often reveal aspiration when 
a GER study is negative.

This scintigraphic study has 89% correlation 
with the acid reflux test. The evidence of pulmo-
nary aspiration is valuable in the pediatric age 
group, though it is seen in up to 25% of cases of 
aspiration with reflux.

10.1.6.3  Gastric Emptying Study
The patient should avoid smoking, since it affects 
emptying, and should fast overnight. The dose is 
0.5–1.0 mCi Tc-99m-SC mixed with egg white 
or liver pâté as a solid meal. Dynamic images 
can be taken for 60 min or longer (Figs. 10.7 and 
10.8), and if necessary, static delayed images are 
taken every 15 min until at least 50% of the stom-
ach activity (content) has gone into the bowel. 
Normally, the stomach should empty 50% of the 
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Fig. 10.7 Abnormal gastric emptying study. 99mTc-sulfur 
colloid gastric emptying study is shown. Gastric emptying 
half-clearance time was more than 160 min. Note activity 

in the stomach is not decreasing with time indicating 
delayed clearance. Compare with the normal pattern in 
Fig. 10.8

activity measured at time zero, by 90 min. The lag 
phase corresponds to maximal filling of the distal 
stomach when trituration has been completed and 
the suspended solid particles begin to empty. Lag 
phase abnormality may be the earliest finding in 
diabetic gastroparesis and can be corrected by the 
drugs used to treat this condition [15, 21]. Solids 
leave the stomach in a linear fashion. Acutely 

delayed emptying is seen in stress (as in cold or 
pain), due to drugs (morphine, anticholinergics, 
levodopa, nicotine, beta blockers) and due to 
hyperglycemia and hypokalemia.

Chronically delayed gastric emptying is encoun-
tered most frequently in gastric outlet obstruction, 
postvagotomy, gastric ulcer, scleroderma, derma-
tomyositis, hypothyroidism, diabetes mellitus, 
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Fig. 10.8 Normal gastric emptying study. The study revealed normal gastric emptying quantitatively. Note the decreas-
ing activity of gastric activity with time during the study, indicating prompt clearance

amyloidosis, and uremia. Abnormally rapid gastric 
emptying is found in gastric surgery, Zollinger-
Ellison syndrome, duodenal ulcer, hyperthyroid-
ism, and diabetes.

It should be noted that the reproducibility of 
gastric emptying studies is only moderately as 
in 30% of studies repeat studies can be different 
[51]. Accordingly, the diagnosis of gastropare-
sis based on a single study may occasionally be 
inaccurate.

An ingestible, telemetric device (the wireless 
motility capsule: WMC) is now commercially 
available, enabling the measurement of both 
regional and total GI transit times in a minimally 
invasive manner without radiations is an alterna-
tive to scintigraphy. The wireless motility capsule 
measures pH, pressure, and temperature through-
out the GI tract, and is used also to calculate gas-
tric emptying [52].

10.1.6.4  Duodenogastric Reflux 
Study

The way of detecting duodenogastric reflux is to 
administer a radiopharmaceutical that can go to the 
duodenum without passing through the stomach. 
This can be achieved by using hepatobiliary radio-
pharmaceuticals in conjunction with stimulation of 
the gall bladder to empty by a fatty meal. This helps 
to increase the activity in the duodenum and thus to 
detect the reflux. The usual protocol is to acquire 
dynamically for 60 min following i.v. administra-
tion of Tc99m-IDA derivative (Fig. 10.9). The fatty 
meal is then ingested by the patient and another 
dynamic study is obtained for 30 min.

10.1.6.5  Gastrointestinal Bleeding 
Localization Study

This radionuclide study can detect a bleeding 
rate as low as 0.1  mL/min. The two common 
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Fig. 10.9 Representa-
tive images of a 
hepatobiliary study of a 
32-year-old male patient 
suspected of having 
acute cholecystitis. In 
addition to the 
nonvisualized gallblad-
der by 60 min shown in 
the images presented, 
significant duodenogas-
tric reflux is seen 
(arrow)

indications for a radionuclide bleeding scan are 
as follows:

 1. Suspected acute ongoing or intermittent lower 
GIB of unknown localization with nondiag-
nostic endoscopy.

 2. Follow-up of known bleeding to assess treat-
ment effectiveness.

A radionuclide bleeding scan plays only a 
very small role in the evaluation of upper GIB 
because of the high accuracy of endoscopy and 
because of potential interference from radiotracer 
activity normally excreted by the gastric mucosa. 
All patients with prior aortic graft surgery and 
GIB should be considered to have an aortoenteric 
fistula until proven otherwise.

Two radiopharmaceuticals are available for 
the study of lower GIB: Tc-99m-labeled RBCs 
and Tc-99m-sulfur colloid.

 1. Using Tc-99m-labeled RBCs is the most 
commonly used method. The patient’s RBCs 
should be labeled in  vitro to get the high-
est labeling efficiency. Imaging is begun 
with injection of the radiolabeled RBCs, 
where dynamic images are taken at a rate 
of 1  frame/10–60  s. Rapid bleeding can be 
detected with first-minute flow images taken 
at a rate of 1  s/frame. The extravasation 
manifests as focal activity that appears dur-
ing the blood pool phase, initially intensifies, 
and moves anterograde and retrograde in a 
bowel- like trajectory on subsequent images 
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Fig. 10.10 99mTc-labeled RBC study for localization of gastrointestinal bleeding showing a focus of extravasated activ-
ity in the right hepatic flexure, which progressed later during the study (arrows)

(Fig. 10.10). It is extremely important to view 
the study in a cine mode, which can clarify 
difficult cases. If transit time is rapid, 1  mg 
glucagon can be given i.v. to reduce bowel 
motility. The sensitivity of this cinematic 
method is more than 90% [53].

To localize the bleeding site, 5 cc or more 
of extravasation may be needed. The patients 
can be monitored for up to 24 h; however, the 
site of extravasation may be easily misinter-
preted [54]. A negative radionuclide study is 
good evidence that angiography will not 
detect the site of hemorrhage.

 2. In the Tc-99m-sulfur colloid method, the 
study can be performed in approximately 
30  min, in cases of active lower GIB (if no 
time is available for labeling the RBCs) where 
time is vital for the management of the patient. 
This tracer is cleared from the circulation with 
a half-time of 2.5–3.5  min. By 12–15  min, 
most of the activity is cleared from the vascu-
lar system (background), resulting in a high 
target-to-background ratio. The clearance is 
delayed in patients with diffuse liver disease. 
The study is fast and sensitive with quick 
results, but intermittent bleeding sites may be 
missed. Small bowel bleeding can be differen-

tiated from colonic bleeding by the appear-
ance of blood filling multiple loops of small 
bowel.

The technique of Tc-99m-labeled RBCs is 
preferred. However, for acute or continuous 
bleeding, a Tc-99m-SC study may be used, and 
in this case, images are taken for 30 min, which 
can detect a blood loss of 0.1 mL/min. If this is 
negative or blood loss is known to be intermit-
tent, a labeled RBC study is used.

10.1.6.6  Meckel’s Diverticulum Study
Scintigraphy is performed using Tc-99m- 
pertechnetate, since it is taken up by the gas-
tric mucosa contained in Meckel’s diverticulum 
(Figs. 10.11 and 10.12). The radiotracer accumu-
lates in and is excreted from the mucus-secreting 
cells in the ectopic gastric mucosa regardless of 
the presence of parietal cells.

The patient should be fasting for 4–6  h to 
reduce gastric secretion passing through the 
bowel. With Tc-99m-pertechnetate, Meckel’s 
diverticulum appears at the same time as the 
stomach and the activity increases in intensity 
with the stomach; it may change in position 
during the study and may empty its contents 
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Fig. 10.11 Negative Meckel’s diverticulum study

Fig. 10.12 Positive study for Meckel’s diverticulum (arrows)

into the bowel. Pharmacological intervention 
improves the sensitivity of the study. Cimetidine 
enhances gastric uptake and blocks pertechne-
tate release from the mucosa. Glucagon is given 
i.v. 10 min after pertechnetate to inhibit peristal-

sis and delay emptying of gastric contents into 
the small bowel.

Any blood leaking into the bowel would be 
apparent, although it would not show the rounded 
appearance of Meckel’s diverticulum. Among the 

10 Digestive System



408

false-positive cases are renal transplant, renal 
pelvis, ureter, bladder diverticulum, iliac ves-
sels and uterus, ectopic gastric mucosa in small 
bowel other than Meckel’s diverticulum, infec-
tion (as in acute appendicitis), and intussuscep-
tion. Among the false-negative cases are absence 
of ectopic gastric mucosa in the diverticulum 
and diverticulum hidden by bladder or stom-
ach. The  sensitivity of Tc-99m-pertechnetate is 
overall more than 85%, but it drops after adoles-
cence because patients asymptomatic throughout 
childhood are less likely to have ectopic gastric 
mucosa. In a recent study on children under 
18 years of age, the sensitivity, specificity, PPV, 
NPV, and accuracy values were 84%, 97%, 90%, 
95%, and 94%, respectively [55].

10.1.6.7  Imaging of Inflammatory 
Bowel Disease

The diagnosis of inflammatory bowel disease 
(IBD) needs a complex workup. Besides verify-
ing the disease itself, it is fundamental to assess 
disease extent and activity and to detect associ-
ated complications, to help select the most effec-
tive treatment and for follow-up. Scintigraphy 
with radiolabeled leukocytes (Fig. 10.13) is able 
to provide a complete survey of the whole intes-
tinal tract, both the small and large bowel, and 
detects septic complications successfully with 
negligible risk. Radionuclide procedures are use-
ful in establishing or ruling out IBD in patients 
with intestinal complaints, in assessing disease 
severity, and in the evaluation of extraintestinal 
septic complications [56]. Radiolabeled leu-
kocytes studies offer an accepted radionuclide 
method for imaging inflammation. Because of 
many advantages of tecnetium-99m (99mTc) over 
indium-111 (111In), 99mTc-HMPAO- leukocyte 
scintigraphy is preferred for the investigation of 
IBD. The 99mTc-HMPAO-leukocyte scintigraphy 
technique is highly accurate within the first few 
hours postinjection. It can reliably assess dis-
ease activity, but a normal scintigraphy does not 
exclude mild inflammation [57]. Recently the 
immunoscintigraphy with 99mTc- antigranulocyte 
antibodies has been carried out; however, 99mTc-
HMPAO is the first-choice agent with SPECT/
CT preferred (Figs. 10.13 and 10.14). FDG-PET/

CT is very helpful in localization of activity . It 
is an excellent method for the noninvasive quan-
tification of bowel inflammation and in assess-
ing advancement of the disease [58]. For more 
details, please refer to Chap. 4.

10.1.6.8  Salivary Gland Imaging
Several modalities can be used for the diagnosis of 
salivary gland disorders. Standard radiographs are 
of limited value. Sialography is particularly useful 
for duct system conditions. Parenchymal diseases 
like tumors are better shown by CT and US. CT 
can be combined with sialography, and this com-
bination is currently the most sensitive technique 
for localizing small tumors [46]. Scintigraphy is 
needed in some conditions that cannot be evalu-
ated by morphologic modalities particularly func-
tional conditions such as xerostomia.

Salivary gland scintigraphy is carried out 
after 5–15  mCi (185–550  MBq) of Tc99m- 
pertechnetate injected in the patient intravenously. 

Fig. 10.13 In 111 WBC study in a patient with known 
inflammatory bowel disease showing significant uptake 
by the colon (arrow) indicating active disease
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Fig. 10.14 In 111 
WBC study of a patient 
with inflammatory 
bowel disease. On 4-h 
In-111 WBC images (a), 
there is mild diffuse 
labeled WBC 
accumulation in the 
descending and sigmoid 
colon (arrow). On 24-h 
images (b), the 
accumulation in the 
upper part of the 
descending colon and 
splenic flexure are more 
intense (arrow). SPECT/
CT (c) more clearly 
shows the uptake in the 
colon’s splenic flexure 
(arrow) since there is a 
superimposition of the 
spleen and splenic 
flexure on planar images

Dynamic images are obtained as 1-min frames 
for 15–20 min. The patient is asked to drink two 
glasses of water before the study, and a sialagogue 
(20-mL lemon juice) is given at 10 min to stimu-
late salivation. The images are obtained for the 
anterior face and neck in the sitting position, using 
a low-energy, high-resolution collimator. Extra 
images for right and left laterals are obtained for 
2  min each to localize the activity. Regions of 
interest (ROI) are drawn and a graph is plotted to 
assess the function of the salivary glands.

Findings on a normal scan are a stepwise ris-
ing curve of activity with an abrupt drop after 
the sialagogue and a subsequent rise again 
(Fig. 10.15). In Sjögren’s syndrome there will be 
decreased accumulation of radiotracer compared 
with the thyroid gland and delayed clearance 
(Fig.  10.16). In Warthin’s tumor (adenolym-
phoma), there is an intense increase in the focal 
area of activity because it mimics thyroid tissue 
in pertechnetate uptake [59–61].

10.1.6.9  Imaging of Appendicitis
Radioisotope imaging using labeled white blood 
cells and more recently antigranulocyte antibody 

technetium (99mTc) fanolesomab (NeutroSpec) 
has been used for appendicitis imaging patients 
with equivocal signs and symptoms of appen-
dicitis. Localized uptake of tracer in the RLQ 
suggests appendiceal inflammation. Tc99m 
HMPAO labeled leukocyte showed a sensitivity 
of 90–98% and specificity of 92–96% [62, 63]. 
Recent reports suggest a possible role of FDG-
PET/CT to diagnose appendicitis [64].

10.1.6.10  Scintigraphic Non-imaging 
Procedures

Carbon-14 Breath Tests
This simple carbon-14 breath test has been uti-
lized increasingly in recent years in gastroin-
testinal practice. The test is based on detection 
and quantitation of radioactive carbon dioxide 
originating in the stomach or small intestines 
and exhaled through the respiratory system 
after being absorbed into the blood stream. This 
is based on the ability of the H. pylori urease 
enzyme to break down an isotope-labeled urea 
solution ingested by the patient into carbon 
dioxide and ammonia [65]. The test is useful in 
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Fig. 10.15 Normal pattern on a salivary radionuclide study. Note the adequate accumulation of the radiotracer with 
good clearance

the diagnosis of several disease processes, par-
ticularly Helicobacter pylori infections, lactose 
intolerance, and malabsorption due to bacterial 
deconjugation of bile acids.

Helicobacter pylori Infections
Helicobacter pylori has been known for many 
years and was previously called Campylobacter 
pylori or Campylobacter pyloridis. It is a small, 
curved, gram-negative rod found in the stom-
ach (Fig.  10.17) and duodenum of many indi-
viduals. The prevalence correlates best with 

socioeconomic status. In the USA, the over-
all probability of infection is 20–30%. Among 
African- Americans the probability is about 50%, 
and approximately 60% of immigrants such as 
Latinos are affected. The infection approaches 
90% in third-world countries, where it occurs in 
10% of children between the age of 2 and 8 years 
per year and most teens become infected [65–72].

H. pylori infection is known to be associated 
with several pathological disorders. The organism 
causes the most common type of nonerosive gas-
tritis, which characteristically involves the antrum 
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Fig. 10.16 99mTc-
pertechnetate salivary 
gland study showing 
poor uptake and clear-
ance of the radiotracer in 
a patient with Sjögren’s 
syndrome. Visually (a) 
and on time-activity 
curves (b)
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Fig. 10.17 Helicobacter pylori as seen on H & E stain (a) and Giemsa stain (b). (Courtesy of Prof. M. Elmonayeri with 
thanks)

and body of the stomach. It is found in almost all 
patients with duodenal ulcers and approximately 
80% of those with gastric ulcer. Other conditions 
such as gastric adenocarcinoma and lymphoma, 

chronic fatigue syndrome, and acne rosacea are 
also linked to the organism [63, 64]. Recently 
it has also been suggested to be involved in the 
pathogenesis of coronary artery disease.
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The diagnosis of H. pylori may be obtained 
by endoscopy specimen, by a blood test identi-
fying anti-Helicobacter infection antibody or 
by a  carbon- 13 or carbon-14 urea breath test. 
Endoscopy is needed in many cases to detect 
ulcers and other gross pathological changes. 
During endoscopy, biopsy material is obtained 
and examined microscopically, in addition to cul-
turing for H. pylori. However, endoscopy cannot 
be used just to find whether Helicobacter infec-
tion is present and is not justified as a follow-up 
technique to evaluate the response to therapy. 
Antibody testing, on the other hand, has the short-
coming of not being suitable for patient follow-
up since antibodies decline slowly after treatment 
and may remain elevated long after Helicobacter 
has been killed.

H. pylori is able to fight stomach acid contain-
ing a large amount of the enzyme urease. Urease 
converts urea, present in the saliva and gastric 
juices, into bicarbonate and ammonia, which are 
strong bases and act as acid-neutralizing agents 
around the H. pylori, protecting it from the stom-
ach acidity. This action of urea hydrolysis is the 
basis of carbon-14 and carbon-13 urea breath 
tests (Fig. 10.18).

The test can be performed using a capsule or 
a liquid containing a minimal amount (2 μCi) of 
carbon-14 urea. The patient swallows a drink or 
capsule and 10–20 min later, samples of breath 
are taken with the patient blowing into a small 

bottle of liquid. The amount of radioactive car-
bon dioxide in blood and expired in breath is 
detected and quantitated by scintillation counter. 
In the presence of H. pylori infections, the count 
will be higher than normal. Carbon-14 urea con-
tains a tiny amount of radioactive material, which 
passes out of the body in a day or so in the urine 
or breath [73]. The amount of radioactive expo-
sure to the patient from the test is less than the 
individual normally receives in a half day from 
nature [67]. It is also equivalent to the radiation 
dose that an individual absorbs when flying in an 
airplane for 1 h. Since urea is present in saliva, 
patients must brush and rinse their teeth before 
taking the test.

Lactase Deficiency
Acquired lactase deficiency is a common disor-
der of carbohydrate absorption. The deficiency 
of intestinal lactase leads to decreased hydro-
lysis of ingested lactase in the small intestinal 
cells as occurs normally. Lactase is one of the 
most common disaccharides in diet and is a 
main constituent of milk and other dairy prod-
ucts. The intact lactose is not absorbed and 
increases the osmotic effect of the small intes-
tinal contents, with subsequent outpouring of 
liquid into the intestinal lumen. This will result 
in increased intestinal motility with abdominal 
cramps, distention, and diarrhea when a patient 
ingests milk [74, 75].

Carbon-14 urea

HCO3
–

CO2

Fig. 10.18 The principle of carbon-14 breath tests
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For lactose intolerance, lactose-1-C-14 together 
with carrier lactose (50 g) dissolved in 400 mL of 
water is used. In patients with lactose intolerance, 
lactase deficiency leads to the  inability to split lac-
tose into glucose and galactose and subsequently to 
CO2. When carbon-14-labeled lactose-1 is adminis-
tered to patients with lactase deficiency, there will 
be decreased exhalation of labeled carbon dioxide.

Malabsorption Secondary to Bacterial 
Overgrowth
Bacterial overgrowth is one of the major rea-
sons for luminal phase malabsorption. Bacterial 
overgrowth causes deconjugation of bile salts 
which are absorbed and cycled normally through 
the enterohepatic circulation but are ineffective 
in micelle formation. Since micelle formation 
is essential for the normal absorption of free 
fatty acids and monoglycerides, malabsorption 
results. Carbon-14-glycine cholate and more 
recently the carbon-14-xylose breath test are use-
ful in the diagnosis of malabsorption secondary 
to bacterial overgrowth [75, 76]. Since carbon-
14-glycine cholate is a conjugated bile salt, it is 
absorbed by the ileum and metabolized in the 
liver. Only a small portion is attached normally 
by bacteria and causes deconjugation leading to 
the formation of carbon dioxide that is exhaled. 
The deconjugation increases with increased bac-
terial colonization in the intestines, and conse-
quently the amount of labeled carbon dioxide 
present in the exhaled breath increases [77]. This 
test is useful in the diagnosis of blind or stagnant 
loop syndrome and of ileal absorptive function.

Schilling Test
This procedure uses an oral test dose of radio-
labeled cyanocobalamin (usually 57Co-B-12) 
with or without added Intrinsic factor (IF). The 
absorption is most frequently measured indirectly 
by measuring the urinary excretion of the radio-
labeled vitamin B-12. The vitamin is flushed out 
into a 24-h collection of urine sample by a large 
parenteral dose (1 mg) of nonradioactive vitamin 
B-12 injected intramuscularly usually 1  h after 
administration of the oral test dose. The test is 
done once without IF and then repeated with IF. A 
convenient method is to use two radioisotopes of 

cobalt, 58Co-labeled cyanocobalamin with IF and 
57Co-cyanocobalamin without IF (often referred 
to as the Dual-Isotope method). Normal subjects 
with no abnormality of Vitamin B-12 absorption 
show urinary excretion of free radioactive vita-
min B-12 of 9% or more, with IF-bound to free 
cobalamin ratio of between 0.8 and 1.2.

10.2  Hepatobilitary system

10.2.1  Anatomical and Physiological 
Considerations

The liver is the largest organ in the body, weigh-
ing between 1200 and 1800 g. The liver lies in 
the abdominal cavity, where it is split into a large 
right and a small left lobe by the falciform liga-
ment extending from the anterior abdominal wall. 
The Couinaud classification divides the liver into 
eight independent segments numbered 1–8, each 
of which has its own vascular inflow, outflow, 
and biliary drainage. The Couinaud segments and 
their corresponding traditional nomenclature are 
shown in Fig. 10.19.

Within the lobes and segments are multiple, 
smaller anatomical units called liver lobules. 
These lobules are formed of plates of hepato-
cytes, which are the functional cells of the liver. 
In addition, the parenchyma of the liver is com-
posed of another type of cells: the reticuloendo-
thelial cells or Kupffer’s cells. Almost 90% of the 
reticuloendothelial cells in the body are found 
in the liver. The sinusoids are capillaries located 
between the plates of hepatocytes; they receive 
a mixture of venous and arterial blood from 
branches of the portal vein and the hepatic artery, 
respectively. Blood from the sinusoids drains 
to central veins that continue to empty into the 
hepatic vein, which enters the inferior vena cava. 
Kupffer’s cells line the sinusoids and destroy 
microorganisms.

The liver has digestive, metabolic, hematologi-
cal, and immunological functions. The hepatocytes 
synthesize approximately 1 L of bile per day and 
secrete it into the bile canaliculi, which are small 
channels between the hepatocytes. The bile cana-
liculi empty into bile ducts that unite and finally 
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Fig. 10.19 (a, b) The Couinaud segments of the liver. (a) 
Anterior surface view; (b) visceral surface view. I, cau-
date/Spigel’s lobe; II, left, posterolateral segment; III, left 
anterolateral segment; IVa, left superomedial segment; 

IVb, left inferomedial segment; V, right anteroinferior 
segment; VI, right posteroinferior segment; VII, right pos-
terosuperior segment; VIII, right anterosuperior segment

form the right and left hepatic ducts, which join to 
form the common hepatic duct. Past the point where 
the cystic duct begins, the hepatic duct is called the 
common bile duct, which drains into the duodenum 
through the major duodenal papilla. Bile is neces-

sary for fat digestion and absorption. Unconjugated 
bilirubin is converted to water-soluble, conjugated 
bilirubin by hepatocytes and is secreted with bile. 
The gallbladder stores bile and ejects it when 
chyme enters the duodenum and stimulates the 
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secretion of cholecystokinin. The hepatocytes are 
capable of regeneration. Most regeneration takes 
place in the left lobe in disease states such as alco-
holic damage or chronic hepatitis.

10.2.2  Hepatobiliary 
Radiopharmaceuticals

Several radiopharmaceuticals are used for scin-
tigraphic assessment of liver and hepatobi-
liary disorders (Table  10.8). Technetium-99m 
(Tc-99m)-sulfur colloid (SC) is a radiopharma-
ceutical for liver/spleen imaging. This compound 
is cleared by cells of the reticuloendothelial sys-
tem: approximately 85% by Kupffer’s cells in 
the liver, 10% by the spleen, and 5% by the bone 
marrow. Tc-99m-phytate is also used for liver/
spleen imaging in some countries. However, due 
to smaller particle size, its splenic uptake is sig-
nificantly less than that of SC.

Iminodiacetic acid derivatives are used for cho-
lescintigraphy. Tc-99m-disofenin (2,6-diisopropyl 
iminodiacetic acid (DISIDA)) and Tc-99m-
mebrofenin (2,4,6-trim-ethyl, 5-bromoiminodi-
acetic acid (BrIDA)) are exclusively used for 
cholescintigraphy by most laboratories in the 
USA.  Various other iminodiacetic acid (IDA) 
compounds are available in other countries. These 
compounds, after being injected intravenously, are 

bound to plasma albumin, transported to the liver, 
and actively taken up by the hepatocytes via car-
rier-mediated, non- sodium- dependent, organic 
anionic pathways similar to those responsible for 
bilirubin uptake [84]. The IDA compounds are not 
conjugated. They are excreted into the bile cana-
liculi by both active and passive transport mecha-
nisms [85]. Compared with Tc99m-disofenin, 
mebrofenin demonstrates higher hepatic excretion 
and lower urinary excretion, especially in patients 
with a high bilirubin level [85]. Depending on the 
agents used, 2–15% of the injected dose is excreted 
in urine. The more severe the hepatic dysfunction, 
the greater the renal excretion [86, 87].

Tc-99m-aglac tosy l -neoglycoa lbumin 
(Tc-99m-NGA) and Tc-99m-galactosyl human 
serum albumin (Tc-99m-GSA) are liver imag-
ing agents that bind to the hepatocyte-specific 
asialoglycoprotein membrane receptors (ASGCP 
receptor) [78, 79]. These agents have been used 
primarily to evaluate the functional liver mass/
reserve in various clinical settings.

10.2.3  Evaluation of Liver Diseases

10.2.3.1  Functional Hepatic Mass/
Reserve

Assessment of hepatic functional reserve is impor-
tant prior to major hepatic resection for predict-

Table 10.8 Radiopharmaceuticals for hepatobiliary scintigraphy (cholescintigraphy)a

Radiopharmaceutical Uptake mechanism Use
Tc-99m sulfur colloid Kupffer cell Focal nodular 

hyperplasia, splenosis, 
liver function

Tc-99m red blood cells Blood pool distribution Hemangioma, splenosis
Tc-99m disofenin Extracted and excreted by the liver 

similar to bilirubin
Gall bladder and 
hepatobiliary disorders

Tc-99m MAA Blood flow, capillary occlusion Hepatic arterial 
perfusion

Tc-99m mebrofenin Extracted and excreted by the liver 
similar to bilirubin

Gall bladder and 
hepatobiliary disorders

F-18 FDG Glucose metabolism Tumor/infection imaging
Gallium-67 citrate Iron binding Tumor/infection imaging
Tc-99m-aglactosyl-neoglycoalbumin (Tc-99m- 
NGA) and Tc-99m-galactosyl human serum 
albumin (Tc-99m-GSA)

Binding to the hepatocyte-specific 
asialoglycoprotein membrane 
receptors

Assessment of functional 
liver mass/reserve

a [78–83]
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ing the outcome of surgery because postoperative 
liver failure can significantly affect the clinical 
course. This may require imaging of both the 
anatomical structure of the liver and the regional 
functional reserve. Hepatobiliary scintigraphy 
with technetium-99m (99mTc) iminodiacetic acid 
or 99mTc galactosyl human serum albumin (GSA) 
has been used to assess regional hepatic func-
tion. Galactosyl human serum albumin (GSA) is 
a ligand specific to the asialoglycoprotein recep-
tor present exclusively on the plasma membrane 
of hepatocytes. GSA is bound only by this recep-
tor and then providing valuable information about 
receptor population density as well as functioning 
hepatocyte mas [79, 83]. Tc-99m GSA does not 
compete with bilirubin, which is an additional 
advantage in the evaluation of hepatic reserve in 
patients with hyperbilirubinemia [88].

10.2.3.2  Primary Hepatic Neoplasms 
and Tumor-Like Conditions

Hepatocellular Carcinoma
While hepatocellular carcinoma (HCC) usually 
displays marked arterial vascularity on dynamic 
perfusion imaging, its appearance on static col-
loid imaging (focally decreased activity) is non-
specific. Sulfur colloid imaging can be used to 
differentiate regenerating nodules from HCC in 
a cirrhotic liver. The presence of colloid uptake 
typically represents regenerating nodules, while 

decreased uptake is nonspecific but may include 
HCC [89].

Depending on the degree of differentiation, 
approximately 40–50% of HCCs concentrate 
hepatobiliary tracers (Fig.  10.20), i.e., Tc-99m- 
IDA or Tc-99m-PMT. The degree of uptake seems 
to correlate with tumor differentiation, as well as 
with survival [90, 91]. Tc-99m-IDA uptake was 
seen in 70% of well-differentiated tumors, in 
30% of moderately differentiated tumors, and in 
no poorly differentiated tumors [90]. In another 
series of 162 patients, the median survival of 82 
patients with increased tumor uptake on delayed 
Tc-99m-PMT imaging was 1013 days, compared 
with 398.5  days in 80 patients with no tumor 
uptake [91].

Uptake of hepatobiliary tracers on delayed 
imaging can be present in other liver lesions that 
contain hepatocytes, such as focal nodular hyper-
plasia (FNH) [92]. Kotzerke et  al. claimed that 
the distinction between FNH and HCC is possible 
with 3-phase imaging (perfusion, 5–10 min, and 
2–3 h) [93]. In their series, most FNH exhibited 
normal or increased uptake at 5–10 min, whereas 
most HCC displayed decreased or no uptake dur-
ing this phase.

Gallium-67 and thallium-201 were used in 
the past for evaluation of HCC in various clinical 
settings. However, the utility of these tracers in 
HCC appears to have been replaced largely by 
positron-emitting tracers recently.

cba

Fig. 10.20 (a) Hepatic scintigraphy with Tc-99m-SC in 
a patient with hepatoma complicating liver cirrhosis. A 
defect is observed in the posterior view. (b) Hepatic scin-
tigraphy with Tc-99m-DISIDA 15 min after tracer admin-
istration (posterior view). Marked tracer uptake fills the 
cold area previously observed, as well as the rest of the 

liver parenchyma. (c) Hepatic scintigraphy with Tc-99m- 
DISIDA 3 h after tracer administration (posterior view). 
Tracer is clearly retained in the HCC area while it has 
been excreted from the nontumoral liver. (Reprinted from 
Calvet et al. [90] with permission)
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10.2.3.3  Hepatic Hemangioma
Hemangioma is the most common benign tumor 
of the liver. Cavernous hemangioma occurs at all 
ages but most commonly in adults. Most heman-
giomas are of the cavernous type, constituted by 
dilated nonanastomotic vascular spaces lined by 
flat endothelial cells and supported by fibrous tis-
sue. Thrombi in different stages of organization 
are often encountered. Long-standing lesions 
can show extensive hyalinization or calcification 
[94–96].

The classic finding of hepatic cavernous hem-
angiomas (HH) on Tc-99m-RBC imaging was 
described as lack of increased activity on early 
flow images and a gradual increase in activ-
ity on blood pool images over time [97] while 
HCCs show increased flow as well as increased 
activity on delayed images; however, other stud-
ies found no cases in which HCC demonstrated 
increased activity on either planar or SPECT-
delayed images [98]. In addition, perfusion in 
small and/or deeply situated lesions is difficult 
due to the limited resolution of dynamic imag-
ing. Moreover, it quickly became obvious that 
the sensitivity of planar Tc-99m-RBC imaging 
is unacceptably low, ranging from 30 to 53% 
[98–104]. The sensitivity of SPECT RBC imag-
ing is but still heavily dependent on the lesion 
size. Reports published in the 1990s showed 
overall sensitivity of 70–80% using single-head 

SPECT [101–103, 105]. Using triple-head cam-
eras [99, 104], the sensitivity was 17–20% for the 
detection of lesions smaller than 1 cm, 65–80% 
for lesions between 1 and 2  cm, and virtually 
100% for lesions equal to or larger than 1.4 cm 
(Fig. 10.21). It is remarkable that the specificity 
and positive- predictive value of both planar and 
SPECT RBC (Fig. 10.22) imaging is essentially 
100% [98–104]. For all of these reasons, neither 
flow nor delayed planar imaging needs to be a 

Fig. 10.21 Selected image of Tc-99m-RBC SPECT 
images of the liver reveal multiple hemangiomas. The 
smallest one (arrow) was 0.7 cm

Fig. 10.22 Representative images of a tomographic radionuclide hemangioma study showing a solitary hemangioma 
(arrow) corresponding to the finding on CT but clarifying its nature with high specificity

10 Digestive System



418

routine part of the Tc-99m RBC study for evalu-
ation of HH.

False-negative results were reported in cases 
of HH with extensive thrombosis and/or fibrosis 
[97]. Several false-positive cases related to vari-
ous malignancies, including HCC as mentioned 
above, angiosarcomas, metastases, and hepatic 
lymphoma, have been reported in the literature 
[105–107]. However, the occurrence of such 
false-positive results seems extremely rare in 
view of the 100% specificity in virtually all stud-
ies other than case reports.

When dedicated SPECT imaging is per-
formed, a lesion situated adjacent to large intra-
hepatic vessels, inferior vena cava, or right kidney 
needs to be cautiously evaluated to avoid either 
false-negative or false-positive results [108]. 
A SPECT/CT hybrid system is becoming more 
widely available, and fusion imaging lowers the 
false results [109, 110].

Tc-99m RBC SPECT imaging was reported 
to be more useful than MRI for evaluation of 
HH in 1990 because of the lower cost and higher 
specificity [111]. Despite its near-perfect speci-
ficity and positive-predictive value, Tc-99m RBC 
imaging does not appear to be fully utilized, 
which may be in part due to improved specific-
ity of other anatomical imaging modalities [112, 
113]. Given that, a new prospective head-to-head 
comparison of SPECT/CT with MRI or ultra-
sound for evaluation of HH may be needed.

10.2.3.4  Focal Nodular Hyperplasia
Focal nodular hyperplasia contains variable quan-
tities of normal hepatic cellular elements, includ-
ing Kupffer’s cells, hepatocytes, and bile ducts 
arranged in a characteristic pattern. The characteris-
tic triad suggesting FNH has been described as arte-
rial blood flow (Fig. 10.23), normal colloid uptake, 
and accumulation of Tc-99m- IDA tracer [115].

Thirty to seventy percent of FNHs have either 
normal or increased Tc-99m-colloid uptake 
(Fig.  10.23a) [97, 116], reflecting the variable 
quantity of Kupffer’s cells. Decreased Tc-99m- 
colloid uptake may be seen in approximately 
one-third of cases (Fig. 10.23b) [116]. Because 
of the presence of hepatocytes in FNH, Tc-99m- 
IDA scintigraphy has also been evaluated for the 

diagnosis of FNH.  Of 25 FNHs in a study, 19 
(76%) showed hyperperfusion during the flow 
phase and 23 (92%) appeared as focal regions 
of increased uptake during the clearance phase 
of hepatobiliary imaging. Normal sulfur colloid 
uptake was seen in 16 (64%) [92]. The detect-
ability of FNH by Tc-99m-IDA scintigraphy 
was 92%, greater than that of CT (84%) or MRI 
(84%).

10.2.3.5  Hepatocellular Adenoma
Hepatocellular adenomas typically appear as 
photopenic defects on Tc-99m-colloid scintigra-
phy. In the past, this was attributed to the absence 
of Kupffer’s cells [117]. However, a pathologi-
cal study demonstrated that all hepatic adeno-
mas studied contained Kupffer’s cells [118]. Yet 
most of these lesions (77%) did not demonstrate 
Tc-99m-colloid uptake for unknown reasons. The 
authors found no significant histological differ-
ence between those lesions that accumulate col-
loids and those that do not. They also suggested 
that adenoma should be added to the differential 
diagnosis of a hepatic lesion with Tc-99m-colloid 
uptake because of the presence of uptake in 23% 
of their cases.

10.2.4  Biliary Tract Diseases

Bile flowing through the common hepatic duct 
may flow either into the gallbladder or through 
the common bile duct (CBD) into the duodenum. 
The quantity of bile flowing in either direction 
is determined to a major degree by the pressure 
developed by the sphincter of Oddi. In normal 
individuals, bile flows into the gallbladder when 
the sphincter of Oddi is contracted. Foods con-
taining lipids and amino acids enter the duodenum 
and cause release of endogenous cholecystokinin 
(CCK) from the duodenum to the upper jejunum, 
which in turn contracts the gallbladder, dilates 
the sphincter of Oddi, and increases bile secre-
tion from the hepatocytes. All of these enhance 
the flow of bile into the duodenum.

On a typical normal cholescintigram per-
formed with Tc-99m-IDA agents, the CBD and 
gallbladder are visualized 10–20 min following 
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b

Fig. 10.23 (a, b) Tc-99m sulfur colloid studies in two 
cases of focal nodular hyperplasia. While both case a and 
case b show increased early arterial flow (arrow, arrow-

head), colloid uptake is increased in case a and decreased 
in case b on delayed views. (Reprinted from Kim et al. 
[114] with permission)
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Fig. 10.24 Normal 
radionuclide 
hepatobiliary study with 
prompt visualization of 
gall bladder (open 
arrow) and intestinal 
activity (solid arrow)

Cystic duct obstruction,
usually by a stone

Gallbladder mucosa
becomes edematous

Leukocyte infiltration

Mucosal ulceration /
hemorrhage / necrosis

If left untreated

Perforation, gangrene and
abscess

Fig. 10.25 Pathophysiologic features of acute cholecystitis

the intravenous administration of Tc-99m-IDA 
(Fig.  10.24). Visualization of the small bowel 
varies depending on the sphincter tone and the 
degree of gallbladder filling.

10.2.4.1  Acute Cholecystitis
Although it is generally known that acute cho-
lecystitis in 90–95% of cases begins with 
obstruction of the neck of the gallbladder or the 
cystic duct by a gallstone, some authors feel that 
obstruction does not necessarily lead to acute 
cholecystitis [119]. Nevertheless, obstruction is 
present in almost all cases of acute cholecystitis. 
There are other important factors in the patho-
genesis of acute cholecystitis, including chemi-
cal factors such as prostaglandins and bacterial 
growth . Injury to the gallbladder mucosa by a 
mechanical or chemical factor stimulates the epi-
thelial cells to secrete fluid. Active fluid secretion 
in the obstructed gallbladder lumen increases the 
intraluminal pressure, which may cause impair-
ment of circulation and ischemia of the gallblad-
der mucosa (Fig. 10.25) and wall. Distention of 
the gallbladder further enhances formation of 
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prostaglandin, establishing a vicious cycle [120]. 
Active fluid secretion in the gallbladder wall is 
markedly reduced by morphine. The acceleration 
of the process can be reduced by morphine [121].

Approximately 60–70% of patients report 
prior attacks that resolved spontaneously. The 
factors regulating the intraluminal pressure 
may determine the course of an attack of acute 
cholecystitis. Of the 75% of patients with acute 
cholecystitis who experience remission of symp-
toms, approximately one quarter will experience 
a recurrence of cholecystitis within 1  year, and 
60% will have at least one recurrent attack within 
6  years [122]. Therefore, the histological pat-
tern of acute cholecystitis is superimposed upon 
chronic inflammatory changes in at least 90% of 
cholecystectomy specimens [123].

Acalculous form of acute cholecystitis is less 
common (less than 10%) of patients with acute 
cholecystitis [124]. Despite the absence of gall-
stones, the cystic duct is frequently obstructed 
by viscous bile, sludge, cellular debris or edema 
associated with dehydration [125]. Precipitating 
factors include severe trauma or burns, the post-
partum period following prolonged labor, a major 
operation, prolonged parenteral hyperalimenta-
tion, vasculitis, obstructing tumor of the gallblad-
der, and parasitic infestation of the gallbladder. It 
also may be seen with a variety of other systemic 
diseases (sarcoidosis, cardiovascular disease, 
tuberculosis, syphilis, actinomycosis, etc.) [122]. 
Apart from the absence of stones, the pathol-
ogy of acalculous and calculous cholecystitis is 
essentially identical [126].

10.2.4.2  Imaging for Acute 
Chelecyctitis

Acute cholecystitis is the most common indica-
tion for cholescintigraphy, which is considered 
the procedure of choice for its diagnosis [127]. 
Generally, nonvisualization of the gallbladder up 
to 4 h after radiotracer administration or within 
30 min after the administration of morphine sul-
fate is interpreted as consistent with cystic duct 
obstruction, provided that there is normal hepatic 
uptake and excretion. Gallbladder visualization 
anytime during imaging virtually excludes the 
presence of acute cholecystitis. The study can be 
obtained as planar, SPECT, or SPECT/CT.

Meta-analysis of 2466 patients showed a sen-
sitivity of 97% and specificity of 90% [127]. 
Conventional imaging protocols frequently 
require delayed imaging for up to 4-h postinjec-
tion or even up to 24  h in patients with severe 
intercurrent disease to achieve a sufficiently high 
level of accuracy. Delayed imaging is logistically 
inconvenient. It can be potentially disadvanta-
geous to the patient, and it may not be feasible 
in some clinical settings. Efforts to increase the 
specificity of the test and/or to shorten the total 
imaging time were made using pharmacological 
interventions, which include morphine augmen-
tation and CCK pretreatment [128].

Despite the superiority of cholescintigraphy 
over ultrasonography (US) for evaluation of acute 
cholecystitis that has been known for decades 
and confirmed repeatedly as the best single non-
invasive test for the diagnosis of acute checysti-
tis [128]. US is still often the first diagnostic test 
being ordered in many institutions. A most recent 
(and seemingly largest) meta- analysis report, 
including 57 studies and 5859 patients, published 
in 2012 confirmed that cholescintigraphy has the 
highest diagnostic accuracy of all imaging modali-
ties in the detection of acute cholecystitis [129].

10.2.4.3  Causes of False-Positive 
Results of Cholescitigraphy 
for Acute Cholesystitis

Several conditions are known to be potential 
causes for false-positive results on cholescitig-
raphy resulting in false non visualization of gall 
bladder (Table  10.9). Insufficient fasting will 
result in gallbladder contraction induced by cir-
culating endogenous CCK, thereby inhibiting 

Table 10.9 False-positive cholescintigraphy for acute 
cholecytitis

1. Non-fasting (less than 3–4 h)
2. Prolonged fasting (more than 24 h)
3. Total parentenral nutrition
4. Severe concurrent disease
    (a) Severe postoperative complications
    (b) Massive trauma
    (c) Sepsis
    (d) Acute respiratory syndrome
5. Hepatocellular disease
6. Chronic cholecystitis
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bile flow into the gallbladder. Delayed imaging 
and certain interventions are used to minimize 
false-positive results.

Secondary Scintigraphic Signs of Acute 
Cholecystitis

Rim Sign
This pattern represents increased IDA activity 
in the liver parenchyma around the gallblad-

der fossa “rim sign” (Fig. 10.26). The presence 
of this sign is frequently associated with acute 
cholecystitis, which is often complicated, i.e., 
gangrenous gallbladder [128]. This perichole-
cystic activity appears to be caused by increased 
blood flow to [130] and/or delayed bile excretion 
from inflamed liver parenchyma adjacent to an 
inflamed gallbladder [131].

At times, a rim sign with marked tracer reten-
tion may mimic the gallbladder appearance 

Fig. 10.26 A spectrum of rim signs. A mild rim sign is 
seen in the Tc-99m-IDA study of patient 1 (arrow). The 
rim sign in patient 2 is quite prominent and clearly seen as 
a rim. The rim sign in patient 3 is more diffuse and may be 

confused with the gallbladder. However, this activity is 
present on the early image (large arrows) even before the 
tracer activity appears in the bile ducts. (From Kim [108] 
with permission)
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(patient 3 in Fig. 10.26), in which case the pres-
ence of such activity on the early images before 
the appearance of bile duct activity can help to 
exclude the possibility of gallbladder filling. The 
rim sign, though suggestive of acute cholecys-
titis, is not sufficiently specific to obviate inter-
ventions such as delayed imaging or morphine 
augmentation.

10.2.4.4  Chronic Acalculous Biliary 
Syndromes

This group includes chronic acalculous chole-
cystitis, cystic duct syndrome, and gall bladder 
dyskinesis. Approximately 98% of patients with 
symptomatic gallbladder disease have gallstones. 
Occasionally, patients have signs and symptoms 
of gallbladder disease, but no stone can be dem-
onstrated by repeated ultrasound or oral chole-
cystography [132]. Chronic biliary-type pain in 
patients with no stones may be due to chronic 
acalculous biliary disorders, including chronic 
acalculous cholecystitis, cystic duct syndrome, a 
functional disorder such as gallbladder dyskine-
sia, and sphincter of Oddi dysfunction. Nonbiliary 
disease such as the irritable bowel syndrome may 
cause the same symptoms. Sincalide has been 
used for the evaluation of gallbladder ejection 
fraction (GBEF) or sphincter of Oddi response in 
this patient group to determine who might ben-
efit from cholecystectomy, sphincterotomy, or 
smooth muscle relaxants.

The pathological findings of chronic acalcu-
lous cholecystitis are nearly identical to those of 
chronic calculous cholecystitis, except for the 
absence of stones [133]. Intermittent acalculous 
cystic duct obstruction and chronic ischemia with 
active inflammatory changes have both been pos-
tulated as possible pathogenic mechanisms.

The cystic duct syndrome results from a par-
tial acalculous obstruction or narrowing of the 
cystic duct [124], which may be due to fibrosis, 
kinking, or adhesion.

Gallbladder dyskinesia histologically show 
no abnormal findings. Abnormal and/or inhomo-
geneous CCK receptors within the gallbladder, 
which cause a paradoxical or inhomogeneous 
response to cholecystokinetic agents, were sug-
gested as a possible mechanism [134]. In this 

condition, right upper quadrant pain occurs fol-
lowing meals as a result of increased intraluminal 
gallbladder pressure. Other possible mechanisms 
of impaired gallbladder motility include a pri-
mary smooth muscle disorder and altered release 
of endogenous CCK [135].

In cholesterosis, the mucosa of the gallbladder 
is studded with minute yellow lipid flecks, pro-
ducing the strawberry appearance [125]. In some 
patients suspected of having chronic acalculous 
biliary disease, cholesterosis has occasionally 
been the only histological finding, without evi-
dence of other diseases [136]. Although choles-
terosis is not often of clinical significance [125], 
cholecystectomy is indicated when the condition 
is symptomatic.

Biliary Sphincter (Sphincter of Oddi) 
Stenosis/Obstruction
Biliary Sphincter disorder occurs mostly in 
patients after cholecystectomy. It is much more 
common in female patients can be classified into 
two broad categories: stenosis (by stone or a fixed 
structural narrowing) and dyskinesia (functional 
disorder: a primary disorder of tonic/phasic 
motor activity) [137].

Measurement of the sphincter of Oddi pres-
sure using sphincter manometry is considered the 
gold standard for the diagnosis. An elevated basal 
pressure (>40 mmHg) is considered the only con-
sistent manometric criterion which is correlated 
with patients’ symptoms and also with relief of 
symptoms with therapy [138].

The treatment of choice for patients with 
sphincter of Oddi stenosis is endoscopic 
sphincterotomy.

Hepatobiliary imaging with or without phar-
macological intervention has also been shown to 
be useful in patients with SOD, and investiga-
tions have focused primarily on patients after 
cholecystectomy. A number of parameters have 
been derived from the time-activity curves of the 
liver parenchyma, hilum, CBD, entire hepatobil-
iary tract (liver and bile ducts), and bowel. These 
include the time of peak activity (Tmax), excre-
tion half-time (T1/2), percentage of excretion at 
a certain time (i.e., 45, 60 min), excretion rate, 
and mean transit time. Visual parameters such as 
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Fig. 10.27 (a, b) SOD: 
stenosis. This 50-year- 
old woman was seen at 
3 years’ postcholecys-
tectomy with chronic 
recurrent pain. ERCP 
showed no mechanical 
obstruction, but the 
basal sphincter of Oddi 
pressure was elevated 
(45 mmHg). (a) 
Preoperative cholescin-
tigraphy shows delayed 
hepatobiliary clearance 
with retention of activity 
in the common bile duct 
(CD) at 60 min (arrow). 
Increasing activity 
within the duodenum 
(D) is noted. A second 
preoperative study (not 
shown here) with 
constant CCK infusion 
(40 ng/kg/60 min) was 
not significantly 
different (i.e., there was 
a fixed papillary 
stenosis). (b) 
Postsphincterotomy 
study in the same patient 
shows significant 
improvement with rapid 
hepatobiliary and 
common duct clearance 
compared with the 
preoperative study. S, 
stomach. (Reprinted 
from Ziessman [139] 
with permission)

the time of first appearance of the intrahepatic 
biliary tree, and the bowel, CBD emptying, and 
CBD-to- liver ratio (comparison of CBD activity 
at 60 min with liver activity at 15 and 60 min) 
have been added to the above semiquantitative 
parameters [139].

These parameters have also been found useful 
in assessing the benefit of endoscopic sphincter-
otomy (Figs. 10.27 and 10.28) [140].

Although scintigraphic studies on this sub-
ject have focused primarily on the differentiation 
between the presence and absence of SOD, it can 

be also useful in discriminating between stenosis 
and functional dyskinesia [140] (Fig. 10.29).

10.2.5  Interventions 
in Cholescintigraphy

Several drugs, including cholecystokinin (CCK), 
morphine, and phenobarbital, have been used to 
alter biliary kinetics at different levels (i.e., hepa-
tocytes, gallbladder, and/or sphincter of Oddi) in 
an effort to increase the efficacy of hepatobiliary 
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Fig. 10.28 (a–c) SOD: 
dyskinesia. Postchole-
cystectomy pain syn-
drome. An ERCP 
showed no mechanical 
obstruction. The sphinc-
ter of Oddi pressure was 
48 mmHg. A sphincter-
otomy was performed. 
(a) Preoperative study. 
Sequential analog 
images over 60 min 
show a prominent intra-
hepatic collection sys-
tem with dilatation in 
the region of the com-
mon hepatic duct at 
60 min. A delayed image 
at 2 h shows that the 
obstruction is really at 
the level of the sphincter 
of Oddi (arrowhead). 
(b) Preoperative study 
with a continuous infu-
sion of sincalide, 40 ng/
kg/60 min. Hepatobili-
ary clearance is more 
rapid than the study 
without CCK. However, 
at the end of 60 min, 
there is retained activity 
in a prominent common 
duct. This is an 
obstructed dyskinetic 
sphincter of Oddi. (c) 
Postsphincterotomy 
study. There is still 
prominent retention in 
the common duct, but 
hepatobiliary clearance 
has significantly 
improved since the base-
line study (a) and, inter-
estingly, looks similar to 
the preoperative CCK 
study (b). (From Ziess-
man [139] with permis-
sion)
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Fig. 10.29 (a) Stenosis of the sphincter of Oddi (struc-
tural SOD). Biliary tree activity is initially visualized at 
25  min after injection of Tc-99m-IDA.  The CBD and 
intrahepatic biliary tree appear prominently at 45 min and 
do not change significantly during amyl nitrate inhalation 
from 60 to 90  min. (b) Sphincter of Oddi dyskinesia 

(functional SOD). Biliary tree activity is first visualized at 
15  min. The CBD and intrahepatic biliary tree appear 
prominently from 25 up to 60 min. The small bowel is first 
visualized at 25 min. Note a marked decline in CBD activ-
ity during amyl nitrate inhalation from 60 to 90  min. 
(From Madacsy et al. [141] with permission)

Table 10.10 Uses of CCK associated with cholescitigraphy

1. Administration prior to cholescitigraphy
   (a) Prolonged fasting and total parenetral nutrition
   (b)  Suspected biliary sphincter (Sphincter of Oddi) 

dysfunction
2. Administration after 60 min study
   (a) Chronic acalculous cholecystitis
   (b)  Differentiate common bile duct obstruction from 

functional etiology
   (c)  Exclude acalculous form of acute cholecystitis 

when gall bladder is visualized

imaging. Sincalide, a synthetic C-terminal octa-
peptide of CCK, has been used in the diagnosis of 
acute cholecystitis in order to empty the gallblad-
der before cholescintigraphy, so that gallbladder 
filling can be enhanced during the study if the 
cystic duct is patent. These agents are also used 
to evaluate gallbladder ejection fraction (GBEF) 
and/or sphincter of Oddi response in patients 
with suspected chronic, acalculous biliary tract 
diseases to determine who might benefit from 
cholecystectomy or sphincterotomy.

10.2.5.1  Cholecysystokinin (CCK) 
Administration

CCK is a polypeptide hormone normally released 
from mucosal cells of the proximal small bowel 
in response to fat and protein ingested. CCK is 
bound to receptors in the gall bladder and sphinc-
ter of Oddi resulting in gall bladder wall contrac-
tion and sphincter of Oddi relaxation. CCK can 

be used in several situation as one of the interven-
tions with cholescintigraphy. It may be adminis-
tered before cholescintigraphy or after the 60 min 
study ends (Table 10.10).

CCK Pre-cholescingraphy Administration 
for the Diagnosis of Acute Cholecystitis
Administration of CCK prior to injection of 
Tc-99mIDA will induce gallbladder empty-
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ing with a reduction of intraluminal pressure. It 
was introduced as a means of reducing potential 
false- positive results for acute cholecystitis and 
of shortening the total imaging time [140]. The 
rationale of this approach is that gallbladder emp-
tying before initiating the study is generally fol-
lowed by more reliable gallbladder filling during 
the cholescintigraphy. Although sincalide pre-
treatment of all patients may not be necessary, it 
is often used in conditions such as alcoholism and 
total parenteral nutrition and during a prolonged 
fasting state, because functional resistance to 
tracer inflow may result from distention of the 
gallbladder with viscous contents. Fasting for 
24 h or longer is a routine indication for the pre-
administration of sincalide in many laboratories.

It should be noted that a meticulous sincalide 
infusion technique is important to ensure good 
gallbladder emptying. At a dose of 0.02 μg/kg the 
drug is infused slowly over 30 and up to 60 min 
[85]. If this long infusion is logistically inconve-
nient, a 3-min infusion at the physiological rate 
of 3.3  ng/kg/min [86], or an infusion for up to 
10 min at the same or slightly lower rate approxi-
mately 15–30  min before injection of Tc-99m- 
IDA, is probably adequate for this application.

CCK Pre-cholescingraphy Administration 
for Suspected Biliary Sphincter (Sphincter 
of Oddi) Dysfunction
CCK is infused at a dose of 0.02  μg/kg over 
3–10  min 15  min prior to injection of IDA 
derivative and then study is carried out for the 
initial standard of 60 min [85]. If the condition 
is not post-cholecystectomy, longer infusion for 
45–60  min is carried out after the initial cho-
lescintigraphy study and GBEF is determined 
since if it is useful in predicting the outcome of 
sphincterotomy.

CCK Post-cholescingraphy Administration 
for Acalculous Biliary Syndromes
Determination of GBEF after CCK administra-
tion is important for confirmation of this group 
of disorders and also in predicting the outcome 
of surgery. The technique for administration of 
CCK is of the utmost importance. The degree of 
gallbladder emptying is dependent on the CCK 

dose and rate of administration, as well as on the 
total number of receptors in the gallbladder wall 
smooth muscle. Spasm of the neck of the gall-
bladder and decreased GBEF may occur due to 
unphysiologically high serum levels of sincalide 
following a bolus injection. This paradoxical 
response is attributable to the different threshold 
level of the CCK receptors in the body and fundus 
of the GB and cystic duct. The cystic duct does 
not contract when the dose of CCK is physiologi-
cal. Therefore, this agent should not be given as 
a bolus. Although infusion of 20 ng/kg sincalide 
over 2–4 min (an average dose rate of 6.6 ng/kg/
min) was once a popular technique [140–145], 
this dosage protocol has also been demonstrated 
to be unphysiological [86, 145]. Aside from fre-
quent incomplete gallbladder emptying, infusion 
of 20 ng/kg over 3 min or less is often associated 
with such side effects as abdominal discomfort, 
pain, and nausea.

Comparison of various sincalide doses for 
a 3-min infusion technique demonstrated that 
10  ng/kg (the rate of 3.3  ng/kg/min) produces 
maximal gallbladder emptying [86]. With further 
increase of the dose rate, i.e., 20  ng/kg/3  min, 
the GBEF actually decreases. The normal GBEF 
value using 10  ng/kg/3  min was established as 
greater than 35%. Falsely reduced GB emptying 
associated with a 3-min infusion of 20 ng/kg of 
sincalide is illustrated well in Fig. 10.30 [146]. 
However, Ziessman et  al. showed that even the 
infusion at a so-called physiological rate (10 ng/
kg infused over 3 min) produces an excessively 
variable GBEF response to establish a clini-
cally useful and reproducible normal range com-
pared with the same dose infused over a longer 
period, i.e., 10 ng/kg infused for 60 min [147]. 
Although the optimal dose and duration of infu-
sion is the subject of some controversy, a long 
infusion seems to produce more complete gall-
bladder emptying and less severe side effects 
than a short infusion, probably due to the 2.5-min 
plasma half-life of sincalide. When performing 
and interpreting sincalide-augmented hepatobili-
ary imaging, it is important to adhere to a specific 
sincalide infusion technique and to use normal 
GBEF values that have been validated for that 
particular method. Recently, an interdisciplinary 
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Fig. 10.30 A hepatobiliary scan using Tc-99m-IDA per-
formed in a patient with suspected chronic acalculous bili-
ary disease. The scan shows prompt visualization of the 
GB and small bowel (a). Following a 3-min infusion of 

20 ng/kg sincalide, the GB is poorly contracted, with an 
EF of approximately 10% (b). Immediately after this, a 
10-min infusion of the same dose produced a GBEF of 
80% (c)

panel suggested that the optimal sincalide infu-
sion method is 20 ng/kg/60 min with 38% as the 
lower limit of normal GBEF [148].

Various fatty meals have been evaluated as 
an alternative to sincalide. However, controversy 
exists over the use of fatty meals versus sincalide. 
The major disadvantage of meal stimulation is 
that an abnormal GB response may result from 
factors other than the GB, such as poor gastric 
emptying, pancreatic insufficiency, celiac dis-

ease, or abnormal bowel transit [149–153]. The 
onset of meal-induced GB emptying can also 
vary during different phases of the migrating 
motor complex at the time of ingestion [154]. 
The choice between fatty meal and sincalide can 
probably be made on the basis of the population 
being studied. Meal stimulation would be pref-
erable when GB function in relation to the rest 
of the GI tract needs to be evaluated. However, 
evaluation of GB function independent of the 
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digestive process may be better achieved with 
sincalide when different patient populations are 
studied [155]. Nonetheless, a fatty meal can serve 
as an alternative in the case that sincalide is not 
available for clinical use. However, when used, 
careful attention should be paid to the fat con-
tent, texture, taste, manner of administration, and 
measurement time sequence, all of which need 
to be standardized [156]. Normal values for each 
center must be established when choosing a meal.

In summary, the overall data favor the use 
of this test for the diagnosis of chronic acalcu-
lous gallbladder and cystic duct disease. A low 
GBEF can probably be interpreted as indicating 
a high probability for symptomatic relief after 
surgery, and vice versa. Bayes’ theorem should 
then be applied, especially for the group with a 
normal EF, to make a clinical decision accord-
ing to the posttest probability from a clinical 
suspicion (pretest probability) and the GBEF 
(test probability).

10.2.5.2  Morphine Augmentation
Bile is secreted continuously from the liver into 
the biliary system. The proportion of bile flowing 
into the gallbladder or the duodenum depends on 
the relative resistance to flow determined mainly 
by the contractile state of the gallbladder and the 
sphincter of Oddi. The resistance of the sphincter 
of Oddi is considered the principal factor in the 
regulation of the intracholedochal pressure and of 
the common bile duct-gallbladder pressure gradi-
ent [157]. The administration of morphine sulfate 
(morphine) results in contraction of the sphincter 
of Oddi. This, in turn, causes an increase in the 
intraductal pressure and forces the bile to flow 
into the gallbladder if the cystic duct is patent 
[158–160]. A widely used protocol an alternative 
to delayed imaging involves the administration of 
0.04 mg/kg morphine intravenously over 3 min at 
1 h after the injection of radiotracer, provided that 
activity is seen in the bowel. Generally, morphine 
is not administered during the first hour because 
(1) the gallbladder is visualized within 1 h in the 
majority of patients undergoing cholescintig-
raphy and (2) delayed filling of the gallbladder 
or delayed excretion into the bowel, suggesting 
the presence of chronic cholecystitis or other 

biliary tract disease, could be missed by the early 
administering morphine. After morphine admin-
istration, imaging is continued for an additional 
30  min. Typically, the gallbladder is visualized 
within 30 min if the cystic duct is patent If visual-
ization does not occur within 30 min, the findings 
are interpreted as consistent with acute chole-
cystitis (Fig. 10.31). Therefore, the entire study 
can be terminated at 90 min in contrast to 4 h or 
more with conventional delayed imaging without 
morphine augmentation. Reports by Chen et al. 
and Kim et  al. [161, 162] show that morphine 
administration helps to visualize the gallbladder 
in 32–42% of patients with gallbladder nonvi-
sualization at up to 60–90 min despite sincalide 
pretreatment. These results suggest that sincalide 
pretreatment alone is not sufficient to detect all 
patent cystic ducts.

Variants Associated with CCK 
and Morphine Intervention
Significantly delayed tracer excretion into the 
bowel associated with prompt and progressive 
gallbladder filling can be a normal variant seen 
in the fasting state [163]. Morphine administered 
to the patient prior to the study can have the same 
result. This finding is well known and is now 
actually used in a positive way to enhance gall-
bladder visualization during cholescintigraphy.

In a series by Kim et  al., approximately 
40–50% of subjects with prompt gallbladder fill-
ing showed a markedly delayed biliary-to-bowel 
transit after sincalide pretreatment (Fig.  10.32) 
compared with only 4% of patients who did not 
receive sincalide [164]. Delayed biliary-to-bowel 
transit, when present, should not necessarily be 
read as abnormal, i.e., as hyperacute or partial 
CBD obstruction. However, a hyperacute or par-
tial CBD obstruction may not be totally excluded 
in certain clinical settings, although this pattern, 
with intact gallbladder visualization, is not typi-
cal of CBD obstruction. In such a situation, CCK 
administration can help to exclude CBD obstruc-
tion by inducing gallbladder contraction and 
demonstrating bowel activity [164].

Oates et al. [165] and Shih et al. [166] reported 
that morphine administration increases the fre-
quency and the degree of duodenogastric reflux.
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a

b

Fig. 10.31 Hepatobiliary study showing nonvisualiza-
tion of gall bladder during routine study (a) and after low- 
dose morphine injection (b) in a patient suspected of 
having acute cholecystitis. The CBD and small bowel are 
promptly visualized but the gallbladder is not visualized 

up to 60 min. Following morphine administration, the gall 
bladder did not show filling. The finding indicates obstruc-
tion of the cystic duct which indicates acute cholecystitis 
in the clinical setting of this patient

In brief, in addition to its logistic advantage 
(shortening the imaging time), morphine aug-
mentation provides more specific diagnosis for 
acute cholecystitis than does delayed imaging. 
Sincalide pretreatment, when administered at 
the physiological rate, will be helpful in condi-
tions in which functional resistance to tracer flow 
into the gallbladder may be present. However, 
morphine augmentation will further improve the 
efficacy of the test even after sincalide pretreat-
ment. The technique is therefore recommended 

for routine clinical use when the gallbladder is 
not visualized at 1 h.

10.2.6  Hyperbilirubinemia

Cholescintigraphy is often performed to differen-
tiate surgical jaundice (CBD obstruction and bili-
ary atresia) from medical jaundice (intrahepatic 
cholestasis and/or hepatocellular disease) in both 
adults and neonates. Alternatively, CBD obstruc-

A. H. Elgazzar and S. A. Alenezi



431

10 min 30 min

1 min 15 min 90 min

Fig. 10.32 The patient 
was pretreated with 
sincalide before 
receiving an injection of 
Tc-99m-IDA. The 
gallbladder filling is 
prompt but bowel 
activity is not identified 
until 90-min 
postinjection (a). 
Following 
administration of a 
second dose of sincalide 
(b), there is prompt 
tracer excretion into the 
bowel, which excludes 
common duct 
obstruction

Fig. 10.33 The pattern of acute CBD obstruction imaged 
with Tc-99m-IDA. The initial hepatic uptake is prompt, 
with prolonged retention and no evidence of intestinal 

excretion throughout the study and on delayed image at 
20 h pot injection

tion or intrahepatic cholestasis is occasionally 
detected incidentally on cholescintigraphy per-
formed in patients who present with abdominal 
pain.

10.2.6.1  Common Bile Duct 
Obstruction

Cholescintigraphy is useful to diagnose biliary 
obstruction in patients with normal ultrasonogra-

phy and who are not clearly jaundiced and only 
mild liver dysfunction as if serum bilirubin levels 
are high, bilirubin occupies the available recep-
tors and blocks the IDA uptake since both have 
the same mechanism for uptake by hepatocytes. 
Prompt hepatic uptake of IDA that persists 2–4 h 
(sometimes even up to 24 h) without evidence of 
biliary excretion is the obstructive pattern that 
has been commonly described (Fig. 10.33) [167, 
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168]. The presence of an obvious photopenic 
defect in the area of the porta hepatis correspond-
ing to dilated bile ducts or slow tracer filling of 
dilated bile ducts makes CBD obstruction more 
likely. The presence of intestinal activity without 
visualization of the CBD makes intrahepatic cho-
lestasis more likely. However, without ancillary 
findings, the distinction between a high-grade 
CBD obstruction and a high-grade intrahepatic 
cholestasis (with relatively preserved hepatocyte 
function) may be difficult. Ultrasonography may 
play a complementary role in this situation.

In patients with partial CBD obstruction, 
cholescintigraphy may demonstrate absence of 
 intestinal activity, delayed biliary-to-bowel tran-
sit, and/or a prominent ductal pattern persistent 
for 2  h [168]. When CBD obstruction is sus-
pected, the patient should not be pretreated with 
sincalide, which may cause prompt gallbladder 
filling with delayed biliary-to-bowel transit, as 
discussed earlier. Poor hepatic uptake with per-
sistent blood pool activity of IDA in jaundiced 
patients generally indicates hepatocellular dis-
ease, regardless of the presence or absence of 
bowel activity (Fig. 10.32).

Quantification of hepatocyte function by mea-
suring the hepatocyte extraction fraction (HEF) 
of IDA agents with deconvolutional analysis was 
reported to be useful for the distinction between 
CBD obstruction and hepatocellular dysfunc-
tion [169–171]. Despite profound hyperbilirubi-
nemia, patients with CBD obstruction typically 
have only slightly reduced HEF values com-
pared with normal controls, whereas patients 
with hepatocellular dysfunction have markedly 
reduced HEF values.

10.2.6.2  Neonatal 
Hyperbilirubinemia

Persistent jaundice is considered to be pathologi-
cal beyond 3  weeks of age in full-term babies 
and 4 weeks in preterm babies. Cholestasis with 
conjugated hyperbilirubinemia can be due to a 
wide variety of abnormalities including extrahe-
patic biliary tree abnormalities (i.e., extrahepatic 
biliary atresia (EHBA) and choledochal cyst) or 
intrahepatic diseases (i.e., interlobular bile duct 
paucity or neonatal hepatitis syndrome).

The cause and pathogenesis of biliary atre-
sia remain largely unknown [172–174]. Both 
chronic and acute inflammatory changes have 
been shown histopathologically. Biliary atresia is 
typically a progressive panductular obliterative 
process. Without correction of bile flow obstruc-
tion within 2–3 months of life, irreversible hepatic 
damage and complete obliteration of the extrahe-
patic biliary tree will result. This process could be 
progressive even after surgical correction of the 
obstruction [175, 176]. The neonatal hepatitis syn-
drome includes various kinds of diseases such as 
idiopathic neonatal hepatitis, infectious hepatitis, 
and hepatitis from metabolic or genetic causes.

The urgency in correctly diagnosing EHBA 
is reflected in the surgical results following por-
toenterostomy (Kasai procedure). Sustained bile 
flow is significantly greater in infants operated 
on before 60 days of age (91%), compared with 
those operated on after 3  months (17%) [177]. 
The preoperative distinction of EHBA from the 
other disorders causing severe cholestasis is 
essential if the correct patients are to be selected 
for surgery.

Cholescintigraphy has been known to have 
100% sensitivity for the diagnosis of extrahepatic 
biliary atresia, but low specificity [178–181]. In 
neonates, normal cholescintigraphy should show 
prompt and uniform uptake of tracer in the liver 
with a maximum tracer accumulation within 
5 min [182, 183]. The gallbladder may be visu-
alized as early as 10  min, but nonvisualization 
of the gallbladder can be a normal variant in the 
neonatal period. The hepatic, cystic, and com-
mon bile ducts are generally not visualized in the 
neonatal period even when there is normal excre-
tion and gallbladder visualization. Bowel activity 
is seen usually by 30–40 min.

In general, cholescintigraphy performed 
in patients with biliary atresia within the first 
2 months of life usually shows reasonably good 
hepatic uptake, nonvisualization of the gallblad-
der, and prolonged retention of the tracer in the 
liver with no biliary excretion (Fig.  10.34). In 
contrast, patients older than 3  months usually 
show evidence of decreased hepatic function 
with reduced hepatic extraction fraction and no 
biliary excretion [183].
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Fig. 10.34 Hepatobili-
ary study in a neonate 
carried out for 60 min 
(a) and delayed 24 h 
image (b) illustrating no 
secretion of activity in 
the intestine as well as 
nonvisualization of the 
gall bladder. Biliary 
atresia in such case 
cannot be excluded. 
However, since the 
function of the liver is 
adequate biliary atresia 
is more likely than 
neonatal hepatitis

If there is no excretion in an infant less than 
2 months of age and the initial uptake suggests 
liver dysfunction, then the neonatal hepatitis 
syndrome should be suspected. A repeat study 
will show the improved function and transit as 
the condition resolves. In infants under 2 months 

who do not excrete, those with biliary atresia 
tend to have better liver-to-heart ratios of radio-
activity at 5  min than those with the neonatal 
hepatitis syndrome. However, no excretion with 
normal or near normal hepatic uptake may be 
seen in some cases of severe neonatal hepatitis 
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syndrome [184]. Cholescintigraphy is most use-
ful in excluding the diagnosis of biliary atresia 
with a sensitivity and negative predictive value 
of virtually 100% when intestinal and/or extra-
hepatic biliary activity is seen. Urine activity in 
the diaper or contamination of the skin of the 
abdomen should not be confused with intestinal 
activity. Acquiring delayed images after cleaning 
the skin and changing the diaper can prevent this 
from occurring. The reported specificity ranges 
from 43 to 90% [179–181, 184–188]. Patients are 
typically premedicated with phenobarbital, 5 mg/
kg daily in two divided doses given for 5 days. 
Ursodeoxycholic acid, an additional choleretic 
agent, may also be given at a dose of 20 mg/kg 
daily in two divided doses in order to optimize 
bile flow prior to the study.

Phenobarbital stimulates the hepatic trans-
port system for organic anions. This is primar-
ily achieved by induction of hepatic microsomal 

enzymes, thereby increasing bilirubin conjuga-
tion and excretion. Situations.

10.2.6.3  Postoperative Evaluation

Complications After Hepatobiliary Surgery
The increase in the number of laparoscopic cho-
lecystectomy and liver transplantations leads 
to increased utilization of cholescintigraphy 
for the evaluation of postoperative complica-
tions [189]. Bile duct complications include bile 
leaks, common bile/hepatic duct injuries or stric-
tures, retained biliary calculi, and obstruction. 
Most investigators agree that bile leaks are best 
detected by cholescintigraphy rather than by other 
anatomical imaging modalities [190–193]. When 
acquiring scintigraphic images, it is often helpful 
to enhance image intensity for accurate assess-
ment of the extent of extravasation (Fig. 10.35). 
The extent of leak is often better identified on 

Fig. 10.35 Bile leak study of a patient who underwent 
liver transplantation 20 days earlier and was referred to 
rule out possible bile leak. The study shows bile activity 
early through the study which increased on later images in 

a linear pattern and appears to be confined within the 
intestines and colon with no extravasation. Accordingly 
the study does not show evidence of bile leak

A. H. Elgazzar and S. A. Alenezi



435

delayed images [194]. Endoscopic retrograde 
cholangiopancreatography and/or percutaneous 
transhepatic cholangiography can be a supple-
ment as needed for more definitive diagnosis and 
treatment [195, 196]. When ultrasonography or 
CT shows a fluid collection, cholescintigraphy 
can be helpful not only in confirming but also in 
excluding biloma [109]. The addition of SPECT/
CT imaging can help in localization and improv-
ing the accuracy of the study.

The image obtained at 40 min after injection 
of Tc-99m-IDA reveals intense tracer accumu-
lation, localized only in the gallbladder fossa. 
However, a subsequently obtained image at an 
increased intensity (50 min) shows that the leak 
is more extensive. Delayed images best delineate 
the extent of the leak (reprinted from Kim [109] 
with permission).

Clinically insignificant leaks usually heal spon-
taneously. However, if a major leak is  present, reop-
eration, percutaneous transhepatic biliary drainage, 
or endoscopic sphincterotomy with placement of a 
stent or nasobiliary drainage catheter is required. 
The effectiveness of such interventional proce-
dures may be assessed with cholescintigraphy if 
clinically indicated (Fig. 10.36).

10.2.6.4  H Miscellaneous
Patients with sclerosing cholangitis were evalu-
ated with planar and SPECT imaging using 
Tc-99m-IDA [197]. Planar imaging showed 
beading or band-like constrictions of the biliary 
tract corresponding to lesions seen on cholangi-
ography. The SPECT images demonstrated mul-
tiple focal areas of tracer retention, representing 
bile stasis in intrahepatic bile ducts.

In patients with cystic fibrosis, ERCP often 
shows changes consistent with sclerosing chol-
angitis, with beading and stricturing of the intra-
hepatic ducts [198]. While various scintigraphic 
findings in these patients have been described, 
the most common finding appears to be retention 
of tracer in the intrahepatic ducts [198–201]. It 
was suggested that cholescintigraphy is valuable 
for monitoring the therapeutic responses of cystic 
fibrosis patients with liver disease to ursodeoxy-
cholic acid therapy [199] and in the early detec-
tion of liver involvement [201].

Cholescintigraphy was found to be a use-
ful noninvasive screening test in HIV-positive 
patients with right upper quadrant pain who are 
suspected of having AIDS-related sclerosing 
cholangitis, for the purpose of determining who 
should be referred for ERCP [202, 203]. The 
response to specific antimicrobial or surgical 
intervention can be monitored with cholescintig-
raphy [203].

Cholescintigraphy is a useful noninvasive test 
which complements an anatomical finding on 
ultrasonography in the diagnosis of choledochal 
cyst [204, 205]. And in assessing the effective-
ness of anti-enterogastric reflux procedures (e.g., 
Roux-en-Y diversion).

Investigators have found cholescintigraphy 
useful for assessing the patency of a biliary- 
enteric bypass [206–209]. A case was reported 
in which biliary stasis seen in the region of the 
biliary- enteric anastomosis in the supine images 
disappeared almost completely when the images 
were repeated after 30  min with the patient in 
an upright position [210]. We have observed a 
similar finding in a patient postoperatively. These 
cases illustrate the importance of imaging in the 
upright position when biliary or afferent loop sta-
sis is seen in postoperative patients.

10.2.7  Summary

Cholescintigraphy plays a pivotal role in the 
evaluation of various biliary tract diseases, par-
ticularly when coupled with pharmacologi-
cal intervention. The physician monitoring the 
study should be familiar with the most optimal 
technique for the pharmacological intervention 
and with conditions and medications that affect 
gallbladder contraction. It is also important to be 
aware of the various physiological and pharma-
cological effects on imaging findings, i.e., not 
only those findings that are normal but also the 
undesirable variants. Failure to recognize such 
effects can lead to incorrect interpretations.

Radionuclide imaging of the liver using the 
various tracers provides unique functional infor-
mation, i.e., the functional reserve, presence or 
absence of hepatocytes/Kupffer’s cells, and RBC 
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Fig. 10.36 (a, b) Post-liver transplantation Tc-99m-IDA 
scan. (a) After removal of the t-tube, a bile leak is first noted 
at 15 min (arrowhead). The anterior images show localiza-
tion of extravasated activity predominantly at the dome (D) 
of the liver. The right anterior oblique (RAO) image better 
delineates extravasated activity over the superior and pos-

terolateral surface of the liver (straight arrows), in addition to 
the right paracolic gutter (curved arrows). (b) A repeat study 
after CBD stent placement shows markedly improved drain-
age of bile into the intestine. However, a milder degree of 
leak is still evident on the images acquired during the second 
hour (arrows). (Reprinted from Kim [108] with permission)
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pooling. This has been augmented further by the 
improved resolution with multi-head SPECT sys-
tems. Advances in instrumentation such as PET 
and development of new radiopharmaceuticals, 
including PET tracers specifically for the evalua-
tion of the liver, will likely expand clinical appli-
cations further.
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Central Nervous System

James M. Mountz

11.1  Introduction

In this chapter, we present a review of the anat-
omy, physiology, and pathophysiology of the 
brain. This will lay the groundwork for a more 
in-depth presentation of the physiological basis 
for use of nuclear medicine methods in disease 
diagnosis and therapy management. This will be 
discussed in the context of radiopharmaceuticals 
commonly used to diagnose brain diseases. The 
specific patterns of radiotracer distribution as 
seen in nuclear scintigraphy will be correlated 
with the pathophysiology of the disease process. 
The different scintigraphic techniques will be 
reviewed to be followed by relevant clinical 
applications.

11.2  Anatomic and Physiologic 
Considerations

11.2.1  Anatomy

The central nervous system consists of the brain 
and the spinal cord. The major anatomic divisions 
of the brain are the cerebrum and the cerebellum, 

together weighing about 1400 g in the adult. Brain 
cells are classified as glia or neurons. About 
10,000 different types of neurons totaling approx-
imately 100 billion neurons comprise the human 
brain. The cerebral cortex consists of two hemi-
spheres connected by a large mass of white matter 
called the corpus callosum. The surface layer of 
each hemisphere is folded into gyri comprising 
the gray matter. The brain is divided into func-
tional areas called the frontal lobe (anterior to the 
central sulcus) and the parietal lobe (posterior to 
this sulcus). The occipital lobe lies below the pari-
eto-occipital sulcus, and the temporal lobe is situ-
ated below the lateral sulcus (Figs. 11.1 and 11.2).

Knowledge of cross-sectional anatomy of the 
brain (Figs. 11.3, 11.4, and 11.5) is a prerequisite 
for proper interpretation of brain imaging since 
tomographic imaging is the rule in current func-
tional neuroimaging. The interpretation of brain 
SPECT and PET studies depends on a back-
ground of neuroanatomy which with current 
techniques allows co-registration of MRI and CT 
with the functional SPECT and PET images 
(Figs. 11.3, 11.4, and 11.5).

11.2.2  Physiology

11.2.2.1  Perfusion
Blood flow utilization by neurons is primarily 
related to synaptic activity at the neuron cell 
body; thus, gray matter requires about four times 
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as much blood flow as white matter. In the nor-
mal brain, the overall determinant of regional 
cerebral blood flow (rCBF) is dependent on vas-
cular integrity, cerebral anatomy, and cerebral 
function. Since diseases of the brain can disrupt 
one or more of these functions, for accurate diag-
nosis it is important to integrate these three phys-
iological functions with the pattern of rCBF 
change from normal to arrive at an accurate diag-
nosis of disease. Perfusion changes noted with 
SPECT radiotracers are appreciated due to the 
differences in the cortical gray to white matter 
perfusion related to the large amount of neurons 
in the cortex. Coupling of perfusion and metabo-
lism provides functional information regarding 
the state of the patient during tracer injection 
with 99mTc-HMPAO and 99mTc-ethyl cysteinate 
dimer (ECD).

11.2.2.2  Metabolism
In the brain, glucose metabolism provides 
approximately 95% of adenosine triphosphate 
(ATP) required for brain function. Under normal 
physiological conditions, glucose metabolism is 
tightly connected to neuronal activity. 18F-FDG is 
an analog of glucose and is taken up by living 
cells via the normal glucose pathway. 18F-FDG is 
suitable for imaging regional cerebral glucose 
consumption with PET since it accumulates in 
neuronal tissue depending on facilitated transport 
of glucose and hexokinase-mediated phosphory-
lation. The rationale behind its use as a tracer for 
cancer diagnosis depends on an increased glyco-
lytic activity in neoplastic cells. The cell altera-
tions related to neoplastic transformation are 
associated with functional impairments that are 
discernible before structural alterations occur. 
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Fig. 11.3 Axial T2-weighted MR images. (1) Cerebellar 
tonsil, (2) vertebral artery, (3) medulla, (4) cerebellar 
hemisphere, (5) basilar artery, (6) pons, (7) 4th ventricle, 
(8) uvula, (9) optic nerve, (10) internal carotid artery 
siphon, (11) lateral rectus muscle, (12) pituitary gland, 
(13) ambient cistern, (14) amygdala, (15) gyrus rectus, 
(16) middle cerebral artery, (17) posterior cerebral artery, 
(18) mesencephalic cistern, (19) temporal pole, (20) hip-
pocampus, (21) parahippocampal gyrus, (22) substantia 
nigra, (23) red nucleus, (24) cerebellar vermis, (25) fron-
tal lobe, (26) temporal lobe, (27) superior sagittal sinus, 
(28) gyrus rectus, (29) insular cortex, (30) anterior com-

missure, (31) posterior horn lateral ventricle, (32) occipi-
tal lobe, (33) Sylvian fissure, (34) external capsule, (35) 
calcarine sulcus, (36) cingulate gyrus, (37) anterior limb 
of the internal capsule, (38) posterior limb of the internal 
capsule, (39) thalamus, (40) occipital lobe, (41) head of 
the caudate nucleus, (42) putamen, (43) globus pallidus, 
(44) frontal pole, (45) genu of the corpus callosum, (46) 
splenium of the corpus callosum, (47) forceps minor, (48) 
forceps major, (49) caudate nucleus, (50) cingulate gyrus, 
(51) centrum semiovale, (52) calvarial marrow, (53) pre-
central sulcus, (54) central sulcus, (55) postcentral sulcus. 
PreCG, precentral gyrus; PostCG, postcentral gyrus

Therefore, changes in neuronal activity induced 
by disease are reflected in an alteration of glucose 
metabolism.

18F-FDG PET is currently the most accurate in 
vivo method for the investigation of regional 
human brain metabolism in health and disease 
states, when conventional morphologic diagnos-
tic modalities (i.e., CT, MRI) do not yet detect 
any evident for lesions.

11.3  Pathophysiology of Relevant 
Diseases

11.3.1  Cerebrovascular Disease

Stroke is the third leading cause of death (∼1 in 
17 deaths) and the most expensive form of dis-
ability in the United States [1]. Disruption in 
blood flow usually results in transient ischemic 
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Fig. 11.4 Coronal FLAIR MR images. (1) Superior fron-
tal gyrus, (2) orbit, (3) interhemispheric fissure, (4) frontal 
pole, (5) orbital gyrus, (6) superior sagittal sinus, (7) cin-
gulate gyrus, (8, 9) gyrus rectus, (10) superior sagittal 
sinus, (11) genu of the corpus callosum, (12) temporal 
pole, (13) anterior horn lateral ventricle, (14) mesial tem-
poral lobe, (15) cingulate gyrus, (16) corpus callosum, 
(17) optic nerve, (18) cavernous sinus, (19) head of the 
caudate nucleus, (20) lenticular nucleus, (21) Sylvian fis-
sure, (22) insular cortex, (23) amygdala, (24) corpus cal-

losum, (25) hippocampus, (26) basilar artery, (27) Sylvian 
fissure, (28) superior temporal gyrus, (29) middle tempo-
ral gyrus, (30) inferior temporal gyrus, (31) cingulate 
gyrus, (32) thalamus, (33) parahippocampal gyrus, (34) 
vestibulocochlear nerve, (35) central sulcus, (36) Sylvian 
fissure, (37) mesencephalon, (38) medulla, (39) paracen-
tral lobule, (40) cingulate gyrus, (41) 4th ventricle, (42) 
transverse sinus, (43), tentorium (44) cerebellar vermis, 
(45) cerebellar hemisphere, (46) cuneus

episode or a stroke. The pathologic mechanism is 
most often thrombotic or embolic (87%), but 
arterial occlusion by atheromatous disease com-
bined with the lowering of systemic arterial blood 
pressure could also produce “hemodynamic” 
stroke; alternatively, cerebrovascular compro-
mise results from intraparenchymal (10%) and/or 
subarachnoid (3%) hemorrhage with acute effects 
because of blood and/or elevated intracranial 
pressure and delayed effects because of ischemic 
deficits from cerebral vasospasm (CVS) [2].

Through early studies with 15O-water PET [3, 
4], hypoperfusion to the brain was classified into 
three stages: irreversible cerebral infarction 
occurring with cerebral blood flow (CBF) <7–12 
mL/100 g/min (ischemic core), abnormally func-

tioning but viable tissue with the potential for 
recovery or progression to infarction with CBF 
<20 mL/100 g/min but above the infarction 
threshold (penumbra), and mildly hypoperfused 
but otherwise normally functioning and not at- 
risk tissue with CBF >20–22 (oligemia; normal 
CBF is 50–55 mL/100 g/min) [5]. The infarction 
rCBF threshold allowed the prediction of tissue 
necrosis in a probabilistic way, while the fate of 
penumbral tissue depends on events after the 
scan, namely, early reperfusion or not. Viability 
additionally required regional metabolic rate of 
oxygen >1.3 mL/100 g/min [2–4]. Thus, the brain 
distal to a vascular occlusion could remain via-
ble, with relatively preserved cerebral metabolic 
rate of oxygen (CMRO2), through compensatory 
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Fig. 11.5 Sagittal T1-weighted MR images. (1) Central 
sulcus, (2) temporal pole, (3) parahippocampal gyrus, (4) 
frontal pole, (5) ascending branch of cingulate sulcus, (6) 
paracentral sulcus, (7) cingulate sulcus, (8) ascending 
branch of cingulate sulcus, (9) scalp, (10) calvarium, (11) 
superior sagittal sinus, (12) cerebellar tonsil, (13) genu of 
the corpus callosum, (14) pituitary gland, (15) clivus, (16) 

splenium of the corpus callosum, (17) tectal plate, (18) 
aqueduct of the 3rd ventricle, (19) 4th ventricle, (20) 
mammillary body, (21) head of the caudate nucleus, (22) 
thalamus, (23) parieto-occipital sulcus, (24) calcarine sul-
cus, (25) central sulcus, (26) postcentral sulcus, (27) insu-
lar cortex, (28) Sylvian fissure. OL occipital lobe, P pons, 
Th thalamus

increase in oxygen extraction fraction (misery 
perfusion) [3, 4, 6, 7], or conversely, infarcted 
brain could demonstrate relative or absolute 
increase in rCBF with low oxygen extraction 
fraction (OEF) secondary to delayed reperfusion 
(luxury perfusion) [8–11].

11.3.2  Dementia

Approximately 3–4% of the adult population in 
the United States demonstrates significant cogni-
tive impairment. In general, the causes of demen-
tia include primary neurodegenerative disorders 
with the most prevalent being Alzheimer’s dis-
ease, followed by frontotemporal dementia, 
Lewy body dementia, parkinsonian dementia, 
progressive supranuclear palsy, Pick’s disease, 

cortical basilar degeneration, Huntington’s dis-
ease, and Wilson’s disease [12]. Vascular demen-
tias are categorized as multi-infarct, Binswanger’s, 
cerebral autosomal dominant arteriopathy with 
subcortical infarctions, and leukoencephalopa-
thy. Inflammatory etiologies include multiple 
sclerosis and vasculitis. Infectious etiologies 
include syphilis, human immunodeficiency virus 
(HIV), Lyme disease, and other viral diseases 
and fungal diseases. Cancers are a rare cause of 
dementia which can be attributed to primary 
result of the disease, metastatic disease to the 
brain, and perineoplastic syndromes. Other 
causes and physical abnormalities include trauma 
and hydrocephalus.

The prevalence of dementia in the population 
increases significantly with age, with approxi-
mately 13% of the population having dementia in 
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the 77–84-year-old range, and almost 50% in the 
population 95 years and older. With the increas-
ing age of the population of the United States, 
dementia is expected to be a significant health- 
care problem. It has been documented [13] that 
approximately 80% of all dementias are attribut-
able to Alzheimer’s disease or Lewy body demen-
tia. Vascular dementia comprises approximately 
18% of the dementias, with the other dementias 
comprising approximately 5.5%.

11.3.2.1  Alzheimer’s Disease (AD)
Alzheimer’s disease (AD) is the most common 
cause of dementia in patients over 65 years of 
age. It causes approximately 50–60% of all 
dementias, followed by dementia with Lewy 
bodies (DLB) and frontotemporal dementia 
(FTD) [14]. Approximately 27 million individu-
als are diagnosed with AD worldwide, a number 
that is estimated to quadruple by 2050, meaning 
1 in 85 people will be affected [15, 16].

Alzheimer’s disease was first described by 
Alois Alzheimer in 1906 as an unusual disease of 
the cerebral cortex in a 51-year-old woman 
named Auguste Deter. Her symptomatology 
included presenile dementia with memory loss, 
disorientation, hallucinations, and ultimately 
death by the age of 55. The autopsy showed clas-
sic neuropathological changes as senile plaques 
and neurofibrillary tangles. He also described a 
granulovascular degeneration and amyloid angi-
opathy. The diagnosis of Alzheimer’s disease has 
traditionally been through the NINCDS/ADRDA 
criteria [17]. In these clinical criteria, dementia is 
established by clinical examination and docu-
mented by the mini-mental test or Blessed 
Dementia Scale and confirmed by a neuropsy-
chological examination. Alzheimer’s dementia 
requires cognitive deficits in two or more areas, 
with progressive worsening of memory and other 
cognitive function. There should be no distur-
bances in consciousness. The age of onset is typi-
cally between the ages of 40 and 90 years, most 
often after 65 years. In addition, the absence of 
systemic disorders or other brain diseases are 
required as these can confound the diagnosis of 
Alzheimer’s disease.

The two basic types of Alzheimer’s disease 
are familial and sporadic. Familial AD (FAD) is a 
rare form of AD, affecting less than 10% of AD 
patients. All FAD is early onset, meaning the dis-
ease develops before age 65. Apolipoprotein E 
(APOE) epsilon4 gene dose (i.e., the number of 
epsilon4 alleles in a person’s APOE genotype) is 
associated with a higher risk of AD and a younger 
age at dementia onset [18], and correlates with 
reduced regional hypometabolism in brains of 
patients with AD.  In addition, advanced age, 
prior head trauma, low educational levels, and 
gender, with female greater than male predomi-
nance, have been associated with an increased 
risk for Alzheimer’s disease.

Previous guidelines for the detection of AD 
included meeting the Diagnostic and Statistical 
Manual of Mental Disorders (fourth edition) cri-
teria for dementia, which required an episodic 
memory disorder and impairment in >1 cognitive 
domain that interfered with daily life activity or 
social function. Beyond that, a diagnosis of 
“probable AD” was essentially a diagnosis of 
exclusion [16, 19, 20]. The Diagnostic and 
Statistical Manual of Mental Disorders (fifth edi-
tion), released in May 2013, replaces the term 
dementia with major neurocognitive disorder and 
mild neurocognitive disorder. For a diagnosis of 
AD, it requires memory problems and impair-
ment in at least one other cognitive domain inter-
fering with functional independence. For those 
with Mild Neurocognitive Disorder, AD diagno-
sis can only be made if the subject additionally 
tests positive for a mutation in an autosomal 
dominant AD gene or certain biomarkers. 
However, for the first time in 27 years, the 
National Institute on Aging and the Alzheimer’s 
Association established new guidelines for the 
diagnosis and treatment of dementia. The new 
guidelines examine the biological changes under-
lying symptoms of dementia, whereas previous 
diagnosis relied primarily on neuropsychological 
evaluation, clinical assessment, and evaluation of 
family history or reports. Albert et  al. [21] 
described three distinct phases for AD: presymp-
tomatic, mildly symptomatic but predementia, 
and dementia caused by AD.  Furthermore, in 
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conjunction with clinical evaluation, three bio-
markers—cerebrospinal fluid (CSF), magnetic 
resonance imaging (MRI) volume, and PET—
were identified to be useful for diagnosis. The 
presymptomatic stage marks a preclinical form 
of AD when biomarker changes indicate the pres-
ence of an early stage of a dementia process, but 
memory loss or other behavioral symptoms are 
not yet noticeable. At this stage, individuals could 
potentially benefit from vaccination approaches 
or other preventive strategies. The mildly symp-
tomatic phase is marked by noticeable cognitive 
changes that do not necessarily interfere with 
daily life. The last stage is distinguished by defi-
nite memory, cognitive, and behavioral deficits 
that disrupt daily tasks.

11.3.3  Seizures and Epilepsy

Epilepsy is the most common serious brain disor-
der in children, occurring in all parts of the world 
and within every stratum of the population. 
Through its effects, it exerts a significant physi-
cal, psychological, economic, and social toll on 
children and their caregivers. An epileptic seizure 
is defined as an excessive burst of abnormally 
synchronized neuronal activity affecting small or 
large neuronal networks that results in clinical 
manifestations that are sudden, transient, and 
usually brief.

The 1981 International League Against 
Epilepsy classification dichotomizes seizures 
into generalized and partial based solely on elec-
troclinical features [22]. Generalized seizures are 
those that arise from large areas of the cortex in 
both hemispheres and in which consciousness is 
invariably impaired from the onset. Generalized 
seizures are subdivided into multiple categories. 
Typical absence (petit mal) seizures comprise an 
abrupt loss of consciousness, often described as a 
vacant look, and cessation of all motor activity, 
classically with preservation of tone. The attack 
ends as abruptly as it started, and previous activ-
ity is resumed as if nothing had happened. A 
myoclonic seizure is a brief contraction of a mus-
cle, muscle group, or several muscle groups due 
to a cortical discharge. It can be single or repeti-

tive, varying in severity from an almost imper-
ceptible twitch to a severe jerking. Clonic seizures 
are typically seen in young children and consist 
of clonic jerking, which is often asymmetric and 
irregular. Tonic seizures take the form of a tonic 
muscle contraction with altered consciousness, 
without a clonic phase. Tonic–clonic (grand mal) 
seizures are the classic form of epileptic seizure, 
with altered consciousness followed by tonic 
extension and then clonic convulsive movements 
of all four extremities. Atonic seizures may mani-
fest as the classic drop attack, in which all pos-
tural tone is suddenly lost, or more subtle 
changes, such as a slight head drop or bowing at 
the knees.

Partial seizures are those that arise in specific, 
often small, loci of the cortex in one hemisphere. 
They are divided into simple partial seizures, 
which occur without alteration of consciousness 
and have motor, sensory, autonomic, or psychic 
manifestations, and complex partial seizures, in 
which consciousness is impaired or lost. Either 
type of partial seizure may evolve into a second-
arily generalized seizure. Importantly, from a sur-
gical perspective, partial seizures invariably 
imply focal brain pathology, although this may 
not always be readily apparent on investigation.

Medical treatment of a first seizure is contro-
versial, as the recurrence risk of a subsequent sei-
zure is approximately 50%. Antiepileptic drug 
therapy after the first seizure appears not to alter 
the long-term prognosis for developing epilepsy, 
but may reduce the risk for a second seizure. The 
risk of having a third seizure on the background 
of two previous events is higher, and for these 
reasons, most neurologists advocate institution of 
antiepileptic drug therapy after the second sei-
zure. Clearly, treatment should be individualized, 
as the recurrence risk is affected by such patient- 
specific variables as etiology (structural brain 
abnormalities carry a higher risk), electroenceph-
alography (EEG) findings (spike and wave dis-
charges on the first EEG carry a higher risk), and 
age (younger patients are at higher risk of recur-
rence, likely because of the confounding effect of 
etiology). Other issues such as seizure type, tim-
ing, and frequency (impact of seizures on quality 
of life); the cognitive, behavioral, and psychoso-
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cial side effects of antiepileptic drug therapy; and 
patient compliance with therapy must also be 
considered.

11.3.4  Brain Tumors

Brain tumors manifest with the subacute or 
chronic onset of generalized symptoms, such as 
confusion, headaches, seizures, and nausea or 
focal symptoms and signs, such as visual field 
deficit, loss of language, unilateral weakness, 
sensory neglect, or difficulty walking. There are 
no symptoms or signs specific to any brain tumor 
because the anatomic location of the tumor in the 
brain dictates the presentation. A tissue diagno-
sis through a biopsy or surgical resection is nec-
essary to confirm the pathology, except in 
patients with metastatic tumors with a known 
primary tumor. The differential diagnosis of 
mass lesions in the brain includes abscess, mul-
tiple sclerosis lesions, inflammatory disease, and 
other infections, such as toxoplasmosis and 
cysticercosis.

Brain tumors share some features and chal-
lenges for diagnosis and therapy with tumors 
elsewhere in the body, but they also pose specific 
issues that are related to the unique properties of 
the organ they sit in. Most of the brain is sepa-
rated from the blood by the blood–brain barrier 
(BBB) that exerts a much more restrictive control 
over substances that are allowed to pass (or may 
even be subject to facilitate transport) than most 
other organs.

Brain tumors are categorized as metastatic or 
primary. The incidence and prevalence of meta-
static tumors exceed primary tumors by 4:1. 
Lung and breast carcinoma make up the majority 
of metastatic tumors, largely because of the fact 
of their increased prevalence in the population 
compared with other tumors. Melanoma is a less 
prevalent malignancy but has a high propensity to 
metastasize to the brain. Meningioma is usually a 
benign tumor that is found most often in the 
fourth through sixth decade with a female to male 
ratio of 2:1. Primary central nervous system lym-
phoma (PCNSL) is a rare tumor that usually 
affects patients in the sixth decade and older.

Primary brain tumors or gliomas consist of 
astrocytomas, oligodendrogliomas, and ependy-
momas in decreasing order of prevalence. It was 
once thought that these tumors are derived from 
mutations of normal glial cells, but it is increas-
ingly recognized that gliomas are derived from 
brain tumor stem cells.

Histologic features of gliomas give them a 
grade according to the World Health Organization 
(WHO) system [23].

Grade I glioma (pilocytic astrocytoma) is 
rarely ever seen in adults. Grade II gliomas are 
low-grade gliomas (LGG) with subtypes astrocy-
toma and oligodendroglioma and usually affect 
patients in the third and fourth decades. They 
show little cellular atypia and proliferation but 
frequently infiltrate healthy surrounding brain 
and, therefore, cannot be cured by surgery or 
radiotherapy. Despite being lower-grade tumors, 
LGG are not benign. The natural history is that 
patients with LGG ultimately progress to 
HGG. LGG make up about 15% of all primary 
brain tumors. LGG are more likely to present 
with seizures than HGG.

Grade III and IV tumors are high-grade glio-
mas (HGG) and include tumors with gross cellu-
lar atypia and necrosis. They are made up 
predominantly of glioblastoma multiforme 
(GBM) and anaplastic astrocytoma (AA) (WHO 
grade III), whereas anaplastic oligodendroglioma 
and anaplastic ependymoma are less common. 
Glioblastoma (GBM) is the most malignant gli-
oma and makes up 60–70% of all gliomas.

Symptoms and signs of brain tumor should 
prompt neuroimaging. Magnetic resonance imag-
ing (MRI) has largely replaced computed tomog-
raphy (CT) for evaluating brain tumors, although 
CT serves as a quick screening modality and 
must be used in patients who have contraindica-
tions to MRI. Radiographic features on MRI can 
predict the type of tumor, but cannot accurately 
confirm the pathology. MRI and CT rely on 
blood–brain barrier (BBB) damage (frequent in 
grades III and IV, absent in grade II) and morpho-
logic appearance (e.g., presence of necrosis, vas-
cularity) for grading. Although this is regarded as 
largely sufficient in untreated gliomas, it becomes 
unreliable in treated tumors because BBB dam-
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age and necrosis also can result from formation 
of reactive tissue after therapy. In that situation, 
imaging methods that distinguish tumor from 
reactive nonneoplastic tissue will contribute sig-
nificantly to clinical decision-making. Contrast 
enhancement also cannot provide proper grading 
in brain tumors with a constitutive lack of BBB, 
such as meningiomas and lymphomas. In gen-
eral, functional measures related to tumor prolif-
eration are expected to deliver more reliable 
information on prognosis than morphologic 
imaging methods.

Because of the BBB, many tracers that easily 
reach tumors in other parts of the body would 
only reach brain tumors once there is a disruption 
of the BBB by the brain tumor. Thus, the disrup-
tion of the BBB, which can easily be detected on 
contrast-enhanced magnetic resonance imaging 
(MRI) and computed tomography (CT), is 
regarded as the main diagnostic indicator for 
malignant gliomas, meningiomas, and brain 
metastases, as well as for some less frequent 
tumors without an intact BBB.

As a consequence of the exclusion of all radio-
tracers that cannot pass the BBB from the normal 
brain, there usually also is a good tumor-to-brain 
contrast for all tracers with these properties, 
which historically included 99mTc-pertechnetate 
and 99mTc-diethylene triamine pentaacetic acid 
and currently also fluorothymidine (18F-FLT) and 
virtually all labeled macromolecules (although 
low-capacity slow-specific transfer by receptors 
has been observed for some). However, the excel-
lent contrast may not indicate much more than 
the presence of BBB damage, which can readily 
be seen and even quantified by contrast-enhanced 
MRI.  Therefore, much interest and effort has 
been invested into the development and evalua-
tion of brain tumor tracers that do not depend on 
BBB damage, such as fluorodeoxyglucose (18F- 
FDG) and labeled amino acids, because they are 
being transferred by large-capacity specific trans-
porters across the intact BBB.

There is a large variation in the response of 
tumors to therapy by irradiation and cytostatic 
drugs within tumor types and often even in differ-

ent areas of the same tumor. However, with mor-
phologic imaging, it is difficult to determine 
whether a tumor is responding, and only late after 
completion of therapy, the outcome becomes evi-
dent. Especially with chemotherapy, monitoring 
of therapeutic efficacy is a major goal to modify 
inefficient therapy before the patient’s condition 
worsens to a degree that reduces any further ther-
apeutic options. Thus, molecular imaging tech-
niques are expected to provide improved outcome 
parameters for therapy monitoring, which also is 
relevant for conducting efficient clinical trials of 
new therapeutics.

11.3.5  Movement Disorders

Parkinson’s disease is the most common of the 
movement disorders, affecting approximately 
1.5% of people over 65 years and 2.5% of those 
over the age of 80. As degeneration occurs in 
dopaminergic neuron in the substantia nigra, 
patients exhibit clinical symptoms of resting 
tremor, rigidity, and bradykinesia. Parkinsonian 
syndromes are a group of diseases that share sim-
ilar cardinal signs of parkinsonism.

Although the neurodegenerative condition 
Parkinson’s disease is the most common cause of 
parkinsonism, numerous other etiologies can 
lead to a similar set of symptoms, including mul-
tiple system atrophy, progressive supranuclear 
palsy, corticobasal degeneration, drug-induced 
parkinsonism, vascular parkinsonism, and psy-
chogenic parkinsonism. Essential tremor typi-
cally occurs during voluntary movement rather 
than at rest; however, some patients with essen-
tial tremor can demonstrate resting tremor, rigid-
ity, or other isolated parkinsonian features, 
mimicking other etiologies. Clinical diagnosis of 
parkinsonism is often straightforward, obviating 
additional tests in many cases. However, for 
incomplete syndromes, or an overlap between 
multiple concurrent conditions, particularly early 
on, an improvement in diagnostic accuracy may 
be possible using a test for dopamine transporter 
(DaT) visualization [24–26].
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11.3.6  Hydrocephalus

11.3.6.1  Anatomy and Physiology 
of Hydrocephalus

CSF is a clear fluid similar to blood plasma. The 
intracranial and spinal cord structures float in 
CSF and are protected from jolts and blows. 
Principally, the choroid plexus in the lateral, 
third, and fourth ventricles produces the major 
portion of CSF. Normally, between 125 and 150 
mL of CSF is circulating within the ventricles 
and subarachnoid space at any given time. 
Approximately 600 mL of CSF is produced daily. 
The CSF normally drains from the lateral ventri-
cles sequentially through the interventricular 
foramen of Monro, the third ventricle, and the 
cerebral aqueduct of Sylvius into the fourth ven-
tricle and then leaves the ventricular system 
through the median foramen of Magendie and 
two lateral foramina of Luschka. Here, the CSF 
enters the subarachnoid space. Along the base of 
the brain, this space extends into a number of 
lakes called cisterns. The CSF is absorbed 
through the pacchionian granulations of the pia- 
arachnoid villi into the superior sagittal sinus.

The term hydrocephalus generally refers to 
those conditions that produce an imbalance 
between the rate of production and absorption of 
the cerebrospinal fluid, leading to dilatation of 
the ventricular system. Hydrocephalus normally 
occurs as a result of obstruction to the flow and 
absorption of CSF, although there are rare cases 
of choroid plexus papillomas causing hydroceph-
alus by the overproduction of CSF.

Hydrocephalus is traditionally classified as 
communicating and noncommunicating, based 
on whether ventricular obstruction is present. In 
the former, the ventricular system continues to 
communicate with the subarachnoid spaces out-
side the brain through the fourth ventricular 
foramina of Luschka and Magendie.

Noncommunicating hydrocephalus corre-
spondingly refers to the presence of occlusion 
within the ventricular system. Hydrocephalus 
may be either congenital or acquired. Arnold–
Chiari malformation, Dandy–Walker malforma-
tions, and aqueductal stenosis/atresia are common 
causes of the congenital variety. In the acquired 

type, many pathologic conditions, including 
inflammatory, infectious, traumatic, and neoplas-
tic disorders, can cause hydrocephalus [27].

11.3.6.2  Pathophysiology 
of Hydrocephalus

Noncommunicating hydrocephalus can be the 
result of intraventricular mass, aqueductal 
obstruction, or fourth ventricular obstruction. 
Communicating hydrocephalus, on the other 
hand, results from meningitis, meningeal carci-
nomatosis, or cerebral dural sinus thrombosis, or 
it is idiopathic in elderly patients. Normal- 
pressure hydrocephalus (NPH) is a communicat-
ing hydrocephalus of particular interest to nuclear 
medicine professionals since radionuclide cister-
nography is useful in its diagnosis and manage-
ment. In NPH, the usual flow of CSF is impaired 
somewhere in the intracranial subarachnoid 
space, resulting in a reversal of CSF flow and 
dilatation of the lateral ventricles. There is free 
communication between the ventricular system 
and the subarachnoid pathways and no elevation 
of CSF pressure. Clinically, the entity presents as 
dementia, gait disturbances, and fecal and uri-
nary incontinence. Most commonly, this condi-
tion results from subarachnoid hemorrhage or 
meningoencephalitis.

11.3.6.3  Cerebrospinal Fluid Leakage
Leaking of CSF may be etiologically classified 
into:

 1. Traumatic: occurring in about 30% of basilar 
skull fractures. Two percent of all head inju-
ries develop a CSF fistula. This leak is usually 
unilateral, scanty, seen within 48 h after 
trauma, and resolves in 1 week.

 2. Nontraumatic: taking place in tumors (pitu-
itary, brain, skull), skull infections, and con-
genital defects (encephalocele). This leak is 
profuse and may persist for years. Infection 
complicates the untreated leak in 25% of the 
cases. CSF rhinorrhea may occur anywhere 
from the frontal sinus to the temporal bone. 
The cribriform plate is the most susceptible to 
fracture and rhinorrhea. Otorrhea is much less 
common [28, 29].
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 3. Spontaneous intracranial hypotension (SIH). 
This is an increasingly recognized condition 
due to CSF leak without apparent prior cause. 
This condition is recognized now among 
causes of postural headache, which in this 
case is secondary to low CSF pressure 
[30–32].

11.4  Scintigraphic Evaluation 
of CNS Diseases

11.4.1  Radiopharmaceuticals

There are three main classes of radiopharmaceu-
ticals now available for functional brain imaging 
in nuclear medicine (1) regional cerebral blood 
flow, (2) regional cerebral metabolism, and (3) 
central nervous system receptor binding and 
other molecularly targeted agents. After intrave-
nous injection, the regional uptake and 
 distribution of radiotracers are measured by sin-
gle-photon emission computed tomography 
(SPECT) or positron emission tomography (PET) 
imaging systems. In this chapter, we describe the 
most important tracers routinely employed in 
clinical nuclear medicine practice. More compre-
hensive descriptions of radiopharmaceuticals for 
brain imaging have been provided in numerous 
prior reports [33–35].

SPECT radiopharmaceuticals used for mea-
suring regional cerebral blood flow (rCBF) are 
lipophilic agents which are transported from the 
arterial vascular compartment to the normal brain 
tissue compartment by diffusion and are distrib-
uted proportional to regional tissue blood flow. 
After this first phase of transport, the tracers are 
essentially irreversibly trapped in the tissue com-
partment. The two major blood flow agents used 
in brain SPECT imaging are technetium-99m 
hexamethylpropylene amine oxime (99mTc- 
HMPAO) and Tc-99m ethyl cysteinate dimer 
(99mTc-ECD) [36, 37]. Xenon-133 (133Xe) is 
unique since it is freely diffusible and not trapped 
in the tissues. Inhaled or IV injection of 133Xe 
dissolved in saline can more accurately and quan-
titatively provide measurements of blood flow by 
determination of the clearance rate of this tracer 

from the cerebral compartment, after a brief 
uptake period (Lassen) [38]. The major PET 
radiopharmaceutical used to measure cerebral 
perfusion is 15O-water [39].

The second major class of radiopharmaceu-
ticals is those that measure brain metabolism. 
These radiopharmaceuticals are transported 
to the brain tissues by regional cerebral blood 
flow, but subsequent regional cerebral distribu-
tion reflects the utilization rate of the tracer in 
a cerebral metabolic pathway. Currently, there 
are no SPECT tracers that specifically measure 
normal cerebral metabolism. However, in brain 
tumor imaging, where the blood–brain bar-
rier is broken, ionic tracers such as Thallium-
201(201Tl) [40] or other SPECT tracers such 
as 99mTc- methoxyisobutyl 99mTc-sestamibi [41] 
can be used to detect new, recurrent, or residual 
viable tumor. The PET radiopharmaceutical 
predominantly used is fluorine-18 2-fluoro-2-
deoxy-d- glucose (18F-FDG), [42]. [18F]-fluoro-
3′-deoxy-3′-l-fluorothymidine (18F- FLT) is a 
new tracer used to indicate tumor proliferation 
to more specifically identify new, recurrent, or 
residual viable brain tumor. Other tracers being 
used in research include amino acids and amino 
acid analog PET tracers like 11C-methionine 
(11C-MET) and 3,4-  dihydroxy- 6-  18F- fluoro- l- ph
enylalanine (18F-FDOPA).

The third class of radiotracers important in 
brain imaging is central nervous system receptor 
binding agents, which measure neuronal receptor 
density and binding affinity [26]. In SPECT, a 
tracer which has been well characterized is 123I-β-
CIT. This benzamide compound has been used to 
image the dopaminergic (D2) transporter system in 
the corpus striatum [43]. In the United States, 
123I-ioflupane (123I-FP-CIT) SPECT  radiotracer 
dopamine receptor imaging was approved by the 
Food and Drug Administration on January 2011 
and is commercially available. It has now been 
established as a standard part of diagnostic assess-
ment in movement disorders [44].

Numerous reviews have been published 
describing PET tracers that have been developed 
for application in brain PET imaging, primarily 
for brain receptor studies or metabolic incorpora-
tion into essential biochemical pathways [45, 
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46]. After IV injection, these tracers initially fol-
low first-order kinetics compartmental distribu-
tion since their delivery depends on cerebral 
blood flow. Over time, there is clearance of non-
specific uptake, and the delayed scan reflects spe-
cific receptor binding.

11.4.1.1  99mTc- Hexamethyl-
propyleneamine Oxime 
(99mTc-HMPAO)

To understand the uptake mechanism of 99mTc- 
hexamethylpropyleneamine oxime (99mTc- 
HMPAO), a three-compartmental analysis model 
can be used for analysis [47]. In this model, 
the first compartment is the lipophilic tracer in 

the blood pool of the brain, but outside of the 
blood–brain barrier. The second compartment is 
consisting of the lipophilic tracer inside of the 
blood–brain barrier. The third compartment is the 
hydrophilic form of the tracer that is retained in 
the brain. Transport from the first compartment 
to the second compartment represents efflux of 
lipophilic tracer from the blood compartment 
to the brain compartment. Back-exchange from 
the third compartment to the second compart-
ment represents back-diffusion of the lipophilic 
form of the tracer and is essentially equal to zero 
since the tracer is irreversibly trapped (by intra-
cellular reaction with glutathione) in the brain. 
Figure 11.6 shows a normal brain SPECT scan 

Fig. 11.6 Transverse tomographic images from a normal 
42-year-old female subject after injection of 20 mCi 
99mTc-HMPAO. The transverse images are arranged paral-
lel to and sequentially above the canthomeatal line, with 
the cerebellum at the top left and the vertex of the brain at 
the bottom right. The scan slice thickness is 4 mm. The 
scan resolution is approximately 7-mm full width at half 
maximum. There is seen to be high uptake of tracer in the 
cerebellum (top row), the thalamus and basal ganglia (2nd 

row from top), and the primary visual cortex (2nd and 3rd 
row from top). There is high uptake in all cortical struc-
tures compared to white matter. This is expected since the 
white matter physiologically has approximately 50% 
lower blood flow than gray matter. The ventricles in this 
patient are small, and the central reduction in tracer uptake 
is almost completely due to lower uptake in the white mat-
ter. These differences in uptake bestow the functional scan 
with anatomic definition
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Fig. 11.7 Transverse tomographic images from a normal 
41-year-old female subject after injection of 20 mCi 
99mTc-ECD. The transverse images are arranged parallel 
to and sequentially above the canthomeatal line, with the 
cerebellum at the top left and the vertex of the brain at the 

bottom right. The scan slice thickness is 4 mm. The scan 
resolution is approximately 7-mm full width at half maxi-
mum. While the distribution of 99mTc-ECD is similar 
to99mTc-HMPAO, it is not identical, as described in the 
text

after injection of 20 mCi (740 MBq) IV of 99mTc-
HMPAO and acquired on a triple-head Picker 
Prism (Picker International, Cleveland, OH). 
There is noted to be excellent uptake of this tracer 
in the gray matter of the brain, and there is clear 
distinction of small brain structures.

11.4.1.2  Technetium-99m Ethyl 
Cysteinate Dimer (99mTc-ECD)

The second tracer commonly used in brain 
SPECT to measure regional cerebral perfusion 
is 99mTc-ECD [48]. This radiopharmaceutical is 
lipophilic, similar to 99mTc-HMPAO, and rap-
idly traverses the endothelium and capillary 
membranes into the brain cells [49]. However, 
in the third compartment irreversible trapping 

mechanism of this tracer differs from 99mTc-
HMPAO, since 99mTc-ECD is enzymatically 
metabolized to a polar complex, which is trapped 
in the brain. This tracer has been reported to 
demonstrate less nonspecific scalp and facial 
tissue background activity compared with 99mTc- 
HMPAO. Figure 11.7 shows a normal 99mTc-ECD 
scan brain SPECT scan after injection of 20 mCi 
(740 MBq) IV. However, it has been reported that 
there are differences in regional uptake of these 
tracers, predominantly in the thalamus and the 
cerebellum.

This difference in distribution is illustrated by 
scans from a 42-year-old female normal subject 
who received both tracers separated by a 48-h 
time period (Fig. 11.8).
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Fig. 11.8 Images of a 99mTc-HMPAO brain SPECT scan 
(top) compared with a 99mTc-ECD brain SPECT scan (bot-
tom) from a 42-year-old normal female. The 99mTc- 
HMPAO SPECT scan was oriented parallel to and 
sequentially above the canthomeatal line (rows 1 and 2). 
The 99mTc-ECD brain SPECT scan from the same patient 
was count normalized and spatially co-registered with the 

99mTc-HMPAO SPECT scan and corresponding sections 
are displayed in rows 3 and 4 to facilitate comparison. 
Each scan section is 8 mm thick. The 99mTc-HMPAO brain 
SPECT scan shows increases in tracer uptake in the thal-
ami but less uptake in the parietal and occipital regions, as 
compared to the 99mTc-ECD brain SPECT scan

11.4.1.3  133Xe for Quantitative 
Regional Cerebral Blood 
Flow

A recent advancement in brain SPECT imaging 
has been the development of special software pri-
marily used on the Picker Prism triple-head cam-
era system which allows dynamic scan acquisition 
(10 s per scan for 7 min). This acquisition results 
in a total of 42 scans of temporally separated 
individual tomographic image data sets. This 
allows calculation of tomographically displayed 
absolute quantification of regional cerebral per-
fusion (rCBF) in milliliters per 100 g of tissue per 

minute [50]. This is possible since the clearance 
of 133Xe is linearly proportional to the rCBF, and 
unlike tracers such as 99mTc-HMPAO or 99mTc- 
ECD, 133Xe does not underestimate rCBF due to 
the limitations on extraction fractions at high 
cerebral blood flow rates. In our experience, we 
have found that the 133Xe clearance technique is 
more sensitive to changes in blood flow during 
Diamox augmentation of rCBF in the evaluation 
of hemodynamically significant vascular stenosis 
and in cases of cortical blood flow changes in 
brain activation studies. One of the major limita-
tions of 133Xe SPECT is the relatively low 
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energy of the emission photon resulting in a sig-
nificant attenuation and loss of spatial resolution 
of the central structures of the brain. In addition, 
due to the rapid SPECT acquisition necessary to 
obtain accurate clearance on a pixel-by-pixel 
basis, the count rate is low, requiring use of a 64 
× 64 matrix, resulting in reduction in spatial reso-
lution throughout the scan.

Dynamic 133Xe SPECT is excellent in 
assessing large territorial vascular abnormali-
ties due to its ease of quantitation and its abil-
ity to detect large major vessel territorial 
reductions in regional cerebral perfusion. Its 
utility is exemplified in a study designed to 
measure cerebrovascular perfusion reserve 
with rest/stress SPECT brain scans in patients 
with cerebrovascular disease (CVD) and suf-
fering from TIA undergoing evaluation for 
extracranial/intracranial (EC/IC) arterial anas-
tomosis or superficial temporal artery (STA)/
middle cerebral artery (STA/MCA) bypass to 
assess and to specifically identify the presence 

or the absence of a vascular reserve constraint, 
which has been previously documented to be 
of value using increased oxygen extraction 
fraction PET [51]. Figure  11.9 illustrates the 
imaging results of a 62-year-old female with 
TIA. The angiogram showed the presence of a 
99% left ICA stenosis. The 133Xe SPECT study 
confirms the presence of hemodynamic vascu-
lar reserve constraint due to a high-grade ste-
nosis of the left internal carotid artery.

In a study on nine CVD patients, 99mTc- 
HMPAO SPECT was found to be a more specific 
indicator of hemodynamic constraint since it was 
asymmetric only in cases of severe ischemia [52]. 
133Xe SPECT detected asymmetries, even in the 
mild ischemic group, and therefore is a more sen-
sitive detector of vascular disease. Because 133Xe 
SPECT measures absolute rCBF (ml/100 g/min), 
it has one major advantage (i.e., to measure abso-
lute perfusion) and thus can establish parameters 
of significant ischemia independent from semi-
quantitative asymmetry values.

Fig. 11.9 Case of severe ischemia in a 62-year-old female 
with 99% stenosis of the left ICA (left). The resting- state 
99mTc-HMPAO SPECT scan (middle) was normal. The 
post-Diamox 99mTc-HMPAO SPECT scan (middle) showed 
mild perfusion reduction in the left ICA territory (middle). 
This can be seen on the graphs of  rCBF progressing clock-
wise around the cortex (cortical ROI progressing from 1 
o’clock to 12 o’clock) the “circumferential cortical pro-

files” (regions 3 and 4 shown on the red graph). The 133Xe 
SPECT at rest showed mild vascular compromise (right). 
The post-Diamox 133Xe SPECT showed severe vascular 
constraint in the left ICA territory (right). This can be seen 
as a more clear reduction compared with the 99mTc-HMPAO 
SPECT scan (regions 3 and 4 shown on the circumferential 
red graph)
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a
Fig. 11.10 (a) Left. 
Dynamic 15O-water 
PET scan from the top 
of the brain (top left) 
through the cerebellum 
(bottom right) from a 
36-year-old normal 
female volunteer for the 
measurement of 
quantitative regional 
cerebral perfusion. PET 
scan are obtained from a 
Siemens CTI ECAT 
HR + operating in 3D 
mode. Regional cerebral 
blood flow (rCBF) 
quantified in units of 
ml/100 g/min (color 
bar). (b). Right. PET 
scan shown in (a) is 
co-registered using the 
automated image 
registration software 
onto a spoiled gradient 
echo (SPGR) MRI data 
volume (1-mm-thick 
MRI sections) 
resectioned and 
co-registered using the 
AIR routine to the 
15O-water PET scan. 
Careful examination 
reveals increased blood 
flow localized to the 
gray matter regions of 
brain

11.4.1.4  15O-water for Quantitative 
Regional Cerebral Perfusion 
Measured by PET

Dynamic 15O-water PET scans with arterial 
sampling provide the ability for the quantitative 
assessment of regional cerebral perfusion. Each 
emission scan is short, approximately 3  min in 

duration. Data are typically analyzed using a 
1-tissue-compartment model to obtain K1 (mL/
min/mL), and quantification is expressed in stan-
dard units of ml/100 g/min [53].

The PET scan shown in Fig.  11.10a was 
acquired on a Siemens/CTI ECAT HR + scanner 
in 3D imaging mode (63 parallel planes); axial 
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field-of-view, 15.2 cm; in-plane resolution, 4.1- 
mm full width at half maximum; and slice 
width, 2.0 mm. The scanner gantry is equipped 
with a Neuro-insert (CTI PET Systems, 
Knoxville, TN) to reduce the contribution of 
scattered photon events. PET data was recon-
structed using filtered back-projection (Fourier 
rebinning and 2D back- projection with Hann 
filter: kernel FWHM = 3 mm). Data was cor-
rected for photon attenuation, scatter, and radio-
active decay. A windowed transmission scan 
(10–15 min) was obtained for attenuation cor-
rection using rotating 68Ge/68Ga rods, and a 
model-based correction was applied to account 
for the 3D scatter fraction. The final recon-
structed PET image resolution was about 6 mm 
(transverse and axial planes). PET–MRI fusion 
images shown in Fig. 11.10b are obtained from 
the MRI data that were transferred to the PET 
facility and co-registered to the dynamic 
15O-water PET scans by automated image reg-
istration (AIR) software [54].

11.4.1.5  Thallium-201(201Tl)
201Tl in the form of thallous chloride is a cyclo-
tron produced radiopharmaceutical shown to 
have affinity for brain tumors as early as the 
1970s [55]. Although more commonly used as a 
myocardial perfusion imaging agent, thallium 
has high sensitivity for detection of new, recur-
rent, or residual viable tumor, which is difficult to 
differentiate from postradiation necrosis and 
edema on CT or MRI.

Thallium decays by electron capture with a 
half-life of 73 h and emits photons with a range 
of 0.78–167.4 keV [56]. The useful energy for 
imaging is at 80 keV corresponding to mercury 
X-rays when thallium decays to stable Hg-201. 
In its intravenous form, 201Tl is supplied in iso-
tonic solution at pH 4.5–7.0 and contains NaCl 
for isotonicity and 0.9% benzyl alcohol as a bac-
tericidal agent [57]. The uptake of thallium in 
normal tissues has been hypothesized to act as a 
potassium analog. Both elements belong to group 
IIIA of the periodic table. The distribution and 
retention of 201Tl in the normal brain and tumors 
is an active process related to blood flow, loss of 
integrity of the blood–brain barrier, tumor cell 
viability, tumor type, tumor cell membrane func-
tion, and the Na+–K+ ATPase pump activity.

Normal brain tissues show minimal to no 
uptake of 201Tl. The normal physiological distri-
bution in the head and neck region includes the 
scalp, lacrimal gland, nasopharyngeal area, sali-
vary gland, and the pituitary gland. There is also 
minimal thallium uptake in the choroid plexus. 
Thallium is normally taken up by regions of the 
brain which do not have a blood–brain barrier 
(BBB) such as the pituitary gland and pineal 
gland and minimally taken up by the choroid 
plexus (Fig.  11.11). The evaluation of viable 
tumor can be performed with great accuracy 
using brain SPECT or brain PET imaging. Brain 
SPECT imaging employs the tracer 201Tl to detect 
new, residual, or recurrent viable tumor due to 
the fact that there is transport of 201Tl across the 
breakdown in the blood–brain barrier and uptake 
of 201Tl into regions of hypermetabolism. 201Tl is 
postulated to represent “potassium analog” with 
affinity for the sodium–potassium ATPase 
enzyme [58]. Thallium accumulates in the resid-
ual or recurrent viable tumor cells in proportion 
to malignant grade and total viable tumor bulk.

11.4.1.6  99mTc-Hexakis-2-methoxy- 
2- isobutyl Isonitrile 
(99mTc-Sestamibi)

Tc-99m Hexakis-2-methoxy-2-isobutyl isonitrile 
is a monovalent cation complex formed by a cen-
tral technetium atom surrounded by six 2-methoxy-
2-isobutyl isonitrile groups. This compound is also 
used extensively in myocardial perfusion imaging. 
The normal brain tissue shows minimal uptake of 
99mTc-sestamibi (MIBI). The normal physiological 
distribution in the head and neck region is similar 
to that of thallium and includes the scalp, nasopha-
ryngeal area, salivary gland, and pituitary gland. 
There is notable significant choroid plexus uptake, 
much greater when compared to 201Tl. The choroid 
plexus uptake may be due in part from the pertech-
netate in the solution that is known to be actively 
taken up and secreted by the cells. This may 
account for secretion into the CSF and the pres-
ence of activity in the 4th ventricle which is visible 
on careful scrutiny of MIBI brain SPECT images 
(Fig. 11.12). It is postulated that after crossing the 
cell membrane MIBI is taken by the mitochondria 
in relation to negative electric potential. Normal 
myocardial uptake of MIBI depends on blood flow 
and the uptake of the mitochondria in metaboli-
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Fig. 11.11 SPECT scan of 201Tl in the normal brain. 
Uptake of 201Tl in the normal brain is very low. It is impor-
tant to note that there is significant uptake by some of the 
structures just inferior to the cranium, which can interfere 
with the positive detection of tumor in the inferior frontal 

and inferior midportions of the brain. There is significant 
uptake in the jugular veins (row one, image one, arrow), 
the nasopharynx (row one, image two, arrow), and the 
salivary glands and pituitary glands (row one, image four, 
arrowhead and arrow, respectively)

cally active tissue. In brain tumors, the mechanism 
of tumor uptake is also thought to be dependent on 
mitochondrial activity and the presence of 
P-glycoprotein [59].

11.4.1.7  2-[F-18]-Fluoro-2-deoxy- 
d-glucose (18F-FDG)

A 36-year-old normal female volunteer under-
went a fully dynamic 18F-FDG PET with arterial 
sampling at rest as shown in Fig. 11.13. 18F-FDG 
PET scan image slice thickness = 2.0  mm and 
reconstructed in-plane image resolution = 4  mm 
FWHM. The 18F-FDG PET data is acquired over 
90 min (34 frames) with arterial blood sampling 
throughout the scan period. The method of quan-
titative assessment of 18F-FDG PET has been 
well established [60–64].

18F-FDG PET has led to a more widespread 
capability in allowing evaluation of cerebral neo-
plasms and other diseases of the brain [65, 66]. In 
addition, due to the relatively long half-life of 
18F (109 min), it can be transported regionally 

(within approximately 2–4-h travel time from a 
cyclotron production facility) enabling a cen-
trally located production facility to supply sev-
eral camera sites. For purposes of tumor 
diagnosis, 18F-FDG brain PET should be inter-
preted in conjunction with a current brain MRI 
scan since low-grade tumors may produce areas 
of reduced uptake, while high-grade brain tumors 
may produce areas of uptake equal to or slightly 
greater than gray matter.

11.4.1.8  l-[Methyl-11C] methionine 
(11C-MET)

A PET amino acid isotope, l-[methyl-11C] methi-
onine (11C-MET) [67] has a relatively short half- 
life of 20 min. The tracer’s use requires a nearby 
cyclotron. A study by Hustinx et al. explains its 
potential role in differentiating tumor recurrence 
from radiation necrosis [68]. The extent of tracer 
uptake is greater than the degree of contrast 
enhancement indicative of better delineation of 
tumor margins [69].
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Fig. 11.12 Normal 99mTc-MIBI brain SPECT scan. The 
figure shows very low uptake of MIBI in the normal brain. 
However, similar to the thallium brain SPECT scan, there 
are several structures just inferior to the cranium which 
can interfere with accuracy of tumor recurrence identifica-
tion. As seen in the normal 201Tl brain SPECT scan, there 
is intense uptake in the jugular veins (row one, image one, 
arrow) and the nasopharynx (row one, image one, arrow). 
There is also intense uptake in the salivary glands (row 

one, image three, arrow) and the pituitary gland (row one, 
image three, arrow). In addition, there seemed to be 
increased uptake in the ambient cistern (row one, image 
four, arrow) due to secretion of significant 99mTc-MIBI 
through the choroid plexus (row two, image two, arrows). 
This secretion by the choroid plexus often significantly 
limits the utility of this tracer in the detection of recurrent 
tumor since many tumors tend to recur in the region of the 
basal ganglia

The tracer uptake has been shown to correlate 
with prognosis and survival in low-grade gliomas 
[70, 71], where the uptake is increased in the 
absence of BBB breakdown which is a significant 
advantage over CT, conventional MRI, and F-18 
FDG PET [72, 73]. In high-grade gliomas, 11C-
MET uptake is greater than in low-grade tumors 
[74–76] establishing its potential for use in moni-
toring anaplastic transformation.

In a study of 21 patients with brain metastases 
status post stereotactic radiosurgery, the tracer 
accurately identified 7 of 9 recurrences and 10 of 
12 radiation injuries [77]. A combined 18F-FDG 
and 11C-MET study for stereotactic biopsy of 32 
unresectable glioma patients demonstrated that 
11C-MET generates a more sensitive signal, mak-
ing it a potential single-tracer PET agent for neu-
rosurgical intervention of gliomas [78].

A study by Ullrich et al. shows that increased 
11C-MET uptake during tumor growth parallels 
an upregulation of angiogenic markers such as 
vascular endothelial growth factor (VEGF) [79]. 
A study by Yamane et al. talks about the clinical 
impact of 11C-MET and that the addition of 11C- 
MET PET changed patient management [80].

11.4.1.9  O-(2-[18F] fluoroethyl)- 
l- tyrosine (18F-FET)

O-(2-[18F] fluoroethyl)-l-tyrosine (18F-FET) is a 
PET tracer studied for its potential role in the dif-
ferentiation of radiation necrosis and residual 
tumor. Studies have shown the absence of 18F- 
FET uptake in a case of radiation necrosis [81], 
but further systematic studies are necessary to 
confirm this finding. In contrast to 18F-FDG, 18F- 
FET uptake was absent from macrophages, a 
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Fig. 11.13 Normal 18F-FDG PET. A 36-year-old normal female volunteer underwent fully dynamic 18F-FDG PET 
with arterial sampling at rest

common inflammatory mediator [82]. In another 
study, the ratio of 18F-FET uptake in radiation 
necrosis to that in the normal cortex was much 
lower than the corresponding ratios for 18F-FDG 
and 18F-choline suggestive of its potential for 
 differentiating radiation necrosis from tumor 
recurrence [83].

In the last decade, studies on combined 18F- 
FET and MRI have shown improved identifica-
tion of tumor tissue as compared to either 
modality alone [84]. The specificity of distin-
guishing gliomas from normal tissue could be 
increased from 68% with the use of MRI alone to 
97% with the use of MRI in conjunction with 18F- 
FET PET and MRI spectroscopy [85].

11.4.1.10  3,4-Dihydroxy-6-18F-fluoro-
l-phenylalanine 
(18F-FDOPA)

3,4-dihydroxy-6-18F-fluoro-l-phenylalanine 
(18F-FDOPA) is an amino acid tracer initially 
used for the evaluation of movement disorders 
[86, 87] but recently being studied in the imaging 
of brain tumors. 18F-DOPA crosses the BBB in 
the normal brain via the neutral amino acid trans-
porter [88]. Although increased sensitivity and 
specificity of 18F-DOPA over 18F-FDG was 
shown, no correlation to tumor grade or contrast 
enhancement was observed [83]. The same study 
found a tumor-to-normal-brain ratio of less than 
1.6 with 18F-DOPA in four cases of radiation 
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necrosis. A recent study showed that correlation 
between tracer uptake and tumor proliferation 
was observed only in newly diagnosed gliomas 
and not in recurrent gliomas [899]. When com-
pared to 11C-MET PET, no significant difference 
in uptake was shown in either low- or high-grade 
tumors [89]. Larger series of radiation necrosis 
cases will be needed for confirmation of these 
findings, however.

11.4.1.11  18F-Fluoromisonidazole 
(18F-FMISO)

18F-Fluoromisonidazole is a nitroimidazole 
derivative PET agent used to image hypoxia [90], 
a physiological marker for tumor progression and 
resistance to radiotherapy [91]. Its preferential 
uptake in high-grade rather than low-grade glio-
mas [92], a significant relationship with the 
upregulation of angiogenic markers such as 
VEGF-R1 [93], and correlation to progression 
and survival after radiotherapy [94] suggest its 
potential role in monitoring response to therapy 
targeting hypoxic tissue.

11.4.1.12  Cell Proliferation Imaging 
with 18F-FLT-PET

3′-deoxy-3′-18F-fluorothymidine (18F-FLT) has 
been used to indicate tumor proliferation in both 
preclinical and clinical studies [95, 96]. Transport 
of 18F-FLT is mediated by both passive diffusion 
and Na+-dependent carriers. The tracer is subse-
quently phosphorylated by thymidine kinase 1 
(TK1) into 18F-FLT monophosphate where TK1 is 
a principal enzyme in the salvage pathway of 
DNA synthesis. Whereas the TK1 activity is vir-
tually absent in quiescent cells, its activity 
reaches the maximum in the late G1 and S phases 
of the cell cycle in proliferating cells [97]. The 
phosphorylation of the tracer by TK1 therefore 
makes 18F-FLT a good marker for tumor 
proliferation.

Imaging of brain tumor proliferative activity 
has been performed using semiquantitative mea-
sures of standard uptake values. 18F-FLT imaging 
can be correlated with stereotactic biopsies repre-
senting the Ki-67 proliferation index. Recurrent 
or residual viable tumor demonstrates increased 
quantitative 18F-FLT utilization and can provide a 

useful index to separate residual or recurrent via-
ble tumor from radiation or chemotherapy necro-
sis. 18F-FLT is more specific for detection of 
viable tumor proliferation since the background 
activity in the normal brain is low (Fig. 11.14), 
unlike 18F-FDG which has a high normal brain 
background.

Figure 11.15 demonstrates 1-year follow-up 
gadolinium-enhanced MRI of patient in image 
Fig. 11.14.

11.4.1.13  Ga-68 DOTATATE for SSTR 
characterization 
in Meningiomas

Somatostatin (SSTR) binding agents for detec-
tion and characterization of neuroendocrine 
tumors has been employed for over 20 years. 
Initial studies for detection of SSTR positive 
meningiomas were performed using In-111- 
pentetreotide scans [99].

But recently somatostatin imaging agents 
such as gallium 68 dotatate (68Ga-DOTATATE) 
PET has allowed for high sensitivity as well as 
improved image resolution for detection of neu-
roendocrine tumors. Over the past few years, its 
role in tumor detection has also been extended to 
meningiomas [100].

In addition, 68Ga-DOTATATE positive imag-
ing has gained importance as a theranostic agent 
for detection of avidity to distinguish patients 
who will qualify for and benefit from peptide 
receptor radionuclide therapy (PRRT) using 
Lu-77 DOTATATE177. A recent study has shown 
however that the 68Ga-DOTATATE positive 
regions of tumors may not necessarily be the 
areas of greatest metabolism, and there is a com-
plementary role for F-18 FDG PET combined 
with 68Ga-DOTATATE to better select patients 
who may most benefit from 177Lu-Lutathera 
PRRT therapy [101].

Figure 11.16 illustrate that a single imaging 
modality may not be able to provide all needed 
information to accurately assess the metabolic 
and molecular characteristics of a meningioma, 
in order to guide targeted therapeutic manage-
ment and patient prognosis. 68Ga-DOTATATE 
and 18F-FDG FDG PET may provide comple-
mentary information for this purpose. In the case 
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Fig. 11.14 A 64-year-old female patient diagnosed with 
glioblastoma multiforme of the right parietal lobe, proven 
by surgical biopsy. 18F-FLT-PET/CT scans was per-
formed 40 min after injection of 185 MBq F-18 3′-deoxy- 
3′-18F-fluorothymidine (FLT) with a 30-min acquisition, 
followed by gadolinium-enhanced MRI [1] (a) 
T1-weighted MR images. (b) Magnetization-prepared 
rapid acquisition with gradient echo (MP-RAGE) MR 
images, arrows). The baseline 18F-FLT-PET/CT scans (c) 
show high uptake with SUVmax = 8.32. (d) PET-MR fusion 

images. The patient was treated with 6 weeks of temo-
zolomide and a total of 60-Gy radiotherapy (STUPP pro-
tocol) [2, 3]. A post-therapy T1 weighted MR (e), 
post-therapy MP-RAGE (f) and post-therapy 18F-FLT- 
PET (g) was acquired 8 days after the initiation of temo-
zolomide and radiotherapy combination to assess early 
response [4–7]. While MRI (h) shows no substantial 
change, FLT uptake was significantly decreased after first 
week of therapy (g) now with SUVmax = 3.04 [98]

above, high 68Ga-DOTATATE uptake in regions 
of corresponding high metabolism would suggest 
that this patient would be a good candidate for 
177Lu-Lutathera therapy.

Figure 11.17b shows Ga-68 Dotatate images 
from a 54-year-old male s/p resection of the right 
temporal meningioma and subsequent Gamma 
knife radiosurgery. The patient now presents with 
a recurring anaplastic meningioma. Positive 
Ga-68 Dotatate uptake suggested he would be a 
good candidate for 177Lu-Lutathera therapy, as 
shown in Fig. 11.17c.

11.4.2  Scintigraphic Imaging 
Techniques

11.4.2.1  Image Acquisition
SPECT Image Acquisition
In single-photon emission computed tomography 
(SPECT) of the brain, triple-head Anger gamma 
cameras are now in common use and can provide 
very high-resolution images [approximately 
7-mm full width at half maximum (FWHM) 
extrinsic resolution] [102]. The resolution has 
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Fig. 11.15 1-year follow-up gadolinium-enhanced MRI 
of patient in image Fig. 11.14. MRI was repeated every 
3–4 months according to European Society for Medical 
Oncology (ESMO) clinical guidelines. There has been no 
evidence of disease progression for 1 year of follow-up. 

The 1-year follow-up MRI shows a cavitary lesion in loca-
tion of primary tumor, (a) gadolinium-enhanced 
T1-weighted MR image and (b) T1-weighted spin echo 
sequence image (arrows) [98]

Fig. 11.16 A 67-year-old man with an intracranial WHO 
grade III anaplastic meningioma. He underwent tumor 
resection followed by intensity modulated radiation ther-
apy (IMRT) but suffered a recurrence 25 months later. He 
received a 18F-(FDG) and 68Ga-DOTATATE PET/MR to 
evaluate for the presence of somatostatin receptor expres-
sion and guide subsequent treatment. (left) (MP-RAGE 
MRI section through tumor in the left frontal lobe). (mid-
dle) (Corresponding section from a18F-(FDG) PET/MR 

scan showing moderately intense tumor uptake). (right) 
(corresponding section from a 68Ga-DOTATATE PET/
MR) showing very intense tumor uptake in the anterior 
frontal tumor (arrow) to a much greater degree than seen 
F-18 FDG uptake in the same location (arrow). The ratio 
of 68Ga-DOTATATE to F-18 FDG uptake was much 
greater as compared to the same ratio in the more laterally 
positioned lesion [101]
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ca b

Fig. 11.17 54-year-old male with a recurring anaplastic 
meningioma underwent a PET/MR scan performed on the 
Siemens 3T PET-MR. (a) Shows the T1_MP-RAGE 
image of the multilobulated tumor in the right middle cra-
nial fossa. (b) Shows there is intense Ga-68 Dotatate 
uptake in the tumor with max SUV equal to 17.23. The 

patient was deemed to be a good candidate for 
177Lu-Lutathera therapy, and the resulting PET/CT 
immediately after IV administration of 200 mCi177Lu- 
Lutathera is shown in (c). Note the 177Lu-Lutathera 
uptake pattern is in the location of the Ga-68 Dotatate 
uptake

improved, primarily, due to the increased count 
detection capability of these cameras. In addi-
tion, these cameras allow faster throughput of 
patients since the scan time can be decreased. 
Scanning can be performed in temporal seg-
ments, with summation of the projection images 
at the end of acquisition. This enables salvaging 
of studies in which patient motion might occur. 
For example, a 30-min scan can be divided into 
two 15-min segments, each obtaining a 360° set 
of projection images. If the patient moves during 
the last 15-min imaging segment, the first 15-min 
imaging segment can be used for reconstruction 
of the complete set of tomographic images. If the 
patient does not move, both sets of projection 
images can be summed together to obtain a 
higher count rate examination. Patient motion 
occasionally occurs in the evaluation of severe 
dementia or epilepsy. Fortunately, in many of 
these cases, the cortical regions under investiga-
tion are relatively large, and a scan with only 
moderate counts or mild motion is still adequate 
for clinical diagnosis.

In conjunction with the advancements in 
radiopharmaceuticals and cameras, there have 
also been advances in computer software. 
Algorithms for SPECT reconstruction and post- 
processing are now simplified and more routine 

which reduces pre-acquisition and post- 
processing errors by the technologist. In addition, 
images are DICOM compatible [103], allowing 
the SPECT imaging computer to be used to store 
anatomic images from CT or MRI, which permits 
image registration methods to be routinely 
employed to compare anatomy and function.

PET Image Acquisition
Subject environmental conditions during the per-
formance of 18F-FDG PET scans should be 
 standardized whenever possible. 18F-FDG PET 
studies should be performed during “a resting 
state” (e.g., eyes open, ears un-occluded in a dark 
room with minimal ambient noise). Procedures 
to minimize head movement during scan acquisi-
tion should be implemented using well-tolerated 
head immobilization procedures. The use of 
medications and the behavioral state of patients 
at the time of the scan also should be carefully 
taken into account since they may produce 
changes in cerebral metabolism that could alter 
18F-FDG tracer distribution.

The normal brain has high 18F-FDG uptake, 
and therefore administration of approximately 10 
mCi 18F-FDG IV is sufficient. The PET scanner 
should be of the latest generation, full ring, and 
multislice to cover the entire brain. The 3D 
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 acquisition mode should be used to accommo-
date lower dosimetery and to improve the count 
statistics of the data. Measured attenuation cor-
rection should be employed. The image should 
be reconstructed with the standard clinical recon-
struction including all necessary corrections 
(such as for randoms, scatter, and attenuation). 
Quality control with calibration phantoms should 
be performed in order to assure qualitative accu-
racy (e.g., using the Hoffman brain phantom) and 
quantitative accuracy (e.g., using a uniform cyl-
inder phantom) should be run periodically to 
assess scanner stability [104].

Hybrid SPECT-CT, PET-CT, and PET-MRI 
Image Acquisition
Hybrid scanners combining PET or SPECT with 
high-resolution multi-detector CT are becoming 
the standard for almost all commercially avail-
able nuclear imaging systems. In addition, the 
latest generation of scanners offers combination 
of PET with MRI. These systems allow acquisi-
tion of SPECT or PET images simultaneously 
with CT or MRI images.

Combined SPECT-CT or PET-CT scanners 
provide both functional information from SPECT 
or PET and structural information from CT in a 
single examination. CT scan can be acquired for 
attenuation correction/anatomic localization 
(AC/AL) or it can be optimized for a diagnostic 
CT scan. If the CT scan is obtained for AC/AL, 
use of a low milliampere-seconds setting is rec-
ommended to decrease the radiation dose to the 
patient. For an optimized diagnostic CT scan, 
standard CT milliampere-seconds settings are 
recommended to optimize the spatial resolution 
of the CT scan. Tube current modulation may be 
used to minimize radiation dose to the patient. In 
some cases, intravenous or oral contrast material 
may be used. A separate CT acquisition for a spe-
cific region of the body may be necessary to pro-
duce an optimized diagnostic CT scan.

Hybrid or integrated PET-MRI scanners pro-
vide simultaneous molecular and functional PET 
imaging with anatomical and functional MRI 
imaging. MRI when compared to CT, offers 
superior soft-tissue contrast and hence better ana-
tomical visualization of soft tissue and bony 

structures. PET-MRI is preferable for imaging 
the brain, head and neck, abdominal and pelvic 
organs, heart and musculoskeletal system.

Multiple vendors globally provide PET-MRI 
imaging systems. An example is Siemens 
Biograph mMR PET–MRI whole-body human 
scanner integrates a 3-T Verio MRI and PET 
scanner. The mMR can acquire simultaneous MR 
and PET images with the quality of separate PET 
and MRI scanners (Fig. 11.18). The design allows 
simultaneous acquisition of MRI and PET data. 
Using the NEMA 2007 protocol, PET resolution 
(FWHM) was measured to be 4.0 cm (transverse, 
1 cm off center).

11.4.2.2  Registration and Analysis 
Methods

Image Registration
The main techniques for registration of images 
are use of atlases (e.g., the Talairach atlas [105]) 
and use of a computer-based automated routine 
for aligning and reslicing tomographic image 
data using automated image registration algo-
rithms (AIR) [54].

The Talairach et al. [105] atlas method relies 
on identification of the anterior (AC) and poste-
rior (PC) commissures of the brain to define the 
AC–PC line. After the AC–PC line is identified, 
an origin (O) is defined along this line. A perpen-
dicular line is then drawn from O to the top of the 
brain. This gives longitudinal and vertical dimen-
sions. The width of the brain is defined from the 
scan itself. Thus, in this coordinate system, three 
Cartesian axes are defined, with the edges of the 
brain identified to yield measurable dimension. 
When comparing separate patients on SPECT or 
PET scans, these dimensions are stretched pro-
portionally such that the dimensions of the brain 
along this axis are the same lengths in all patients.

Automated image registration (AIR) algo-
rithms include computer routines for aligning and 
reslicing tomographic image data. The typical 
strategy for AIR is as follows: The brain SPECT or 
PET scans are converted to analyze format. These 
analyzed format image sets are resized (spatially 
co-registered) for conversion of image pixel size 
and x, y, and z to common units. The registration 
algorithms are used from a family of automated 
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Fig. 11.18 A 42-year-old male with a GBM with base-
line scan (top row). Treatment was started with 
Temodar + veliparib (ABT-888). Two-month follow-up 

scan (bottom row) shows disease progression on contrast- 
enhanced MRI and FLT-PET. PET and MR sequence were 
simultaneously acquired

image registration programs to align image data 
set to the same position [54]. The images can then 
be registered into a standardized image spaces, 
such as the patient’s functional image space or 
standardized space, such as the Montreal 
Neurological Institute (MNI) space [106].

An example of the precision to which these 
techniques can provide image registration 
between 18F-FDG PET and MRI is illustrated by 
a 36-year-old normal female volunteer who 
underwent a resting-state fully dynamic 18F- 
FDG PET scan with arterial sampling at the 
University of Pittsburgh PET Center, as shown in 
Fig.  11.19. A 2-tissue-compartment model was 
used to analyze the data and spoiled gradient 
echo (SPGR) MRI volume data (1-mm-thick MR 
sections) were transferred to the PET facility 
over the electronic network from the MRI center 
and registered with the PET data. MR data were 

spatially normalized and sectioned in the patient’s 
PET space to preserve the maximum resolution 
of the original PET data. 18F-FDG PET scan 
image slice thickness = 2.0  mm with recon-
structed in-plane image resolution = 4-mm 
FWHM. The 18F-FDG PET data is acquired over 
90 min (34 frames) with arterial blood sampling 
for each scan time period.

SPECT and PET Image Analysis
Statistical parametric mapping (SPM) refers to 
the construction and assessment of spatially 
extended statistical processes used to test hypoth-
eses about functional imaging data. In rCBF 
SPECT or 18F-FDG PET image data analysis, this 
translates to methods to test hypotheses about 
regionally specific effects (e.g., the probability of 
finding a region of increased regional cerebral 
perfusion or metabolism by chance). It was 
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Fig. 11.19 Left. 18F-FDG PET scan sections through the 
brain (left) and corresponding PET–MRI co-registered 
fusion images (right). Images are from a 36-year-old nor-
mal female volunteer who underwent fully dynamic 18F- 
FDG PET with arterial sampling at rest. Regional cerebral 
metabolic rates of glucose utilization expressed as 
rCMRglu in units of micromole/100 g/min (color bar). 
PET images are registered to a spoiled gradient echo 
(SPGR) MRI volume data (1-mm-thick MR sections) that 

were transferred to the PET facility over the electronic 
network and registered with the PET data. The 18F-FDG 
PET scan image slice thickness = 2.0  mm with recon-
structed in-plane image resolution = 4-mm FWHM. Right. 
MRI–PET fusion image. In general, the fusion technique 
is clinically helpful to assess structural versus functional 
changes on 18F-FDG brain PET scans or regional cerebral 
blood flow brain SPECT scans

 originally developed in the early 1980s by Friston 
et al. [107] for the routine statistical analysis of 
functional neuroimaging data from PET.  When 
two image data sets are evaluated by SPM, all 
voxels contained within the scans are compared 
in the same space on a voxel-by-voxel basis using 
linear constraints to test hypotheses for specific 
focal effects using a univariate statistical test. The 
resulting statistical parameters are then assem-
bled onto an image (i.e., the statistical parametric 
map). Statistical differences are interpreted as 
regionally specific effects, attributable to some 
alteration in brain function from one scan to the 
other. The significance of these differences is 
assessed using statistical tests (usually the t or F 
statistic). Criteria for accepting voxels (those 
intended to represent true changes in regional 
cerebral perfusion) can be set for voxel height (p) 
and extent of contiguous cluster of voxels (k). For 
visualization of the results, a pseudo-color scale 
can be applied to accepted significant voxels, 
which are then overlayed in a semitransparent 
fashion onto the MRI of either the normative 
atlas or the patient’s own MRI anatomy. The 
most recent version of SPM (SPM2) combines 
the general linear model to create the statistical 
map and the random field theory to make statisti-

cal inference about regional effects. Although the 
SPM package includes most of the programs 
required for image processing and analysis, visu-
alization of images and some processing or image 
editing and reformatting may require more dedi-
cated biomedical image processing software.

Statistical parametric mapping was performed 
to compare the regional distribution of 99mTc- 
HMPAO brain SPECT scans with 99mTc-ECD 
brain SPECT scans in normal patients [108]. All 
patients were screened for drug use, head injury, 
medication status, and other psychiatric or men-
tal illnesses. The two groups were matched for 
age, sex, and race, and analysis was performed on 
a group of 35 normal patients undergoing 99mTc- 
HMPAO brain SPECT scans and 55 patients 
undergoing 99mTc-ECD brain SPECT scans. 
Statistical parametric mapping was performed 
after the patients’ data were spatially normalized 
to a standardized stereotactic atlas (Talairach 
atlas). The results showed that these tracers had 
differences in their regional perfusion patterns, 
presumably due to the differences in the pharma-
cokinetics of tracer extraction and trapping. 
Specifically, large areas of the parietal, occipital, 
and superior temporal cortices demonstrated 
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lower uptake in the 99mTc-HMPAO brain SPECT 
scan group as compared to the 99mTc-ECD brain 
SPECT scan group. There were increases in 
tracer uptake seen in the subcortical nuclei, thal-
ami, and parts of the brainstem and hippocampus 
as well as small areas of the cerebellum in the 
99mTc-HMPAO group as compared to the 99mTc- 
ECD group. The importance of this study is to 
point out that, when performing rCBF SPECT, 
one should be aware of the differences in the per-
fusion pattern. In cases of repeat studies, these 
data suggest that one tracer cannot be substituted 
for the other.

11.4.3  Clinical Applications

11.4.3.1  Cerebrovascular Disease
Nuclear medicine techniques have been used for 
the past 55–60 years to investigate cerebrovascu-
lar diseases and stroke mainly through tomo-
graphic applications, such as positron emission 
tomography (PET) and single-photon emission 
computed tomography (SPECT) [108]. It is 
ironic that tracers which directly measure 
regional cerebral perfusion have not assumed 
greater clinical application in the evaluation of 
cerebrovascular disease. This is partly due to the 
fact that, in many cases, the identification of a 
poststroke blood flow defect has not provided 
unequivocal useful clinical information beyond 
that offered by neurological exam combined with 
CT or MRI. Furthermore, the use of rCBF tracers 
in patients with TIA has had unclear clinical use-
fulness since a rest perfusion scan may not pro-
vide significant additional clinical information 
beyond the neurological examination.

Hemodynamic Vascular Constraint
In a recent study of 64 patients in which cerebral 
perfusion and vascular reactivity were assessed 
before and after carotid endarterectomy using 
Diamox-enhanced SPECT, the authors concluded 
that Diamox SPECT assessment of vascular reserve 
was of value in identification of patients at risk for 
stroke [109]. After carotid endarterectomy, these 
patients underwent repeat SPECT which confirmed 
improvement in vascular reactivity. Therefore, 

Diamox SPECT scans may provide objective evi-
dence for the selection of patients with a high-grade 
asymptomatic carotid stenosis who will benefit 
from carotid endarterectomy [109].

The standard vasoreactive stress protocol is to 
first perform a resting-state 99mTc-HMPAO brain 
SPECT scan to assess the blood flow to the vascu-
lar territories of the brain. In many cases in 
patients with TIA, the blood flow is often sym-
metric or may show small regions of cortical 
hypoperfusion due to small embolic infarctions. 
The vasoreactive challenge SPECT is performed 
either by using the same dose of 99mTc-HMPAO 
after a 24–48-h wait or by using a much higher 
dose than the initial dose (the so-called low-dose/
high-dose method). The main problem with this 
method is that, in order to comply with regulatory 
requirements pertaining to the total amount of 
injected 99mTc-HMPAO, the low-dose scan usu-
ally has relatively poor count statistics. Therefore, 
it is best to perform the rest–vasoreactive com-
parative test on 2 separate days using the same 
dose. After the intravenous administration of 1 g 
of Diamox and waiting 15 min, there is an increase 
in CO2 in the brain which causes dilatation of the 
vasculature. There is an increase in the blood flow 
to the normal brain of about 30%, and areas of 
hemodynamic constraint can be identified since 
CVD patients may be at the limit of their vasore-
active reserve before Diamox and, therefore, will 
illustrate no increase in perfusion as compared to 
normal vascular territories of the brain which can 
accommodate a 30% increase in blood flow.

Figure 11.20 illustrates the clinical utility of 
vasoreactive challenge rCBF SPECT in a 
58-year-old man who presented with transient 
ischemic attack characterized by transient neuro-
logical deficits in motor function of the right 
upper and right lower extremities. On angiogra-
phy, there was 100% narrowing of the left inter-
nal carotid artery. The MRI scan was normal. The 
resting-state 99mTc-HMPAO (pre-Diamox) brain 
SPECT scan showed only mild decrease in perfu-
sion. The post-Diamox vasoreactive stress scan 
showed a large region of decreased regional cere-
bral perfusion in the left frontal, temporal, and 
parietal lobes representing severe rCBF compro-
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Case: D.B. LICA Occlusion

Tc-99m HMPAO SPECT

Pre-Angioplasty

Post-Angioplasty

Tc-99m HMPAO SPECT

Pre-Diamox

xomaiD-tsoPxomaiD-erP

Post-Diamox
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Fig. 11.20 Angiogram showing complete left ICA occlu-
sion in a patient with transient ischemic symptoms (top, 
left). The resting scan (top, middle) shows slight reduction 
of blood flow to the left ICA distribution. The post- 
Diamox scan (top, right) shows significant relative reduc-
tion of rCBF to the left ICA territory as compared to the 
remainder of the brain. The bottom row of images shows 

the results after angioplasty. The angiogram (bottom, left) 
now shows a patent left internal carotid artery. The resting 
99mTc-HMPAO brain SPECT scan (bottom, middle) shows 
a more symmetric perfusion of tracer distribution at rest. 
More importantly, after Diamox, there is no relative 
reduction in the left hemisphere as compared to the right 
hemisphere (bottom, right)

mise in the distribution of the left internal carotid 
artery. This patient subsequently underwent left 
ICA balloon angioplasty. A follow-up rest and 
vasoreactive challenge rCBF SPECT indicated 
that all regions of the brain increased in blood 
flow as a result of Diamox flow augmentation and 
the left internal carotid artery vascular territory 
was no longer constrained. It is important to 
diagnose areas of hemodynamic vascular con-
straint since patients with this degree of vascular 

compromise have significant risk for sudden 
infarction in addition to a chronic risk for selec-
tive neuronal loss and vascular dementia. 
Figure  11.21 shows 99mTc-HMPAO (pre- and 
post-Diamox) brain SPECT images of a 52-year 
old male with acute and chronic infarction in the 
region of right MCA territory. Post diamox 
images demonstrate a more severe constraint in 
the region of right frontal lobe as compared to pre 
diamox study. Figure 11.22 shows rest and post 
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diamox stress 99mTc-HMPAO SPECT images, 
and subtraction images fused with MR of 
60-year-old female with transient left-sided 
weakness and facial droop. There is decreased 
radiotracer uptake in right ICA territory on 
Diamox stress images. This is further demon-
strated on Subtraction images.

Assessment for Carotid Artery Sacrifice: 
Balloon Occlusion Test (BOT)
In some instances, it may be necessary to sacri-
fice a carotid artery in the treatment of patients 
with head and neck tumors or cerebral aneu-
rysms. It is thus necessary to evaluate whether 
the patient can tolerate temporary or permanent 
carotid occlusion and to predict the potential risk 
before the surgical procedures. Balloon occlu-
sion testing (BOT) is useful for evaluating 
whether patients will tolerate temporary or per-
manent carotid occlusion and has been consid-
ered to result in a decrease in postsurgical 
complications after carotid occlusion [110].

Measurement of cerebral blood flow (CBF) 
has revealed that substantial cerebral hypo-

perfusion may occur when a patient does not 
show any neurological symptoms during BOT 
and may thus predict the potential risk after 
carotid occlusion [111]. Among several meth-
ods of CBF studies, SPECT 99mTc-HMPAO or 
99mTc-ECD has been increasingly applied in 
conjunction with BOT, because both tracers—
99mTc-HMPAO and 99mTc-ECD—rapidly distrib-
ute in the brain and the image is constant long 
after injection. SPECT images acquired after 
the completion of BOT might still reflect the 
CBF distribution during BOT when the tracer 
was injected.

However, reports have indicated that ischemic 
events or infarction can occur after permanent 
carotid occlusion in some patients considered to 
be tolerant of carotid occlusion by BOT with 
SPECT [111]. Although the cause of these isch-
emic events seems to be either embolic or 
 hemodynamic, how hemodynamic change may 
occur after permanent carotid occlusion has not 
been sufficiently clarified. Figure  11.23 illus-
trates the value of the balloon occlusion testing 
(BOT), in a 55-year-old female with a skull base 
meningioma.

Fig. 11.21 (a) 99mTc-HMPAO (pre-Diamox) brain 
SPECT images of a 52-year-old male with acute and 
chronic infarction in the region of right MCA territory. 
Patient had mental status changes and worsening of his 
neurological exam. After injection of 34.7 mCi of 99mTc- 
HMPAO IV in a dimly lit and quiet room, a brain SPECT 
scan was performed 15 min post radiotracer injection to 
assess for blood flow during the resting state. There is a 
dense focal area of tracer reduction in the mid right MCA 
territory, at the junction of approximately the frontopari-
etal region on the right, consistent with the known prior 
infarction. Around this area of dense reduction, the uptake 
is mildly reduced, but almost symmetric with respect to 
the contralateral left hemisphere. The findings of dense 
reduction of tracer uptake in the mid right MCA territory, 
consistent with the prior known infarction. (b) 99mTc-
HMPAO (post- Diamox) brain SPECT to assess for the 
degree of hemodynamic vascular constraint. The patient 

was injected with 1 g of Diamox dissolved in sterile water. 
After waiting approximately 15 min for Diamox to have 
its vasodilatory effect, the 33.9 mCi of technetium 99m 
Ceretec IV was injected. After waiting approximately 
another 15 min for radiotracer uptake, incorporation, and 
fixation in the brain, a brain SPECT scan was performed. 
Again seen is the area of dense reduction in the mid right 
MCA territory as seen on the resting-state scan. However, 
on this scan, there is a significant reduction in the penum-
bral region around the infarction extending to involve the 
right frontal lobe predominantly but also the right tempo-
ral lobe and the right parietal lobe regions of the brain. 
There is more extensive degree of reduction in radiotracer 
uptake after Diamox as compared to rest in the region of 
right frontal lobe. Findings are consistent with hemody-
namic vascular constraint in the right ICA territory with 
the most severe constraint involving the territories involv-
ing the right frontal lobe
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Rest SPECT

a

b

c
Diamox Stress SPECT

MIMVista 3D Subtraction

Fig. 11.22 A 60-year-old female with transient left-sided weakness and facial droop. (a–c) Rest, stress, and 3D sub-
traction SPECT demonstrate relative decreased cerebral perfusion in right ICA territory between rest and stress states

11.4.3.2  Dementia
Alzheimer’s Disease
The initial rationale for imaging as a diagnostic 
tool for Alzheimer’s disease is based on the 
disease- associated reduction in metabolic brain 
activity which can be visualized on both 18F-FDG 
brain PET and 99mTc-HMPAO or 99mTc-ECD brain 
SPECT.  There is a reduction of brain glucose 
metabolism identified on PET due to reduced neu-
ronal metabolism and synaptic activity. A reduc-
tion in brain perfusion on regional cerebral 
perfusion SPECT is identified as a decrease in 
blood flow and reduction in neuronal and synaptic 
activity (proportional to the blood flow) in areas of 
reduced metabolism caused by amyloid deposi-
tion, a finding characteristic of Alzheimer’s dis-
ease. The characteristic findings on 18F-FDG brain 
PET and regional cerebral perfusion SPECT are as 
follows: (1) often bilateral involvement with asym-
metry of reduction in the posterior temporoparietal 
cortical areas, (2) reduction of metabolism and 
blood flow to the posterior cingulate gyrus, (3) 
relatively early onset (less than 65 years) with 
more marked abnormalities on reduction of 18F-
FDG uptake and blood flow, (4) less common pri-
mary visual cortex involvement (which is more 

common in Lewy body dementia), and (5) coexist-
ing micro- or macrovascular disease involvement 
resulting in neuronal injury and death.

Another recent and more specific rational for 
PET imaging of Alzheimer’s disease is the utili-
zation of amyloid radiotracers to target Aβ plaque 
in the brain, which is the hallmark of the 
disease.

SPECT Imaging of Alzheimer’s Disease
Alzheimer’s disease (the most common progres-
sive degenerative dementia) is characterized by 
low global blood flow with accentuation of the 
diminution in the posterior temporoparietal 
lobes, relative sparing of the thalamus and corpus 
striatum as well as the sensorimotor cortex, and 
late involvement of the frontal lobes. Figure 11.24 
shows a 67-year-old woman with a progressive 
cognitive decline. Her 99mTc-HMPAO brain 
SPECT scan shows significant diminution in 
global perfusion with accentuation of the rCBF 
decrease in the posterior temporoparietal regions. 
In the differential diagnosis of both Alzheimer’s 
disease and vascular dementia, the cerebellum is 
often useful as a structure for semiquantitative 
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Fig. 11.23 (a) Pre-balloon occlusion baseline study: 
patient is a 55-year-old female with a skull base meningi-
oma. The patient was injected with radiopharmaceutical 
(44.5 mCi of 99mTc-HMPAO IV) in a dimly lit and quiet 
room during the resting state. After waiting approximately 
10 min for radiotracer incorporation into the brain, a brain 
SPECT scan was performed. SPECT images demonstrate 
symmetric tracer uptake in both the left and right internal 
carotid artery territories. This baseline study shows good 
filling of all vascular territories. Findings were consistent 
with normal baseline resting-state study, with no major 
vascular territorial significant reductions of blood flow. 
Post balloon occlusion images (b). In angiography suite, 
balloon test occlusion (BOT) of the left internal carotid 
artery was performed. During the 13 min of balloon infla-
tion, the radiotracer (30.4 mCi of Tc-99m Ceretec) was 

injected intravenously. It was noted at 13 min the patient 
developed receptive aphasia and mild right hemiparesis, 
and the balloon was deflated. After patient stabilization, a 
brain SPECT scan was performed. There is a region of 
dense hypoperfusion in the left internal ICA territory. The 
scan shows essentially no significant blood flow to the 
posterior territory. There is also noted to be a right carotid 
cerebellar diaschisis. There is asymmetry also seen in the 
other areas of the left internal carotid artery distribution, 
most notably the basal ganglia region and hemithalamus. 
Subtraction images were also obtained (c), which also 
suggest areas of decreases perfusion in the region of left 
ICA. These findings are consistent with dense reduction 
of blood flow to a relatively large part of the left internal 
carotid artery indicating lack of collateral supply to the 
region
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normalization of blood flow since it is relatively 
uninvolved in most cases of progressive cerebral 
cognitive decline.

It is important to distinguish, on a rCBF brain 
SPECT scan, the differences between a progres-
sive degenerative dementia such as Alzheimer’s 
disease and a vascular dementia, usually from 
hemodynamic compromise or embolic vascular 
disease at the internal carotid artery level, or 
higher. The importance of this differentiation now 
extends beyond the theoretical issue of  clinical 
diagnosis and prognosis, since currently therapeu-
tic protocols have now been established for these 
two causes of memory impairment [112]. Recent 
therapeutic advances are emerging from clinical 
trials of cholinomimetic drugs indicating that these 
drugs may improve the abnormal behavioral 
symptoms of Alzheimer’s disease [112]. The inhi-
bition of acetylcholinesterase (AChE) by acetyl-
cholinesterase inhibitors reduces the enzymatic 
breakdown of endogenously released acetylcho-
line (ACh) resulting in greater synaptic concentra-
tions of ACh at the postsynaptic ACh receptors. 

Inhibitors (such as donepezil) have been reported 
to significantly improve many manifestations of 
behavioral disturbance including agitation, apathy, 
hallucinations, and aberrant motor behavior. 
Cholinesterase inhibitors can be effective in slow-
ing the memory loss in Alzheimer’s disease. 
Figure 11.25 shows a 99mTc-HMPAO brain SPECT 
scan of a 66-year- old patient with early Alzheimer’s 
disease before and after 1 year of therapy with the 
acetylcholinesterase inhibitor donepezil.

PET Imaging of Alzheimer’s Disease
18F-FDG Imaging

Accurate and early diagnosis of Alzheimer’s 
disease (AD) is vital to ensure patients receive 
the proper treatment, research is targeted cor-
rectly, and prevention and cures are found. 
However, it can be difficult to distinguish between 
AD and other forms of dementia, or even from 
other reversible disorders. The standard tools for 
assessing AD include neuropsychological or cog-
nitive evaluation, physical exam, neurological 
exam, laboratory testing, neuroimaging, behav-

c
Subtraction

Fig. 11.23 (continued)
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Tc-99m HMPAO SPECT

R.H.
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Alzherimers’s Disease

Fig. 11.24 Transverse sections (top) and sagittal sections 
(bottom) from a 99mTc-HMPAO brain SPECT scan of a 
67-year-old female with Alzheimer’s disease. The scans 
scan shows global decrease in blood flow to essentially all 
cortical structures (relative to the cerebellum) with accen-
tuation of the decrease in the posterior temporoparietal 
region. There is relatively spared uptake in the cerebel-
lum, caudate head, lentiform, and thalamus. Alzheimer’s 

disease is characterized by globally diminished blood 
flow throughout the cortex, accentuation of that diminu-
tion in the posterior temporoparietal regions, and relative 
spearing of the basal ganglia structure and sensorimotor 
cortex, as well as the cerebellum. All these major features 
characteristic of the cerebral blood flow pattern defects 
seen in Alzheimer’s disease are seen in this patient

ioral assessment, and patient history. 18F-FDG 
PET imaging has been reported to have a sensi-
tivity of 93% and a specificity of 63% [112]. 
Figures 11.26 and 11.27 show examples of 18F- 
FDG PET scanning in the diagnosis of AD. In the 
analysis of 18F-FDG uptake in these patients the 
three-dimensional stereotactic surface projection 
(3D SSP) algorithm was employed. The 3D SSP 
statistical map shows difference between a single 
subject and normal age-matched controls [112].

Figure 11.27 shows 18F-FDG PET images of a 
53-year-old male with symptoms of cognitive 
impairment and memory loss for 2 years. The 
patient satisfied the ADRDA criteria for probable 
Alzheimer’s disease and had a Folstein mini- 

mental status score 16 out of 30. The MRI scan 
revealed mild diffuse atrophy. Figure 11.27 (left) 
shows standard PET images in transverse section 
illustrating reduction of 18F-FDG uptake in the 
posterior temporoparietal regions. The patient’s 
MRI scan showed nonspecific atrophy for age. 
Figure 11.27 (right) illustrates the value of analy-
sis of 18F-FDG PET statistical parametric map-
ping using 3D SSP. The 3D SSP statistical map 
shows difference between the patient and normal 
age-matched controls. The 3D SSP map shows 
significant reduction of metabolism in the tempo-
roparietal regions bilaterally which on this image 
shows Z scores of significant reduction of 18F- 
FDG uptake between four and six in the posterior 
temporoparietal regions.
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Case: M.M.
66/Y/O F

Case: M.M.
67/Y/O F

Early Alzheimers’s 05/20/98 99mTc-HMPAO SPECT

Post Therapy (Donepezil) 05/20/99 99mTc-HMPAO SPECT

Fig. 11.25 99mTc-HMPAO brain SPECT scan of a 
66-year-old patient with early Alzheimer’s disease who 
was treated with donepezil. The top two rows of images 
show sequential transverse sections from this patient’s 
99mTc-HMPAO scan before beginning therapy. There is 

diminution of rCBF to the posterior temporoparietal 
regions. The 1-year post-donepezil therapy (bottom) 
transverse sections show markedly increased blood flow 
to the frontal lobes and slightly increased blood flow to 
the posterior temporoparietal regions

18F-Florbetapir (AMYViD or 18F-AV-45) 
Imaging
PET amyloid-beta (Aβ) imaging detects amyloid 
plaque density in vivo in the human brain. Several 
PET imaging agents are available for Aβ imag-
ing, including Pittsburgh compound B (11C-PIB) 
and several F18-labeled agents (florbetapir, flor-
betaben, flutemetamol). The longer half-lives of 
the F18-labeled agents make them more practical 
in clinical settings.

In April 2012, the Food and Drug 
Administration (FDA) approved a new radiophar-
maceutical agent to assist clinicians in detecting 
causes of cognitive impairment other than 

Alzheimer’s disease. 18F-florbetapir injection 
(AMYViD, Eli Lilly) is indicated for positron 
emission tomographic (PET) imaging of the brain 
in cognitively impaired adults undergoing evalua-
tion for Alzheimer’s disease and other causes of 
cognitive decline [112]. Florbetapir binds to amy-
loid aggregates in the brain, and the florbetapir 
PET image is used to estimate the density of 
β-amyloid neuritic plaque. As a component of a 
comprehensive diagnostic evaluation, the finding 
of a “negative” florbetapir scan should intensify 
efforts to find a non-Alzheimer’s disease cause of 
cognitive decline. Florbetapirbrain imaging is a 
new type of nuclear medicine imaging, and the 
interpretation of the image requires special train-
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Fig. 11.26 Brain images from a 72-year-old female who 
was seen with concerns of cognitive decline for 6 months, 
but on questioning there has been memory loss beginning 
about 4 years prior to the 18F-FDG PET scan. Her Folstein 
mini-mental score was 9/30 and satisfies the ADRDA cri-
teria for probable Alzheimer’s disease. (a) MRI scan 
reveals chronic small vessel ischemic changes and mild 
diffuse atrophy without a specific pattern which would be 
diagnostic for Alzheimer’s disease. (b). 18F-FDG brain 
PET scan section obtained from the Siemens HR + shows 
18F-FDG reduction involving the posterior temporal and 
parietal lobes bilaterally, the right more severely affected 
as compared to the left. (c) 18F-FDG brain PET scan fused 
with the T1-weighted MRI scan. In the areas of decreased 
18F-FDG uptake, there is no cerebral atrophy out of pro-
portion with other areas of the brain to indicate that the 
reduction of 18F-FDG uptake is an atrophy effect, and 

therefore decreased 18F-FDG uptake can be attributed to 
reduced neuronal metabolic activity as a result of neuro-
nal impairment attributable to the amyloidopathy of 
Alzheimer’s disease. (d) Three-dimensional stereotactic 
surface projection (3D SSP) results (lateral projections) of 
the patient’s brain PET scan fused on a MRI standard 
brain. There is significant reduction of metabolism in the 
right temporoparietal region as indicated by the color 
overlay map which ranges from a z score difference 
between the patient and normal control database of two 
for blue areas of the brain and six for red areas of the 
brain. There is also reduction in the left temporal lobe 
with z scores ranging between 2 and 5. The overall con-
stellation of findings is typical for Alzheimer’s disease, 
slightly asymmetric, with greater impairment of the right 
hemisphere

ing. The unique features of the imaging informa-
tion also require careful  consideration when the 
scan results are integrated into a diagnostic 
evaluation.

Although the pathophysiological conse-
quences of accumulation of β-amyloid in the 
brain are uncertain, neuropathological identifica-
tion of amyloid plaques, typically at autopsy, has 
long been recognized as essential to confirming 
the diagnosis of Alzheimer’s disease. Because 
β-amyloid plaques in the brain have been 
described as a “hallmark” of Alzheimer’s disease, 
some clinicians may regard the florbetapir scan 
as a new test for the disease [112]. Figure 11.28 
demonstrates 18F-florbetapir (AMYViD) PET 
images of a 42-year-old male with cognitive 
decline. PET was performed to assess for amy-
loid plaques. Tracer uptake is less intense in the 
gray matter and more intense in the white matter, 
and none of the areas that are typically seen to be 
involved with Alzheimer’s disease are identified 
as having significantly abnormal amounts of 
uptake relative to the cerebellar hemispheres to 

suggest the presence of abnormal amount of the 
amyloid plaque in the cortex.

Figure 11.29 illustrates AMYViD brain scan 
of a 55-year-old male with clinical suspicion of 
early onset of Alzheimer’s disease. There is sig-
nificantly increased tracer uptake in the gray 
matter, predominantly in the frontal lobes, but 
also to a significant degree in almost all of the 
other gray matter areas. There is also complete 
loss of distinction between white and gray mat-
ter in the frontal, temporal, and parietal lobes. 
This loss of distinction between white and gray 
matter is  consistent with amyloid plaques depo-
sition in the cortex, suggestive of Alzheimer’s 
disease.

Imaging of Vascular Dementia with rCBF 
SPECT Tracers
Patients with vascular dementia may show rela-
tively normal perfusions in areas not involved 
with vascular disease. These patients may bene-
fit from a revascularization procedure before any 
further dementia or frank infarction occurs. A 
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Fig. 11.27 (Left) 18F-FDG brain PET scan in transverse 
section illustrating significant reduction in regional glu-
cose metabolism in the posterior temporoparietal lobes 
bilaterally. The patient is a 52-year-old male with symp-
toms of cognitive impairment and memory loss for 2 
years. The patient satisfied the ADRDA criteria for prob-
able Alzheimer’s disease with a Folstein mini-mental sta-
tus measuring 16 out of 30. In addition to significant 
reduction of 18F-FDG uptake involving the temporopari-

etal lobes bilaterally, there is also significant reduction in 
the posterior cingulate gyrus region. There is relative spar-
ing in the sensorimotor cortical area and basal ganglia 
region. (Right) The 3D SSP map of statistically significant 
difference between the patient and age-matched normal 
controls shows significantly reduced glucose metabolism 
in the posterior temporoparietal lobes bilaterally, right 
slightly greater than left (lateral views), and posterior cin-
gulate (medial views)
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Fig. 11.28 Negative AMYViD scan: (a) Cross-sectional 
images of 42-year-old male with cognitive decline. This 
scan is being performed to assess for amyloid plaques. 
After injection of 10 mCi of AMYViD IV, a brain PET 
scan was performed at 30 min on the GE VCT PET/CT 
scanner. Visually, contrast uptake is less intense in the 
gray matter and more intense in the white matter, and 
none of the areas that are typically seen to be involved 
with Alzheimer’s disease are identified as having statisti-
cally significantly abnormal amounts of uptake relative to 

the cerebellar hemispheres to suggest the presence of 
abnormal amount of the amyloid plaque in the cortex. 
Using the MIMvista quantitative algorithm (b), the target 
areas involving the superior parietal lobule, the precuneus, 
the posterior cingulate gyrus, the temporal lobes, the infe-
rior frontal lobes, and the anterior cingulate gyrus do not 
show a statistically significant abnormal increase in tracer 
uptake to suggest the presence of abnormal amyloid 
plaque deposition
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Fig. 11.29 Positive AMYViD scan: AMYViD brain scan 
of a 55-year-old male with clinical suspicion of early 
onset of Alzheimer’s disease. After the injection of 10 
mCi of AMYViD radiotracer in a dimly lit and quiet 
room, PET images were obtained at 30  min on the GE 
VCT PET/CT scanner. Images were reconstructed and 
sectioned in the transverse, sagittal, and coronal planes for 
interpretation. Non-contrast CT scan was also performed 
for attenuation correction and to obtain an assessment of 
brain atrophy. On visual inspection of the transverse sec-
tions, beginning inferiorly at the cerebellar hemispheres 
to assess white and gray matter uptake and progressing 

superiorly to the vertex, there is noted to be significantly 
increased tracer uptake in the gray matter, predominantly 
in the frontal lobes, but also to a significant degree in 
almost all of the other gray matter areas. There is noted to 
be a complete loss of distinction between white and gray 
matter in the frontal, temporal, and parietal lobes, and 
only the outer edge of the cortical gray matter is observed. 
Gray matter uptake is more similar to the white matter 
uptake, and the gray–white matter border is not observed. 
Findings of loss of distinction between white and gray 
matter are consistent with amyloid plaques deposition in 
the cortex

common form of vascular dementia is produced 
by small embolic events, and, therefore, small 
punctate cortical ribbon breaks may be observed 
in these patients. In addition, there tends to be 
more involvement of the frontal lobes as com-
pared to the posterior regions of the brain. 
Finally, the subcortical structures or internal 
capsule region may demonstrate asymmetry in 
blood flow due to the presence of small embolic 
events in these locations. Figure 11.30 illustrates 
a case of vascular dementia in a 62-year-old 
male with bilateral MCA chronic ischemia and 
transient ischemic attacks. The image shows a 
CT scan of the patient and a corresponding sec-
tion from the 99mTc-HMPAO brain SPECT scan 
and the CT–SPECT fusion image. The CT scan 
shows atrophy with areas of tissue loss charac-
teristic of small embolic infarctions. The 99mTc-
HMPAO brain SPECT shows diminution at the 2 
o’clock and 4 o’clock as well as the 8 o’clock 
and 11 o’clock positions which is characteristic 
of embolic disease. There is no specific reduc-

tion of rCBF to the posterior regions of the brain 
as would be characteristic of Alzheimer’s 
disease.

Imaging of Tau Deposits in Alzheimer’s 
Disease Using [18F]AV-1451
It is well established that the two primary cardi-
nal lesions associated with Alzheimer’s disease 
are the neurofibrillary tangles and the senile 
plaques. The neurofibrillary tangle consists of 
abnormal accumulations of abnormally phos-
phorylated tau within the perikaryal cytoplasm of 
certain neurons. Braak and Braak noted that 
mesial temporal neurofibrillary tangles are a 
common autopsy finding in subjects who died in 
their late 1950s to late 1970s and had few Aβ 
plaques [113]. This led to the hypothesis that 
mesial temporal tau pathology may follow inde-
pendent pathways in the normal aging process 
separate from pathways leading to AD [114]. 
These questions underscore the need for a non- 
invasive technique capable of assessing brain tau 
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Fig. 11.30 A 62-year-old male described in the text with 
bilateral MCA chronic ischemia and transient ischemic 
attacks. The image shows a CT scan of the patient (left), a 
corresponding section from the 99mTc-HMPAO brain 
SPECT scan (middle), and the CT–SPECT fusion image 
(right). The CT scan shows atrophy with areas of tissue 
loss characteristic of small embolic infarctions. The 99mTc- 

HMPAO brain SPECT scan through the same level shows 
irregular uptake in the cortical structures with diminutions 
at the 2 o’clock and 4 o’clock as well as the 8 o’clock and 
11 o’clock positions which is characteristic of embolic 
disease. There is no reduction of rCBF to the posterior 
portion of the brain as noted in the case of Alzheimer’s 
disease

deposits analogous to the development of Aβ 
imaging capabilities.

[18F]AV-1451 (F-18 flortaucipir) is one of the 
several new tau-specific imaging agents that 
have advanced to human studies. Preclinical 
investigations of AV-1451 demonstrated its 
selective labeling of paired helical filament tau 
[115]. Initial human studies of [18F]AV-1451 
were reported [116] in six subjects: 2 AD [mini-
mental state examination score (MMSE): 21 
and 7], 1 MCI (MMSE: 26), and 3 NC (MMSE 
> 28). Increased [18F]AV-1451 retention was 
observed in regions associated with tau deposits 
in AD and MCI subjects (parietal, lateral tempo-
ral, and mesial temporal cortices), whereas no 
significant [18F]AV-1451 retention was observed 
in any of the 3 NC subjects studied. These find-
ings are consistent with neuropathological stud-
ies forming the basis for the Braak staging 
scheme. Figure  11.31 shown distribution of 
[18F]AV-1451 labeled tau, as compared to FDG 
(metabolism) and C-11 PiB (b-amyloid) in a 60 
year old male with AD.

Imaging of Other Causes of Dementia
Pick’s disease is a rapidly progressing frontal 
lobe-type dementia. A 99mTc-HMPAO brain 
SPECT scan of a patient with early Pick’s disease 
is shown in Fig. 11.32. The scan is of a 67-year- 
old female with rapidly progressing frontal lobe- 
type dementia. The CT scan shows mild atrophy 
in the peri-Sylvian regions but no significant 
frontal lobe atrophy. The 99mTc-HMPAO brain 
SPECT scan shows marked diminution of tracer 
uptake in the frontal lobes. The fusion image 
shows that the diminution is due to loss of 
regional cerebral activity, since there is no sub-
stantial cortical gray matter loss.

Primary progressive aphasia (PPA) is an 
uncommon type of degenerative dementia char-
acterized by gradual impairment of language 
function that remains neuropsychologically focal 
for several years with sparing of the memory 
domain. Compared with other neurodegenerative 
disorders that initially affect cognition followed 
by language impairment, many patients with PPA 
retain their cognitive functions allowing them to 
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Fig. 11.32 99mTc-HMPAO brain SPECT scan of a patient 
with early Pick’s disease. The scan is of a 67-year-old 
female with a rapidly progressing frontal lobe-type 
dementia. The CT scan (left) shows mild atrophy in the 
Sylvian regions but no frontal lobe atrophy. The 99mTc- 
HMPAO brain SPECT scan shows marked diminution of 

tracer uptake in the frontal lobes (middle). The fusion 
image (right) shows that the diminution is due to loss of 
cortical synaptic activity (which is proportional to regional 
cerebral perfusion) since there is no substantial cortical 
gray matter loss in the region of frontal lobe hypoperfu-
sion seen on the 99mTc-HMPAO brain SPECT scan

c da b

Fig. 11.31 PET images from a 60 y/o M with fatigue, 
difficulty concentrating, memory, and mood disorder, 
diagnosed with AD. (a) structural MRI, (b) [18F]FDG 
PET, (c) [11C]PiB PET, and (d) [18F]AV-1451 PET.  The 
MRI scan shows mild atrophy. The [18F]FDG scan shows 
abnormally decreased uptake in the posterior brain 
regions. The degree of uptake is asymmetric, much lower 

in the left posterior temporoparietal brain region, also a 
pattern characteristic of AD. The [11C]PiB PET scan dem-
onstrates abnormally increased uptake in the temporal, 
parietal, and frontal lobes in a pattern characteristic of 
AD.  The [18F]AV-1451 PET scan shows broad areas of 
abnormal intensely increased [18F]AV-1451 uptake in the 
bilateral parietal and occipital lobes

continue with their activities of daily living. 
“Word-finding” or “naming” difficulty (dysno-
mia) is the most common and earliest clinical 
presentation of PPA. Figure 11.33 shows an MRI 
and 99mTc-HMPAO SPECT scan of a 65-year-old 
woman with a mild degree of dysnomia. The sub-
ject presented with a 7-year history of “tripping” 
over words. Initially, she had trouble with multi-

syllable words but progressed to have difficulty 
even with single-syllable words. She complained 
of problems with her decreasing fluency. She 
claims to know what she wanted to say but is “not 
able to get the words out.” She used to play the 
piano and sing with accompaniment but lately 
complains of loss of her interest due to her inabil-
ity to get the right tune. She scored 30/30 on the 
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Fig. 11.33 MRI scan (left), 99mTc-HMPAO brain SPECT 
scan (middle), and a MRI–SPECT fusion image (right) of 
a 65-year-old female with a mild degree of dysnomia. The 
subject presented with a 7-year history of “tripping” over 
words. She initially had trouble with multisyllable words 
but currently has difficulty even with single-syllable 
words. The images show right frontotemporal atrophy on 
MRI.  The SPECT scan, however, shows a much larger 

region of decreased perfusion involving the frontotempo-
ral region as well as the posterior temporal region. This 
case is an unusual presentation of primary progressive 
aphasia since it involves the right side of the brain in a 
right-handed woman. The images demonstrate that there 
is a functional deficit extending beyond the mild degree of 
anatomic atrophy

mini-mental status examination (MMSE). Her 
right frontotemporal region shows atrophy on 
MRI and reduced rCBF on SPECT.  There is a 
larger area of right frontotemporal hypoperfusion 
on rCBF SPECT in relation to the degree of atro-
phy identified on MRI.

11.4.3.3  Epilepsy: Epileptogenic 
Focus Localization Imaging

Regional cerebral perfusion evaluation in patients 
with epilepsy has proven to be of significant clin-
ical value for identification of the epileptogenic 
focus location. The underlying pathophysiology 
concerning the advantages of using regional cere-
bral perfusion tracers in epilepsy is based on the 
clinical observation that was first reported by Sir 
Victor Horsley more than 100 years ago. He 
described (by direct observation of the brain dur-
ing surgery) an increase in cortical blood flow in 
the area of seizure discharge. Therefore, the most 
valuable use of 99mTc-HMPAO evaluation of the 
epilepsy patient is to localize the epileptogenic 
focus during the ictal state.

Ictal 99mTc-HMPAO or 99mTc-ECD SPECT
In order to perform these studies, the tracer (either 
99mTc-HMPAO or 99mTc-ECD) must be rapidly 
injected immediately after seizure onset. Because 
the time of an active seizure event cannot be prede-
termined, and occurs over a relatively short time 
(typically a few seconds to 1–2 min). It becomes 
immediately obvious that the tracer could not be 
ordered and prepared by the radiopharmacy and 
brought to the epilepsy unit in time to perform an 
IV injection at the time of the seizure.

Thus it is necessary to have the tracer labeled 
and in the epilepsy monitoring unit, near the 
patient, in a radiation shielding container and 
quickly accessible to the person performing the IV 
injection. However, even if the person performing 
the injection maintained a position at the bedside of 
the patient, it was still very difficult to obtain a sat-
isfactory ictal injection during the timeframe of 
most seizure events given the injection delay time 
required to remove the tracer from the shielded 
case, perform for the injection and inject the venous 
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Fig. 11.34 (left) The epilepsy monitoring unit video 
EEG stations. Technologies simultaneously view the epi-
lepsy patients Video-EEG, and when a desired seizure 
occurs they activate the automated injector by pushing a 
control button, and noting satisfactory activation by the 
automated injector status monitor, upper right. (right) 
Shows the patient as she is receiving the tracer through the 
automated injector system (positioned by the patient bed-

side). Immediately after the delivery of tracer, a second 
syringe within the automated injector flashes the IV line. 
After the injection is complete, the technologist can be 
seen entering the room to obtain the subjective seizure 
semiology from the patient, and inform the patient that 
they just received the injection, and they will be trans-
ported to the Department of nuclear medicine for 
imaging

Table 11.1 Comparison of Parameters Between Subject 
Groups Before Use of the Automatic Injector (Group A) 
with Subject Groups After Use of the Automatic Injector 
(Group B)

Number 
of studies

Average 
ictal delay 
(s)

# of true 
ictal 
studies

# of 
repeat 
study

Extra days 
in hospital

Group A 
(n = 61)

19.6 37/61 
(61%)

15/61 
(25%)

0.6

Group B 
(n = 16)

11.5 13/16 
(81%)

1/16 
(6%)

0.1

p value 0.008 0.02

flush of the tracer. Nevertheless, for the first decade 
of practice, from approximately 1990 to 2000, this 
was the procedure [117]. In many cases, the ictal 
event was missed, and it became prohibitively 
expensive for this operation to be continued given 
the cost of having a patient admitted to the hospital 
for several days, purchasing the tracer, and waiting 
for the seizures event to occur and then trying to 
inject the tracer in a timely fashion.

Introduction of the Automated Injector
Thus, it became necessary to invent an automated 
injector that could be triggered from the epilepsy 
monitoring unit by an epilepsy monitoring tech-
nician injector [118] as shown in Fig. 11.34.

This also requires extending approvals of radi-
ation safety policies and establishment of 
 guidelines for training of EEG personnel (non-
nuclear medicine technologist) to ensure that the 
proper techniques and safeguards regarding qual-
ity control are maintained. However, once these 
procedures became more routine, it became pos-
sible to have a relatively high rate of tracer injec-
tions during the ictal state at the University of 
Pittsburgh hospitals [119].

In our initial study [118], we found signifi-
cantly improvement in obtaining high-quality 
ictal SPECT scans. We examined ictal SPECT 

data from Group A (45 patients, 61 scans) before 
implementing the automated injector compared 
to Group B (15 patients, 16 scans) after imple-
menting the automated injector (Table 11.1). In 
summary, there was a reduced injection time 
after the onset of seizure and injection (latency 
time), a decrease in the number of necessary 
repeat studies, and a lower number of days of 
hospitalization. There was also a reduction in 
radiation exposure to hospital personnel involved 
in the injection process (Fig. 11.35).

After injection, the patient is stabilized and 
transferred to the SPECT scanner within several 
hours to receive a brain SPECT scan which will 
indicate the regional cerebral perfusion at the 
time of ictus. This method is feasible since 99mTc- 
HMPAO or 99mTc-ECD is irreversibly trapped in 
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Fig. 11.35 Ictal and interictal SPECT scans with manual 
injection in 3-year-old male with intractable epilepsy as 
compared with ictal SPECT using the automated injector. 
(a) Interictal SPECT images demonstrate diffuse promi-
nent hypoperfusion involving left frontotemporal region. 
(b) First ictal SPECT attempt. The injection was per-
formed 40 s after onset of seizure. Seizure duration was 
46 s, and therefore this late ictal SPECT scan which 
redemonstrated the hypoperfusion in left frontotemporal 
region, with similar perfusion pattern seen in interictal 
SPECT. (c) Repeated ictal SPECT using the automated 

injector. The injection was able to be performed 2 s after 
onset of seizure. This seizure duration was only 9 s. 
Because this was a very early ictal SPECT, the scan was 
able to demonstrate increased perfusion to left frontotem-
poral region compared with right when subtracted relative 
to the interictal (baseline) SPECT. Due to the identifica-
tion of the probable seizure location, the patient under-
went surface grid electrode placement and underwent 
careful resection of the epileptogenic focus which ren-
dered the patient nearly seizure free with minimal neuro-
logical deficit

the epileptogenic hyperemic region at the time of 
seizure and therefore, during the period between 
injection and scan, there is essentially no tracer 
redistribution.

The subsequent scan (albeit several hours 
after the injection) still shows hyperemia in the 
region of the epileptogenic focus.

Figure 11.36 illustrates the value of ictal 
SPECT in a 9-year-old right-handed boy who had 
a 7-year history of intractable seizures. The fig-
ure shows a 99mTc-HMPAO brain SPECT scan 
which was performed 2 h after tracer injection. 
The tracer was injected at the bedside 3 s after 
seizure onset (the seizure lasted ~25 s).

The ictal SPECT scan shows a focal area of 
intense uptake in the right frontal lobe. The 
patient’s developmental history and neurological 
findings on examination were normal. Computed 
tomographic (CT) and magnetic resonance imag-
ing (MRI) studies carried out at our and other 
institutions were normal. Multiple EEG investi-
gations were inconclusive. On referral to our 

institution, the patient averaged 20–30 seizures a 
day characterized by an aura of tingling in the 
mouth, followed by simultaneous extension of 
the legs and flexion of the right upper extremities 
with nonpurposeful movements of both legs last-
ing 20 s. Previous EEGs revealed infrequent 
slowing over the right hemisphere. Multiple 
video EEG monitoring studies performed at our 
and other institutions showed stereotypical sei-
zures with no ictal scalp localization. Interictal 
activity revealed occasional sharp discharges 
involving the right frontal central parietal regions.

The 99mTc-HMPAO ictal brain SPECT scan 
showed a focal area of hyperperfusion in the right 
premotor area. The right to left asymmetry in 
blood flow for this region was 1.32, and the inten-
sity of uptake in the right frontal lobe measured 
1.13 (cortical to cerebellar ratio) with a range of 
normals = mean ± 1SD of 0.90 ± 0.07. The result 
of the ictal brain SPECT scan was subsequently 
co-registered with the MRI scan and placement 
of subdural grid electrodes confirmed the epilep-
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Fig. 11.36 Frontal lobe epilepsy in a 9-year-old right- 
handed boy. The MRI scan (left) is normal. The 99mTc- 
HMPAO brain SPECT scan (middle) reflects the regional 
cerebral perfusion at the time the tracer was injected dur-

ing the epileptogenic seizure. The intense region of hyper-
emia is seen at the 10 o’clock position. A SPECT MRI 
fusion image (right) clearly identifies the location of the 
focus on the MRI scan

togenic focus location. Based on the fusion 
image, the anatomic location was determined, the 
epileptogenic focus was surgically excised, and 
the patient was rendered seizure-free.

It has been shown that ictal SPECT in patients 
with extra-temporal lobe epilepsy have superior 
localization capability as compared to interictal 
18F-FDG PET. On the other hand, if ictal SPECT 
is not available, identification of the epilepto-
genic focus during the interictal state using 99mTc- 
HMPAO is less sensitive compared to interictal 
18F-FDG PET.  In cases of suspected temporal 
lobe epilepsy, the preferred diagnostic method is 
to perform interictal 18F-FDG PET in addition to 
ictal and interictal SPECT.

Figure 11.37 shows epileptogenic focus local-
ization in a patient with history of intractable 
complex partial epilepsy for 2 years. Ictal SPECT 
shows increased rCBF in the region of right tem-
poral lobe, corresponding to an area of decrease 
uptake on interictal SPECT.  MIMvista SPM 
 subtraction shows significant right temporal 
rCBF on ictal SPECT.

18F-FDG Brain PET Assessment in the 
Interictal State
Figure 11.38 illustrates concordance between 
abnormalities on MRI and 18F-FDG PET in a 

16-year-old boy with temporal lobe epilepsy and 
hippocampal sclerosis of the right mesial tempo-
ral lobe on MRI. The MRI shows abnormal high 
signal intensity in the right hippocampal region. 
The 18F-FDG PET shows a corresponding area of 
focal reduction of 18F-FDG uptake in the right 
hippocampal region. After right temporal lobec-
tomy, the patient was rendered seizure-free.

Figure 11.39 demonstrates the significant 
advantage of ictal SPECT as compared to interic-
tal 18F-FDG PET.  The patient, a 42-year-old 
female with seizure activity felt to arise from the 
frontal lobe regions, underwent a 18F-FDG brain 
PET scan which was nonlocalizing. An interictal 
99mTc-HMPAO brain SPECT scan also showed 
minimal reduction in the frontal lobe, as well as 
other areas of the brain. An ictal brain SPECT scan 
showed significant hyperemia in the right frontal 
lobe. The figure shows correlative images of the 
significant hyperemia on ictal SPECT as com-
pared with nonspecific reduction on 18F-FDG PET.

Ictal and Interictal SPECT Analysis
A subgroup of “frontal” focal cortical epilepsy 
involves the pericallosal gyrus. This type of epi-
lepsy, termed “cingulate epilepsy,” demonstrates 
variable clinical semiology and poorly localizing 
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Fig. 11.37 (a–e) Patient with history of intractable com-
plex partial epilepsy for 2 years presents for evaluation 
localization of epileptogenic focus. Seizure semiology 
reveals unusual scream during sleep appears scared and 
hallucinating and seeing objects. Daily nocturnal seizures 
average from two to up to eight per night. (a) MRI findings 

are suggestive of a possible small AVM, in the right tempo-
ral lobe. (b) Ictal SPECT shows increased rCBF in the 
region of the right temporal lobe, corresponding to an area 
of decrease uptake on interictal SPECT (c). (d) MIMvista 
SPM subtraction shows significant right temporal rCBF on 
ictal SPECT. (e) Shows pre- and postsurgery MR images

a

b
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Fig. 11.37 (continued)
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Fig. 11.38 Right mesial temporal lobe sclerosis in a 
16-year-old boy. (Left) MRI shows abnormal high signal 
intensity in the right mesial temporal lobe (hippocampal 
region). (Middle) FDG PET scan shows a focal reduction 

of FDG uptake in the right mesial temporal lobe (hippo-
campal region). (Right) MRI–PET fusion image illustrat-
ing that the reduction in FDG corresponds to the region of 
MRI increase in signal intensity

scalp electroencephalography patterns [120]. 
Seizures in most patients consist of “pseudoab-
sences” often mistaken for inattention and can be 
confused with “absence” attacks resulting in mis-
diagnosis and unsuccessful seizure control. 
Dropping or nodding of the head is commonly 
observed. Head turning to the side contralateral 

to the involved cingulum and autonomic phe-
nomena are observed in some patients. There is 
also a strong association between psychotic 
behavior and cingulate epilepsy. A complete clin-
ical, neuropsychological, and neuroimaging 
investigation is therefore usually performed in an 
attempt to localize the epileptogenic focus in this 

11 Central Nervous System



494

Fig. 11.39 Coronal images from MRI (left), ictal 99mTc- 
HMPAO SPECT (middle), and interictal 18F-FDG PET 
scan (right) of a 42-year-old female with intractable sei-
zures. (Left) The MRI scan is normal. Middle. The ictal 
99mTc-HMPAO brain SPECT scan showed a focal area of 
significant hyperemia in the right mesial frontal lobe 
(arrow). (Right) There was minimal reduction of 18F-FDG 

uptake in this location, but this was not specific for identi-
fication of the epileptogenic focus. This scan illustrates 
the relative nonspecificity of mild areas of reduction on 
18F-FDG brain PET scan in cases of frontal lobe epilepsy, 
and in these cases, an ictal 99mTc-HMPAO brain SPECT 
scan can provide greater accuracy in diagnosis

MRI 99m Tc-HMPAO
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Fig. 11.40 High- 
resolution MRI (left) 
and ictal 99mTc-HMPAO 
brain SPECT scan 
(right) of a patient with 
cingulate gyrus epilepsy. 
Evaluation of the frontal 
lobes and cingulate 
region on MRI failed to 
reveal any structural 
abnormalities to suggest 
a possible seizure focus. 
The ictal SPECT scan 
(right) showed a focal 
region of hyperperfusion 
in the right anterior 
cingulate region (arrow)

subgroup of patients. Due to the difficulty in the 
identification of these seizure foci, we illustrate 
the value of comparing ictal SPECT with normal 
controls using statistical parametric mapping 
(SPM). Figure  11.40 shows a high-resolution 
MRI and ictal 99mTc-HMPAO brain SPECT scan 
of a 39-year-old man with cingulate gyrus epi-
lepsy. Evaluation of the frontal lobes and cingu-
late region on MRI failed to reveal any structural 
abnormalities to suggest a possible seizure focus.

The ictal SPECT scan showed a focal region 
of hyperperfusion in the right anterior cingu-
late region. Count data were obtained by draw-
ing regions of interest (ROI) around the right 
and left cingulate gyrus and showed that the 
right to left blood flow ratio was 1.3 and the 
right cingulate gyrus blood flow relative to cer-
ebellar counts is 1.54 which is >4 SD above 
our normal control population (cingulate gyrus/
cerebellum = 1.05 ± 0.12). Figure  11.41 shows 
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Fig. 11.41 Transverse (left), coronal (middle), and sagit-
tal (right) projection of the fusion image between statisti-
cally significant increases in blood flow values (identified 
using statistical parametric mapping) and Talairach stan-
dard anatomic brain atlas from MEDx SPM. The highest 

value of statistically significant pixel values is shown in 
red. The region demonstrating maximum statistical sig-
nificance was located in the right anterior cingulate gyrus; 
SPM coordinates (x, y, z) (mm) = (−6, +42, +24) in the 
transverse, coronal, and sagittal sections, respectively

the transverse, coronal, and sagittal projections 
of the fusion image between statistically sig-
nificant increases in blood flow values and the 
Talairach standard anatomic brain atlas using the 
MEDx SPM software package (Sensor Systems, 
Sterling, VA).

The highest value of statistical significant 
pixel values is shown in red. The region demon-
strating maximum statistical significance was 
located in the right anterior cingulate gyrus; SPM 
coordinates (x, y, z) (mm) = (−6, +42, +24) in the 
transverse, coronal, and sagittal sections, 
respectively.

Method and Illustration of SPM Image 
Analysis in Epilepsy
The use of SPM image analysis is now increas-
ingly being applied in the clinical diagnosis of 
neuroimaging of numerous disorders including 
epilepsy. An ictal SPECT scan can be compared 
with the interictal SPECT scan and correlated 
with a normal brain SPECT atlas using SPM to 
identify regions of significant alterations in 
regional cerebral blood flow related to seizure 
activity and localize these regions in Montreal 
Neurological Atlas space. Recent studies support 
SPM analysis of ictal SPECT scans [121]. 
Blinded analysis demonstrated correct lateraliza-
tion in 18 of 21 mesial temporal lobe epilepsy 

cases with no false lateralization compared with 
subtraction analysis that showed correct lateral-
ization in 16 and false lateralization in one 
patient.

Figures 11.42 and 11.43 demonstrate epilepsy 
analysis in an 11-year-old male suffering from 
tonic–clonic seizures since age 7 and the applica-
tion of subtraction ictal SPECT co-registered to 
MRI (SISCOM) [122]. MRI scan (Fig. 11.42 left) 
shows an arterial venous malformation in the right 
parietal lobe. 18F-FDG PET scan (Fig.  11.42 
right) also shows reduction around the AVM area. 
An interictal 99mTc-ECD SPECT scan (Fig. 11.43 
top) shows reduced perfusion in the region of the 
arterial venous malformation, in addition to a 
large area around the lesion. Ictal 99mTc-ECD 
SPECT (Fig. 11.43 bottom left) showed hyperper-
fusion in a region anterior and inferior to the 
AVM, confirming the location of epileptogenesis. 
This is shown on a SPM analysis fusion scan cor-
relating regional cerebral perfusion with a 
T1-weighted MRI scan (Fig. 11.43 right).

Figure 11.44 shows Ictal 99mTc-ECD as com-
pared to interictal 99mTc-ECD SPECT in a 
39-year-old right-handed male who has a 25-year 
history of refractory complex partial epilepsy of 
possible multifocal origin versus an indetermi-
nate focal origin.
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Fig. 11.42 (Left) MRI scan sections of an 11-year-old 
boy suffering from seizure disorder since age 7. The 
patient has tonic–clonic seizures. The MRI scan shows an 
arterial venous malformation in the right parietal lobe. 

(Right) The interictal brain 18F-FDG PET scan shows an 
area of reduced metabolic activity in the right parietal lobe 
consistent with the location of the arterial venous 
malformation

Fig. 11.43 Same patient as shown in Fig. 11.42. (Left) 
images from an interictal 99mTc-ECD brain SPECT (top) 
as compared to an ictal 99mTc-ECD brain SPECT scan 
(bottom). One can see significant hyperemia anterior and 
inferior to the region of the arterial venous malformation 
on the ictal 99mTc-ECD brain SPECT scan as compared to 
the interictal 99mTc-ECD brain SPECT scan. (Right) 
SISCOM analysis where the ictal and interictal SPECT 
are compared and statistically significant differences 

between the two are mapped onto the patient’s MRI scan. 
One can see significantly increased differences in the ictal 
SPECT study as compared to the interictal SPECT study 
in the region anterior and in the location of the arterial 
venous malformation (highlighted yellow areas). The 
highlighted blue area shows areas of decreased uptake on 
the ictal scan as compared to the interictal scan, which can 
be seen to be positioned randomly throughout the cortex 
and has no clinical or localizing significance

11.4.4  Psychiatry and Learning 
Disabilities

The diagnostic application of rCBF SPECT brain 
scanning in psychiatry are limited (on an indi-
vidual patient basis), since most prior studies 
which showed statistical significance were per-

formed on large patient groups. For example, in 
one study comparing regional cerebral blood 
flow in patients with major depressive disorder to 
that of healthy subjects, there was found to be a 
relationship between rCBF and negative depres-
sive symptoms [123]. The study found decreased 
frontal lobe rCBF (hypofrontality) in a group of 
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Fig. 11.44 (Left) An interictal 99mTc-ECD brain SPECT 
scan (top) as compared with an ictal 99mTc-ECD brain 
SPECT scan (bottom). On the ictal brain SPECT scan, one 
can see increased hyperemia involving the left temporal 
lobe. (Right) Using SPM statistical comparison, one can 

see statistically significant differences between the ictal 
and interictal scan involving the left temporal lobe. The 
test for statistical significance has z values between three 
and four (coded color bar on the image)

patients, with lower blood flow to the dorsolateral 
prefrontal cortex bilaterally, the right orbitofron-
tal cortex, and the cingulate gyrus. This study 
suggests that decreased perfusion is associated 
specifically with negative symptom severity. 
These results support the hypothesis that, in 
major depressive disorder, negative symptoms 
and symptoms of depression are distinct phe-
nomena and underscore the importance of nega-
tive symptom evaluation in neuroimaging studies 
of major depressive disorder and other disorders. 
Figure  11.45 shows a 99mTc-HMPAO brain 
SPECT scan from a 42-year-old female present-
ing with a 6-year history of depression character-
ized with significant negative symptomatology. 
However, on an individual basis, patients with 
depression may have normal frontal lobe rCBF.

We have performed a study to evaluate 
changes in rCBF in children with autistic disor-
der [124]. In this study, the autistic children 
underwent 99mTc-HMPAO brain SPECT scans 
which showed significant decreases in rCBF to 
the temporal lobes and frontal lobes. The corre-
sponding CT and MRI scans failed to show any 

abnormality. This confirmed the sensitivity of 
rCBF brain SPECT to assist in the diagnosis of 
this severe brain disorder. Figure  11.46 shows 
images from a 12-year-old boy with autistic dis-
order who had a performance IQ of 70 and an 
Autistic Behavior Checklist score of 80. The sub-
ject was severely autistic, with severe language 
deficits. The reduction of perfusion to the tempo-
ral lobes is in accord with the neuropsychological 
location of the abnormalities identified in this 
disorder.

11.4.4.1  Brain Tumors
Brain Tumor Evaluation with 201Tl
Identification of viable tumor after brain tumor 
therapy is a significant clinical problem since 
distinction between necrosis and residual or 
 recurrent viable tumor cannot be accurately 
evaluated by either computed tomography or 
magnetic resonance imaging. Functional imag-
ing can distinguish cerebral necrosis from via-
ble brain tumor and determine viability grade 
[125, 126]. Figure 11.47 illustrates an example 
of the clinical utility of 201Tl SPECT in a 
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Fig. 11.45 A 42-year-old female presented with a 6-year 
history of depression. The patient had a normal MRI scan 
(left). The 99mTc-HMPAO brain SPECT scan shows sig-
nificant decrease in perfusion to the frontal lobe (middle). 
The MRI–SPECT fusion images (right) show that the 
diminution of rCBF is functional since there is no corre-
sponding anatomic atrophy to account for the low reduc-

tion in frontal lobe perfusion. In addition, there was no 
evidence for cerebral vascular disease. This image illus-
trates that patients with severe depression can show reduc-
tion in frontal blood flow due to a relative reduction in 
synaptic activity with resultant loss of frontal lobe func-
tion and the concomitant associated mood of depression

Autistic Disorder
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12 Y/O M
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Low rCBF

High rCBF

Fig. 11.46 Images from a 12-year-old boy with autistic 
disorder demonstrating low temporal lobe activity. The 
MRI scan (left) is normal. The co-registered 99mTc- 
HMPAO brain SPECT scan (middle) shows bilateral pos-

terior temporal (left, lower than right) and bilateral 
occipital diminution of tracer uptake with no correspond-
ing anatomic abnormality, as demonstrated by the MRI–
SPECT fusion image (right)

14-year-old female with recurrent high-grade 
astrocytoma involving the right hemisphere of 
the brain. The patient was initially diagnosed 2 
years prior to the scans shown in this figure and 
underwent two courses of chemotherapy and 
radiation therapy. The 201Tl brain SPECT scan 
was performed in order to determine if there 
was residual or recurrent viable tumor in this 
patient who now presented with recurrent symp-

toms. It is not uncommon for patients to present 
with recurrent symptoms; however, the etiology 
of the symptoms can be due to either radiation 
necrosis and brain edema or recurrent viable 
tumor growth, and often, these cannot be differ-
entiated by an anatomic scan such as MRI. The 
MRI scan, in this case, shows radiation necrosis 
and cystic lesions, but viability cannot be 
determined.
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Fig. 11.47 201Tl brain SPECT scan and MR images from 
a 14-year-old female with recurrent high-grade astrocy-
toma involving the right hemisphere of the brain. The 
patient was diagnosed 2 years prior to the scans shown in 
this figure and underwent two courses of chemotherapy 
and radiation therapy. The MRI scan (left) shows radiation 
necrosis and cystic lesions, but residual tumor viability 
cannot be assessed. The 201Tl brain SPECT scan (middle) 
shows a focal region of intense uptake; however, the exact 
location cannot be determined with certainty. Because this 
patient was a candidate for gamma knife surgery, it was 
important to correlate the functional and anatomic image 
to locate the region of high-grade viable tumor. The MRI–
SPECT fusion image (right) clearly showed a localized 

region of intense uptake (green arrow). The 201Tl brain 
SPECT scan shows a focal region of intense uptake, how-
ever, the exact location cannot be determined with cer-
tainty. Because this patient was a candidate for gamma 
knife surgery, it was important to correlate the functional 
and anatomic image to obtain specific coordinates of the 
region of high-grade viable tumor. Using the fiduciary ref-
erence system and fusion software described earlier, the 
MRI/SPECT fusion image clearly showed an area of 
intense uptake which was localized to the MRI scan and 
subsequent gamma knife surgery allowed the patient to 
have extremely high doses of radiation directed only to 
the area of viable tumor, and the patient remains free of 
additional symptoms one year after gamma knife surgery

The main utility of thallium in brain SPECT 
imaging is in the visualization of primary and 
metastatic CNS tumor. Blood–brain barrier 
(BBB) breakdown in any lesion of the brain 
allows the passage and localization of 201Tl. After 
intravenous administration, the first 5 min of 201Tl 
uptake depends on rCBF, rCBV, and BBB break-
down. Subsequently, the uptake depends on 
active transport by the tumor cell, tumor grade, 
and activity of the Na+–K+ ATPase pump. 201Tl is 
therefore an extremely sensitive, but sometimes 
nonspecific indicator of residual recurrent viable 
tumor since there is nonspecific uptake in regions 
of blood–brain barrier breakdown not due to 
tumor. Figure  11.48 shows an example of this 
nonspecific uptake in a patient with stroke. The 
patient is a 65-year-old man who was originally 
referred to our institution to evaluate for infarc-
tion versus tumor. The 201Tl scan shows slight 
nonspecific uptake in the right basal ganglia 
region. The MRI scan shows an enhancing lesion 
in that location. The question of tumor versus 
stroke remained, and an 18F-FDG PET scan was 
performed which was entirely negative in the 

location of the enhancing lesion on CT and the 
uptake on 201Tl, ruling out tumor. This case also 
shows that 18F-FDG has greater specificity in 
detection of recurrent or residual viable tumor 
but may have decreased sensitivity since 18F- 
FDG is also taken up by the normal brain. 
Therefore, early and delayed 201Tl SPECT imag-
ing with semiquantification may aid in the dif-
ferentiation of specific thallium versus 
nonspecific BBB breakdown uptake when BBB 
breakdown is present in lesions which are low 
grade, inflammatory, or stroke.

99mTc-sestamibi (Tc-99m Hexakis-2-Methoxy- 
2-Isobutyl Isonitrile) and Brain Tumors
Comparison of differences in uptake of 201Tl and 
99mTc-MIBI is illustrated in a 47-year-old female 
with glioblastoma multiforme who previously 
underwent radiation therapy and chemotherapy 
(Fig.  11.49). The MRI scan shows high signal 
intensity in the right cerebral hemisphere. From 
the MR image, one cannot distinguish between 
residual viable tumor versus radiation necrosis 
and edema. The 201Tl brain SPECT scan section 

11 Central Nervous System



500

TI-201

CT

R L R L R L

R LR LR L

Fig. 11.48 Non- 
Specific uptake with 
201Tl. The patient is a 
65-year-old man who 
was originally referred 
to our institution to 
evaluate for infarction 
versus tumor. The 201Tl 
scan shows slight 
nonspecific uptake in the 
right basal ganglia 
region (arrow). The 
MRI scan shows an 
enhancing lesion in that 
location. The question of 
tumor versus stroke 
remained, and an 
18F-FDG PET scan was 
performed which was 
entirely negative in the 
location of the 
enhancing lesion on CT 
and the uptake on 201Tl, 
ruling out tumor

MRI TI-201 99mTc-sestamibi

Brain Tumor
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Fig. 11.49 This figure shows images from a 47-year-old 
female with glioblastoma multiforme who previously 
underwent radiation therapy and chemotherapy. The MRI 
scan (left) shows high signal intensity in the right cerebral 
hemisphere. From the MR image, one cannot distinguish 
between residual viable tumor versus radiation necrosis 
and edema. The 201Tl brain SPECT scan section through 
the same level (middle) shows intense uptake indicating 

tumor recurrence (arrow). A 99mTc-sestamibi scan (right) 
shows intense uptake with better anatomic delineation of 
the tumor boundary as noted by extension of the tumor 
through the anterior commissure (green arrowhead), 
whereas in the same location, the thallium scan has less 
clear definition. Also note 99mTc-MIBI in the midportion 
of the left hemisphere, which is unrelated to tumor uptake 
but due to choroid plexus secretion of 99mTc-MIBI

through the same level shows intense uptake indi-
cating tumor recurrence. The 99mTc-sestamibi 
scan shows intense uptake with better anatomic 
delineation of the tumor boundary as noted by 
extension of the tumor through the anterior com-
missure, whereas in the same location, the thal-
lium scan has less clear definition.

Effect of Chemotherapy on Metabolism
It has been observed that there is greater uptake of 
99mTc-MIBI in malignant gliomas compared to 
201Tl in patients who did not receive chemother-
apy or have been remotely treated [127]. 
Conversely, those patients who had recent chemo-
therapy have low 99mTc-MIBI uptake in the tumor. 
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High Grade Brain Tumor

Fig. 11.50 201Tl and 99mTc-MIBI SPECT scans of a 
45-year-old female with high-grade brain tumor in the 
right temporal lobe who had recent chemotherapy and 
who had low 99mTc-MIBI uptake in the tumor, compared 
with 201Tl. This case compares the diagnostic capability of 
201Tl SPECT (top row) as compared with 99mTc-HMPAO 

MIBI SPECT (bottom row). Each of the tracers shows 
increased uptake in recurrent viable tumor. The reduction 
of MIBI immediately after chemotherapy indicates that 
there is DNA damage and the tumor is less able to recover 
from chemotherapy damage and, therefore, the patient has 
a better prognosis

Tissue fractionation studies have demonstrated 
the release of 99mTc-MIBI from the mitochondria 
and a decline in 99mTc-MIBI uptake in the pres-
ence of Ca+2 [128]. It is conceivable that irrevers-
ible tissue injury leads to the sequestration of 
extracellular Ca+2 into the cell and the mitochon-
dria leading to cell death. Injury to brain tumor 
cells from radiation or chemotherapy will theo-
retically increase the Ca+2 level and alter the mito-
chondrial membrane potential leading to a decline 
in 99mTc-MIBI uptake. Early response to treatment 
can therefore theoretically be determined by com-
paring 99mTc-MIBI uptake before and after a 
course of radiation or chemotherapy. Decline in 
the 99mTc-MIBI or 201Tl uptake ratio may indicate 

lethal injury or decreased viability of neoplastic 
cells and effective response to treatment.

Several studies [127] have established that in 
the evaluation of brain tumor, a semiquantitative 
method using counts from the tumor region to 
counts in the normal brain can be useful in the 
assessment of viability, tumor bulk, and chemo-
therapeutic efficacy.

The differential effect of tumor therapy on 
201Tl and 99mTc-MIBI uptake is illustrated in a 
45-year-old female with high-grade brain tumor 
in the right temporal lobe. This case compares the 
diagnostic capability of 201Tl SPECT as com-
pared with 99mTc-MIBI SPECT (Fig.  11.50). 
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Fig. 11.51 (Left) Non-contrast MRI scan with abnormal-
ity involving the right frontal lobe. (Middle) Contrast MRI 
scan shows enhancement in the right frontal lobe. (Right) 
Focal area of increased 18F-FDG uptake involving the 

right frontal lobe consistent with high-grade transforma-
tion and recurrence of tumor in the right frontal lobe 8 
years after initial diagnosis, therapy, and complete 
remission

Each of the tracers show increased uptake in 
recurrent viable tumor. It has been postulated that 
201Tl is taken up by the sodium–potassium ATPase 
activity and reflects global cellular energetics. On 
the other hand, the uptake of 99mTc-MIBI is 
related to mitochondrial energetics, and high 
uptake of 99mTc-MIBI possibly indicates a poor 
prognosis since the tumor continues to have a 
high glycolytic rate, glucose utilization, and good 
repair mechanisms. The reduction of 
 99mTc- sestamibi immediately after chemotherapy 
indicates that there is DNA damage (both to the 
nucleus and the mitochondrial DNA) with 
impairment of the TCA cycle and involved gly-
colytic enzymes. This compromises the produc-
tion of ATP and cripples the cellular reparative 
mechanisms such that the tumor is less able to 
recover from chemotherapy damage and, there-
fore, the patient has a better prognosis. It is sug-
gested that the use of MIBI before and after 
chemotherapy treatment may be used as an indi-
cator for the efficacy of a specific type of 
 chemotherapy, possibly after one dose. This 
would permit several trials to be performed to 
determine the most efficacious chemotherapy 
before complete treatment is instituted allowing 
the patient to remain relatively refractory from 
the hematologic and other side effects of the 
chemotherapy.

2-[F-18] Fluoro-2-Deoxy-d-Glucose 18F-FDG 
Imaging of Brain Tumors
18F-FDG PET has allowed monitoring of thera-
peutic response in brain tumors with a greater 
specificity than CT or MRI. 18F-FDG, a glucose 
analog, is taken up by high-glucose-using cells, 
including normal brain and cancer cells. FDG is 
actively transported across the BBB into the cell, 
and the 18F-FDG-6-phosphate formed when 18F- 
FDG enters the cell prevents its further metabo-
lism. As a result, the distribution of 18F-FDG is a 
good reflection of the distribution of glucose 
uptake and utilization by cells in the body.

Figure 11.51 shows a PET scan with abnor-
mal uptake of 18F-FDG in a patient with recur-
rent brain tumor involving the anterior frontal 
lobe after 8 years of remission. The MRI shows 
contrast enhancement. 18F-FDG is a less sensi-
tive but more specific tracer for the detection of 
recurrent or residual viable tumor as compared 
to 201Tl which is a more sensitive but less spe-
cific tracer due to nonspecific BBB breakdown 
accumulation. The lack of sensitivity of 18F-
FDG is due to the fact that it is taken up by the 
normal brain. The lack of specificity of 201Tl is 
due to the fact that it accumulates at the site of 
blood–brain barrier breakdown prior to its 
uptake through the Na+–K+ ATPase pump.
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Since most cancer cells, including gliomas, 
demonstrate a high rate of glycolysis [129], 18F- 
FDG helps in differentiation between tumor and 
normal brain tissue. It should be noted, however, 
that the correlation between 18F-FDG uptake and 
glucose metabolism in tumors may differ from 
that in the normal tissue [130]. In untreated 
tumor, the degree of 18F-FDG uptake has been 
correlated with tumor grade: high-grade tumors 
demonstrate increased tracer uptake, and high 
uptake in a previously categorized low-grade 
tumor confirms anaplastic transformation of the 
tumor [131]. Quantitatively, ratios of 18F-FDG 
uptake in tumors to that of white matter (>1.5) or 
gray matter (>0.6) were able to distinguish low- 
grade (grades I and II) from high-grade tumors 
(grades III and IV). Based on a preliminary find-
ing, delayed imaging at 3–8 h after injection can 
further distinguish tumor and normal gray matter 
due to the faster tracer excretion in the normal 
brain than in tumor [132]. However, after ther-
apy, the degree of tracer uptake does not neces-
sarily correlate with tumor grade in that 
high- grade tumors may have uptake similar to or 
slightly above that of white matter.

18F-FDG PET also plays a role in differentiat-
ing between recurrent or residual tumor and radi-
ation necrosis (Figs. 11.52 and 11.53). However, 
due to the 18F-FDG uptake in the normal brain, 
the sensitivity of detecting recurrent or residual 
tumor is low. The specificity is also low in the 
initial few weeks post-therapy due to radiation 
necrosis. A study showed a sensitivity of 81–86% 
and a specificity of 40–94% for distinguishing 
between radiation necrosis and tumor. It is thus 
recommended that 18F-FDG PET should not be 
performed less than 6 weeks after the completion 
of radiation treatment.

Recently, new issues have emerged regarding 
the evaluation of disease response, and also with 
the identification of patterns such as pseudopro-
gression, frequently indistinguishable from real 
disease progression, and pseudoresponse. The 
MacDonald criteria, widely used clinically as a 
guideline for evaluating therapeutic response in 
high-grade gliomas, uses contrast- enhanced CT 
and MRI and defines progression as greater than 
a 25% increase in size of enhancing tumor. The 

enhancement of brain tumors, however, primarily 
reflects a disturbed blood–brain barrier.

By definition, pseudoprogression of gliomas 
is a treatment-related reaction of the tumor with 
an increase in enhancement and/or edema on MR 
imaging, suggestive of tumor progression but 
without increased tumor activity (Fig.  11.54). 
Typically, the absence of true tumor progression 
is shown by a stabilization or decrease in size of 
the lesion during further follow-up and without 
new treatment. Pseudoprogression occurs 
 frequently after combined chemo-irradiation 
with temozolomide, the current standard of care 
for glioblastomas [125, 126].

In an effort to identify patients likely to exhibit 
pseudoprogression, some studies have attempted 
to correlate O6-alkylguanine DNA alkyltransfer-
ase (MGMT) promoter methylation status with 
pseudoprogression [126]. Studies have demon-
strated that MGMT methylation status is an 
important biomarker for assessing primary brain 
tumors, as MGMT status has been shown to cor-
relate with both therapy response and overall sur-
vival in GBM when therapy includes alkylating 
agents [133, 134]. However, similar studies of 
MGMT promoter methylation in anaplastic oli-
godendrogliomas were unable to find a correla-
tion between MGMT methylation status and 
either response rate, time to progression, or over-
all survival, suggesting that MGMT promoter 
methylation patterns may be dependent on cell 
type [127].

Another phenomenon, pseudoresponse is the 
decrease in contrast enhancement and/or edema 
of brain tumors on MRI without a true antitumor 
effect. It occurs after treatment with agents that 
induce a rapid normalization of abnormally per-
meable blood vessels or regional cerebral blood 
flow [128]. Recent trials on high-grade gliomas 
with agents that modify the signaling pathways 
of vascular endothelial growth factor (VEGF), 
formerly also known as the vascular permeability 
factor [135] (e.g., bevacizumab, cediranib), have 
shown a rapid decrease in contrast enhancement 
with high response rate and 6 months progression- 
free survival (PFS-6), but with rather modest 
effects on overall survival [129].
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Fig. 11.52 Tumor recurrence versus radiation-induced 
changes: images of a 77-year-old male who was originally 
diagnosed with glioblastoma, treated with external beam 
radiation and adjuvant chemotherapy with temozolomide. 
Ten-month follow-up MR T1 postcontrast images (a) 
demonstrate a distinct area of enhancement (arrow) in the 
left temporoparietal lobe region, region of prior tumor. 
T2-weighted MR images (b) demonstrate hyperintense 
signal in the left parietal lobe extending to the left tempo-

ral lobe. This pathologic contrast enhancement is sugges-
tive of an infiltrative mass. 18F-FDG-PET only (c) and 
PET–CT fusion images (d) demonstrate a focus of 
increases FDG activity (arrow) corresponding to an 
enhanced area of uptake on postcontrast T1 images. These 
findings are consistent with tumor recurrence. There is 
also noted to be the expected decreased tracer uptake sur-
rounding these areas consistent with vasogenic edema
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Fig. 11.53 18F-FDG PET for tumor recurrence: a 
71-year-old male patient with history of glioblastoma 
multiforme, status post resection, presents for evaluation 
of recurrence. Contrast-enhanced MR T1 images (a) dem-
onstrate a large cavity in the left posterotemporoparietal 
junction with an irregular rim of enhancement. 
T2-weighted images (b) demonstrate hyperintensity in the 
posterotemporal and parietal lobes. These findings are 

suspicious for tumor recurrence around the periphery of 
previous location of mass in left posterior temporoparietal 
region. (c) 18F-FDG PET only and (d) PET–CT fusion 
images demonstrate a relatively large area of absent FDG 
uptake (arrow on c) corresponding to the cavity noted on 
MRI, with no area of abnormally increased FDG to sug-
gest the presence of residual or recurrent high-grade via-
ble tumor
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Fig. 11.54 18F-FDG PET diagnosis of pseudoprogres-
sion. Patient with a history of glioblastoma, status post 
resection, and after treatment with total dose of 60 Gy in 
2-Gy fractions presents for a follow-up, 1 month after 
radiation therapy. MRI (a) demonstrates enhancement 
posterior to the prior resection cavity in the left frontal 
lobe (arrowhead). However, the patient showed clinical 
improvement, and therefore an 18F-FDG PET scan was 
done to assess for tumor progression. On PET (b), no 

abnormal areas of increased 18F-FDG uptake in the region 
of MRI contrast enhancement were identified (green 
arrow). (c) PET-MR fusion images show decreased 
uptake in region of prior resection. Thus, additional ther-
apy was deemed not indicated; the patient was monitored 
on follow-up contrast-enhanced MRI scans which were 
negative. Thus, PET scan was helpful in differentiating 
pseudoprogression from true progression (from Oborski 
et al. [98])

These two opposing phenomena emphasize 
that enhancement by itself is not a measure of 
tumor activity, but only reflects a disturbed 
BBB. A recent case report by our group empha-
sizes the value of 18F-FDG PET when pseudopro-
gression is strongly suspected by the referring 
physician [98]. Currently, 18F-FDG PET is not a 
clinically standard method for evaluating thera-
peutic response in high-grade gliomas, as it is 
only used for initial staging and to confirm sus-
pected recurrence observed on Gd-MRI. However, 
a central advantage of 18F-FDG PET is that it can 
be used to determine the metabolic state of tumor 
cells in contrast to Gd-MRI, which is limited to 
evaluating changes in size of contrast enhance-
ment. This is an important distinction in compar-
ing 18F-FDG PET and Gd-MRI results as changes 
in contrast enhancement are generally a con-
glomeration of many effects, such as local vascu-
larity, changes in both normal and tumor cell 
density, necrosis, apoptosis, and blood–brain bar-
rier (BBB) breakdown. All these morphologic 
changes are presumably preceded by changes in 
tumor metabolism, suggesting that, in many 
cases, 18F-FDG PET may allow for compara-

tively faster discrimination of pseudoprogression 
from true progression and pseudoresponse from 
true response.

Recent efforts have focused on the co- 
registration of PET and MR images, which has 
increased sensitivity over using either modality 
alone [66, 130]. The simultaneous PET–MRI 
scan, which offers better MRI-based motion cor-
rection of PET data, is also being studied in more 
centers [131, 135–137].

Nucleic Acid Analog: [F-18]-Fluoro-3′-Deoxy- 
3′-l-Fluorothymidine (18F-FLT) Imaging of 
Brain Tumors
Recent findings suggest that 18F-FLT is a promis-
ing biomarker for differentiating between radia-
tion necrosis and tumor recurrence [132, 138] 
(Figs. 11.14 and 11.15). A study by Hatakeyama 
et al. [138] showed its superiority over 11C-MET 
in tumor grading. Chen et al. demonstrated FLT- 
PET as a promising imaging biomarker that 
seems to be predictive of overall survival in bev-
acizumab and irinotecan treatment of recurrent 
gliomas in which both early and later 18F-FLT- 
PET responses were more significant predictors 
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Targeted inhibitors of BRAF and MEK
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Fig. 11.55 The value of 
an early post-therapy 
assessment scan using 
F-18 FLT to assess 
proliferation change 
induced by 
chemotherapy is shown 
in this figure. Images are 
from a 55-year-old man 
who received targeted 
BRAF inhibitor and 
MEK inhibitor therapy 
with dabrafenib and 
trametinib [142]. The 
patient underwent a 
baseline and an early 
therapy response 
assessment scan on the 
Seimens 3T PET/MR 
system, allowing for 
simultaneous correlation 
of anatomic and 
proliferation change. 
Fused 18F-FLT-PET/
MRI scan data 
demonstrated a 
significant reduction in 
tumor proliferative 
activity at three weeks 
of therapy (bottom) 
compared to baseline 
(top)

of overall survival compared with the MRI 
responses [136]. In addition, a recent prospec-
tive study by Schwarzenberg et al. [137] showed 
that 18F-FLT uptake was highly predictive of 
progression- free and overall survival in patients 
with recurrent gliomas on bevacizumab therapy 
(Avastin, Genentech, a recombinant humanized 
monoclonal antibody targeting VEGF, a protein 
released by tumor cells to recruit novel blood 
vessels to support tumor growth [139, 140]) and 
that 18Fv-FLT-PET seems to be more predictive 
than MRI for early treatment response.

Nguyen et al. [141] presents five cases of met-
astatic brain melanoma in order to demonstrate 
the benefit of hybrid FLT-PET/MRI for accurate 
diagnosis. In this study, the additional benefit for 

treatment monitoring of targeted therapy and 
immunotherapy is well illustrated (Fig. 11.55).

Note that as shown in Fig. 11.56, the MRI ana-
tomic scan is essentially unchanged. This sup-
ported continuation of the current treatment 
regimen and that the patient would have a favor-
able response at the end of the therapy course. 
Recent studies have confirmed the value of early 
post-therapy molecular imaging to provide an 
individualize approach as a nearly prediction of 
cancer treatment response [143–145]. Sequential 
molecular assessments during therapy allow for 
physicians to use an adaptive therapeutic 
approach that evolves in response to the temporal 
and spatial variability of tumor microenviron-
ment and cellular phenotype as well as therapy- 
induced perturbations [142].
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Fig. 11.56 Schematic 
of striatal dopaminergic 
synapse (star indicates 
where 123I-FP-CIT 
binds) (From Djang 
et al. [44])

11.4.4.2  Parkinsonism and Dopamine 
Receptor Imaging

Parkinsonian syndromes are a group of diseases 
that share similar cardinal signs of parkinsonism, 
characterized by bradykinesia, rigidity, tremor at 
rest, and postural instability.

The dopaminergic neurotransmitter system 
plays a vital role in parkinsonism. The chief clini-
cal role for imaging the degenerating dopaminer-
gic system in Parkinson’s disease (PD) has been 
to confirm diagnosis and thus serves as an impor-
tant role in the clinical management of Parkinson’s 
disease. Recently, there is increasing interest in 
identifying premotor PD patients, particularly 
because potential disease-modifying therapies 
are developed and the clinical imperative 
becomes early and accurate diagnosis. Typically, 
patients present with very subtle motor symptom 
like unilateral tremor or impairment of fine motor 
ability, and the role of the dopamine transporter 
scan is to assess for altered striatal dopamine ter-
minal integrity.

The nigrostriatal dopaminergic pathway can 
be analyzed at the striatal level, where the nigros-
triatal neurons end and connect to the postsynap-

tic neurons using dopamine as the 
neurotransmitter. Dopamine is produced in the 
presynaptic nerve terminals and transported into 
vesicles by the vesicular monoamine transporter 
2 (an integral membrane protein that transports 
neurotransmitters such as dopamine from the 
cytosol into vesicles). On excitation, the dopa-
mine from these vesicles is released into the syn-
apse and binds to the predominantly postsynaptic 
dopamine receptors. On the presynaptic side, 
DaTs move dopamine out of the synaptic cleft 
and back into the nigrostriatal nerve terminals for 
either storage or degradation. Imaging the integ-
rity of the nigrostriatal dopaminergic system can 
improve the accuracy of diagnosing movement 
disorders. DaT concentrations are lower in pre-
synaptic parkinsonian syndromes, which include 
Parkinson’s disease, multiple system atrophy, 
and progressive supranuclear palsy, and are also 
lower in dementia with Lewy bodies. In these 
cases, the decrease in DaT density is probably 
even greater than the decrease in intact synapses, 
due to compensatory downregulation of DaT in 
an attempt to increase synaptic dopamine con-
centrations. Conversely, DaT concentrations will 
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generally be normal in parkinsonism without pre-
synaptic dopaminergic loss, which includes 
essential tremor, drug-induced parkinsonism, and 
psychogenic parkinsonism. And in contrast to 
dementia with Lewy bodies, DaT concentrations 
are usually normal in Alzheimer’s disease [146, 
147].

Although the initial clinical indications for 
dopamine transporter imaging have focused on 
the differential diagnosis between essential tremor 
and a parkinsonian syndrome or identification of 
dementia with Lewy bodies (LBs) in cognitively 
impaired patients, recent thinking has suggested 
additional roles for dopamine transporter imaging 
in the clinic. Because novel therapies for improved 
management of PD patients come online, espe-
cially those purported to slow down disease pro-
gression, the onus on the clinical and nuclear 
medicine community is to refine the diagnostic 
algorithms, especially in those patients at the very 
earliest stages of their disease. The concept of 
premotor PD has recently evolved, keying off the 
understanding that although PD and related disor-
ders are characterized as movement disorders, 
many of the initial manifestations may be outside 
the motor spectrum. Imaging may become a larger 
part of clinical nuclear medicine practice in those 
patients who are at risk for motor disorders by vir-
tue of membership in an at-risk cohort based on 
combinations of nonmotor symptoms and/or 
genetic factors, although these diagnostic algo-
rithms remain to be validated.

There is now an extensive literature detailing 
the clinical utility, sensitivity, and specificity for 
distinguishing patients with movement disorders 
and presynaptic dopaminergic deficits, suggest-
ing a diagnosis of parkinsonism from those with 
tremor or other motor signs with no dopamine 
transporter loss. This information informs both 
prognosis and treatment with dopamine replace-
ment strategies.

Dopamine Transporter Receptor Binding 
Agents and Image Interpretation
Anatomic imaging is of little help when deter-
mining the integrity of dopaminergic neurotrans-
mitter system, but both presynaptic and 
postsynaptic levels can be targeted by PET and 

SPECT tracers. There are several PET tracers 
(e.g., 18F-dihydroxyphenylalanine for l- 
dihydroxyphenylalanine decarboxylase activity; 
11C-dihydrotetrabenazine for vesicular mono-
amine transporter 2), but their use is limited pri-
marily to scientific research. For SPECT, most 
tracers are cocaine analogs and target DaT [148]. 
One such tracer is 123I-iometopane (123I-β- CIT), 
available largely for research. Similar in chemi-
cal structure, 123I-ioflupane (123I-FP-CIT) is a 
SPECT tracer, licensed by the European 
Medicines Agency and available in Europe since 
2000. In the United States, 123I-FP-CIT was 
approved by the Food and Drug Administration 
(FDA) on January 2011 and is now commercially 
available; it has now been established as a stan-
dard part of diagnostic assessment in movement 
disorders.

123I-ioflupane, also abbreviated as 123I-FP-CIT, 
is a molecular imaging agent used to demonstrate 
the location and concentration of dopamine 
transporters (DaTs) in the synapses of striatal 
dopaminergic neurons (Fig. 11.56). DaT SPECT 
study with 123I-FP-CIT evaluates the integrity of 
nigrostriatal dopaminergic synapses by visualiz-
ing the presynaptic DaTs. This agent has shown 
efficacy for detecting degeneration of the dopa-
minergic nigrostriatal pathway, allowing better 
separation of patients with essential tremor from 
those with presynaptic parkinsonian syndromes, 
as well as differentiating between some causes of 
parkinsonism.

Before the study is performed, a brief history 
about symptoms, past or current drug use, history 
of head trauma, stroke, psychiatric illness, epi-
lepsy or tumor, or any other neurological symp-
toms is obtained. Specific questions should be 
asked about use of cocaine, amphetamines, meth-
ylphenidate, ephedrine and phentermine, bupro-
pion, fentanyl, and some anesthetics (ketamine, 
phencyclidine, and isoflurane) as these decrease 
123I-FP-CIT binding to DaT.  Anti-parkinsonian 
drugs (e.g., l-dihydroxyphenylalanine, dopa-
mine agonists, monoamine oxidase B inhibitors, 
N-methyl-d-aspartate receptor blockers, amanta-
dine, and catechol-O-methyltransferase inhibi-
tors in standard dosages) do not interfere with 
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Fig. 11.57 Normal 
183I-FP-CIT scan. 
50-year-old male with 
tremors presented for 
the evaluation of 
dopamine transporter 
status. In transaxial 
images, normal striatal 
binding is characterized 
by two symmetric 
crescent- or comma- 
shaped regions of 
activity. Distinction 
from surrounding brain 
tissue background is 
excellent

Fig. 11.58 Abnormal 123I-FP-CIT SPECT: transaxial 
SPECT of a 60-year-old male with Parkinson’s disease. In 
both the left and right hemispheres, there is loss of uptake 
in the posterior putamen. In addition, the right hemisphere 

shows moderately reduced uptake to the caudate head 
nucleus. The uptake to the left caudate head nucleus 
appears to be within the normal range. The overall constel-
lation of findings is consistent with Parkinson’s disease

123I-FP-CIT binding to DaT to any significant 
degree.

To reduce exposure of the thyroid to free 123I, 
administer a single 400-mg dose of potassium 
perchlorate or a single dose of potassium iodide 
oral solution or Lugol’s solution (equivalent to 
100 mg of iodide) at least 1 h before the tracer 
injection.

For imaging, the recommended dosage of 
123I-FP-CIT is 111–185  MBq (3–5 mCi), typi-
cally 185 MBq (5 mCi). It is administered as a 
slow intravenous injection (over approximately 
20 s), followed by a saline flush. SPECT imag-
ing is performed at 3–6 h after radiotracer 
 injection.

Visual interpretation of the 123I-FP-CIT 
remains the standard clinical nuclear medicine 
assessment. A normal scan demonstrating sym-
metric left and right striatal uptake with a full 
“kidney bean” appearance would be consistent 
with a non-parkinsonian syndrome like essential 
tremor, although an abnormal scan manifests by 
the left/right striatal and/or caudate–putamen 
asymmetry reflects one of the parkinsonian syn-
dromes (Fig.  11.57). Figures  11.58 and 11.59 
demonstrate asymmetric uptake of radiotracer, 
consistent with Parkinson’s disease.

Visual interpretation may be challenged by 
patient positioning, motion, use of different color 
scales, and the lack of experience of the novice 
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Fig. 11.59 Abnormal 123I-FP-CIT SPECT.  Patient is a 
54-year-old female with movement disorders and 
Parkinson’s disease. Scan being performed to assess for 
integrity of the nigrostriatal pathway. There is absence of 
uptake in the putamen both on the right and the left. There 

is also asymmetry of uptake in the caudate head nuclei 
which is slightly lower on the right inferiorly, but with 
some sections showing a mild decrease in the left in the 
midportion. The overall constellation of findings is con-
sistent with Parkinson’s disease

reader for calling subtle anatomic asymmetry as 
pathologic uptake. The recent Society of Nuclear 
Medicine practice guidelines for 123I-FP-CIT pro-
vides very useful technical descriptions of the 
optimal injection, acquisition, reconstruction, 
and visual assessment approach [44].

Dopamine transporter imaging does not easily 
differentiate between idiopathic PD and the par-
kinsonian variants like progressive supranuclear 
palsy or multiple system atrophy [147, 149]. In 
many instances, patients are just started on a 
course of the dopamine replacement therapy to 
check for clinical response consistent with a 
diagnosis of idiopathic PD and managed over the 
illness course with therapeutic adjustments as the 
disease progresses.

I-123 labeled I-123 N-methyl-2 beta- 
carbomethoxy- 3 beta-(4-iodophenyl) tropane 
123I-β-CIT is also used for imaging dopamine and 
serotonin transporters by SPECT [6, 43]. This 
cocaine derivative binds with high affinity to 
dopamine uptake sites in the striatum and can be 
used to visualize dopaminergic nerve terminals 
in  vivo in the human brain with SPECT.  It has 
been validated that the calculation of a simple 
ratio of specific/nonspecific binding during a 
period of binding equilibrium in the striatum 
about 2–4 h after bolus injection of the tracer 
gives a strong and reliable index of the binding 
potential of dopamine uptake sites.

Figure 11.60 shows SPECT imaging with 
123I-β-CIT.  There is decreased tracer uptake in 
posterior inferior aspect of the globus pallidus. 
Use of this tracer in conjunction with anatomic–
functional fusion imaging can be used for preci-
sion stereotactic ablation or dopamine 
supplementary implants. Preliminary results of 
these studies show excellent utility in patients 
with Parkinson’s disease who otherwise are 
refractory to L-dopa therapy.

The radiotracer 123I-β-CIT is a sensitive marker 
of dopamine uptake sites that can be used to visu-
alize dopaminergic nerve endings in vivo in the 
human brain. A study reporting on 123I-β-CIT 
single-photon emission computed tomography 
(SPECT) findings in a patient with DOPA- 
responsive dystonia [145], 123I-β-CIT SPECT 
showed a striatal radiotracer uptake in the upper 
range of normal, indicating intact dopamine 
transporters and structural integrity of nigrostria-
tal neurons. This differentiates with DOPA- 
responsive dystonia from clinically similar cases 
with juvenile-onset parkinsonism with dystonia 
that have a poorer prognosis.

11.4.4.3  Radionuclide 
Cisternography

When hydrocephalus is suspected, the goal of 
imaging evaluation in general is to identify any 
abnormality of the ventricular or the subarach-
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Fig. 11.60 SPECT images with 123I-β-CIT. Images were 
obtained 4 h after the intravenous injection of five mCi of 
I-123-b-CIT in a 57-year-old normal control (left) which is 
compared with a 62-year-old male with Parkinson’s disease 
(right). The normal control shows almost complete clear-
ance of the tracer from all cortical and white matter regions 
of the brain except for the corpus striatum which appear as 
“bright” comma-shaped objects in the center of the brain. 
There is symmetry comparing the left corpus striatum to the 
right corpus striatum. The specificity of binding is due to 

the specific prevalence of dopamine uptake sights in these 
brain structures. The image on the left shows significant 
reduction of uptake, which is asymmetric and lower in the 
left corpus striatum. Semiquantitative analysis comparing 
the uptake in the corpus striatum to cerebellum shows that 
there is a 41% reduction in striatal binding on the left and a 
30% reduction in striatal binding on the right in this patient 
with Parkinson’s disease. This is indicative of the loss of the 
dopaminergic input from the substantia nigra which is the 
etiology of Parkinson’s disease

noid space morphology and, if other unexplained 
ventriculomegaly is present, to demonstrate the 
site and nature of any impediment to the flow of 
the CSF.  MRI is generally the best imaging 
method for achieving this goal. It also visualizes 
CSF movement and evaluates the ventricles and 
sulci. On T2-weighted images, the low signal 
intensity of CSF flowing in the cerebral aqueduct 
stands out in contrast to the high signal intensity 
of the adjacent tectum of the mesencephalon, a 
useful sign of aqueductal patency [27]. In chil-
dren with patent anterior fontanels, the ventricu-
lar size can be assessed by ultrasound. When 
NPH is suspected and to assess patient’s qualifi-
cation for shunting surgery, several diagnostic 
modalities have been utilized. These include the 
infusion test using PMR pressure measurement 
of the ventricular system or the subarachnoid 
space on the spinal cord level, the neuropsycho-
logical evaluation, as well as the brain imaging 
using 99mTc-HMPAO SPECT or 18F-FDG PET 
and radionuclide cisternography. Radionuclide 
cisternography has been repeatedly proven to be 

the most physiological method. The results of 
this procedure have been the most reliable crite-
rion in the diagnosis of NPH [150, 151].

Cisternography has proven to be the most spe-
cific in differentiating patients with normal- 
pressure hydrocephalus (NPH) from those with 
other forms of degenerative brain disorder who 
would clearly not benefit from surgical treatment 
by ventricular shunting [152, 153].

In radionuclide cisternography the radiotracer 
(mostly 111In-DTPA) is injected into the CSF sys-
tem, via the lumbar subarachnoid space. Planar 
images are obtained immediately and at 4, 24, 
and 48 h post radiotracer injection. Figure 11.61 
demonstrates a normal Cisternogram in a 
53-year-old male with a history of severe head-
aches, who was originally suspected of having a 
CSF leak.

For patients suspected of having NPH, brain 
imaging is performed up to 72 h following injec-
tion of the radiopharmaceutical in the anterior, 
posterior, lateral, and vertical projections. Many 
institutions now perform SPECT imaging with 
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Fig. 11.61 Normal CSF Cisternogram: Planar images of 
brain, spinal canal of a 53-year-old male with a history of 
severe headaches. After administration of 1.1 mCi of 
111In-DTPA via lumbar puncture, planar images were 
obtained in the anterior posterior and lateral projections, 
at 0, 4, 24 and 48 h. Immediately after radiotracer injec-
tion (a), activity is noted in the spinal canal and at site of 
injection. At 4 h (b), expected activity is noted within the 

CSF spaces in the spine and within the basal cisterns. At 
24 h (c), activity has progressed through the CSF is now 
over the bilateral convexities. Activity remains within the 
basal cisterns and spinal CSF spaces. At 48 h (d), there 
continues to be normal dynamics of CSF, with increased 
activity over the vertex and convexities. There is compara-
tively diminished uptake in the spinal column, which is 
expected with increased excretion and normal CSF flow

planar images. In patients with NPH 2–4-h post 
injection images shows radioactivity in the lat-
eral ventricles which persists for 24–48 h 
(Fig. 11.62), indicating ventricular reflux. There 
is delayed clearance of the tracer as evidenced 
by minimal visualization of the convexities as 
late as 24–48 h.

Radionuclide studies have proven to be a sen-
sitive and accurate method of detecting CSF 
leaks [28]. For CSF leaks, images are also 
obtained for the same duration and projections as 
for a cisternogram for NPH. The site of CSF leak 
is most likely to be identified when there is more 
significant CSF leak. It is also important that 

11 Central Nervous System



514

RT ANT LT

TLTNATRTLTNATR

taltltaltr

DAY 2 SHUNT
PT SUPINE

3 hour post injection

24 hour post injection

RT ANT LT

2

1

8765

432

6

43

LT POST RT

TALTRTALTRTALTLTALTL

TRTSOPTLTRTSOPTL

LT POST RT

Fig. 11.62 Normal-pressure hydrocephalus (NPH) a 
70-year-old female with headaches presents for evalua-
tion of hydrocephalus. After injection of 1.0 mCi 
111In-DTPA into the subarachnoid space, planar images of 
the head and abdomen were obtained at 3 (top 2 rows) and 
24 h (bottom 2 rows). Early (3 h postinjection) images 
show radiopharmaceutical accumulation in the ventricular 
system, as well as in the lumbar and basilar cistern por-

tions of the subarachnoid space, with no tracer seen to 
ascend over the convexities. Repeat imaging was per-
formed at approximately 24 h after injection, and there is 
again seen the tracer accumulation in the ventricles, with 
accumulation in the basilar cisterns, but no radiotracer is 
seen sent over convexities. Findings of persistent tracer in 
the lateral ventricles with no ascend over the convexities 
is consistent with normal-pressure hydrocephalus

imaging in appropriate projections is also per-
formed; for e.g., posterior projection for  otorrhea, 
whereas lateral and anterior projections for rhi-
norrhea. SPECT and quantitation are also used to 

detect leaks and diagnose the spontaneous intra-
cranial hypotension due to cerebrospinal fluid 
(CSF) leaks and other causes of leak including 
postoperative. Alternatively, radioactive counts 
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Fig. 11.63 VP shunt study: 35-year-old male patient with 
history of hydrocephalus and VP shunt presents for evalu-
ation of VP shunt patency. Following administration of 1.0 
mCi 111In-DTPA intrathecally, scintigraphic images were 
obtained of the head, chest, and abdomen in the anterior 

and lateral projections immediately and 3 h after radio-
tracer injection. Radiotracer activity is seen only within the 
ventricular system, and none is seen within the VP shunt 
tubing. There was no spillage seen into the peritoneal cav-
ity. Findings consistent with obstructed VP shunt

may be obtained from an absorbent material 
placed in the orifice in question to determine 
whether CSF is indeed leaking. Counting blood 
samples has also more recently been used along 
with pledget counting [30–32, 154].

Radionuclide CSF studies are also used in the 
evaluation of patency of ventricuperitoneal (VP) 

shunts. Figure 11.63 shows patient with history 
of hydrocephalus, and VP shunt presents for eval-
uation of VP shunt patency. Radiotracer activity 
is seen only within the ventricular system, and 
none is seen within the VP shunt tubing. There 
was radiotracer activity in the peritoneal cavity, 
to suggest a patent shunt.
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11.4.4.4  Brain Death
Brain death is “the irreversible loss of function of 
the brain, including the brainstem” [155]. 
Prerequisites to diagnosing brain death based on 
physical examination include a sufficient 
 mechanism of injury, lack of confounding factors 
such as drug intoxication or poisoning, and exclu-
sion of complicating medical conditions that may 
interfere with clinical assessment, including 
hypothermia or severe electrolyte, acid–base, and 
endocrine disturbances.

Although the cardinal findings in brain death 
are determined on physical examination, 
 confirmatory examinations, including imaging 
tests, may be called on in special situations to 
supplement the physical examination when spe-
cific components cannot be reliably performed or 
evaluated [155]. Confirmatory tests for brain 
death include tests of electrical activity (electro-
encephalography [EEG] and somatosensory 
evoked potentials) as well as radiologic examina-
tions of blood flow (commonly contrast angiog-
raphy, transcranial Doppler ultrasound, and 
radionuclide methods).

In addition to EEG and somatosensory evoked 
potentials, the American Academy of Neurology 
enumerates three confirmatory methods of evalu-
ating blood flow: conventional contrast angiogra-
phy, transcranial Doppler ultrasonography, and 
99mTc-exametazime (HMPAO) radionuclide scin-
tigraphy [155].

Radionuclide studies have been used as con-
firmatory tests in the determination of brain 
death for almost four decades [156]. Initially, 
radionuclide imaging was performed to evaluate 
cerebral blood flow using radiopharmaceuticals 
with rapid renal clearance (99mTc-diethylene tri-
amine pentaacetic acid or 99mTc-glucoheptonate). 
Cerebral perfusion imaging is performed after 
radiopharmaceutical is injected intravenously, 
and the flow of activity within the internal cere-

bral artery circulation is assessed on dynamic 
planar scintigraphy at a rapid temporal resolu-
tion of 1 image per 1–2 s. Visualization of any 
activity within the anterior and middle cerebral 
artery territories indicates the presence of intra-
cranial perfusion (Fig. 11.64), while the absence 
thereof, in the presence of an adequate common 
carotid bolus, indicates absent blood flow 
(Fig.  11.65). Static blood pool imaging of the 
skull, immediately after dynamic imaging, is 
typically performed as a component of this 
examination. Normally, static images portray 
blood pool of the intracranial venous sinuses and 
soft tissues of the face and skull. Nondiffusible 
radiopharmaceuticals do not cross the blood–
brain barrier and consequently do not appear 
within the brain parenchyma. In the context of a 
brain death study, nonvisualization of the venous 
sinuses further confirms absent intracranial 
blood flow [157].

Use of nondiffusible radiopharmaceuti-
cals for brain death studies has been largely 
supplanted by use of lipophilic compounds, 
specifically HMPAO [158, 159]. This radio-
pharmaceutical passively crosses the blood–
brain barrier and becomes stably trapped within 
the brain parenchyma in proportion to regional 
perfusion [160]. Although the determination of 
brain death with lipophilic compounds has pri-
marily been validated with HMPAO, it appears 
reasonable to extend the concept to a second 
commercially available 99mTc-labeled lipophilic 
radiopharmaceutical, 99mTc-bicisate (Neurolite) 
[161]. Cerebral uptake is quantitatively simi-
lar with these two compounds [162]. Multiple 
planar views of the brain are obtained to assess 
perfusion. Lack of localization of lipophilic 
compounds within the brain indicates absent 
blood flow. If any activity is visualized within 
the parenchyma of the brain or brainstem, there 
is incontrovertible evidence of blood flow.
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Fig. 11.64 Cerebral perfusion imaging of a 16-month- 
old boy after near-drowning incident. After injection 6 
mCi of 99mTc-HMPAO IV, dynamic blood flow images (a) 
were obtained for 1 min in anterior projection, and then 
static images were obtained approximately 5  min post 

radiotracer injection in the anterior and lateral projections. 
The flow images showed flow in bilateral carotid arteries 
followed by perfusion of the brain. (b) The static images 
demonstrate radiotracer activity in the brain. These find-
ings are not suggestive of brain death
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Fig. 11.65 Brain dead: a 2-year-old female with the clin-
ical suspicion of brain death. After injection of 18.9 mCi 
of 99mTc-HMPAO IV, dynamic blood flow top images 
were obtained for 1 min in anterior projection, and then 
static images were obtained approximately 5  min post 
radiotracer injection (bottom images) in the anterior and 
lateral projections. On the blood flow/dynamic images, 

there is perfusion up to the level of the base of the skull 
and around the scalp, but no perfusion is noted intracrani-
ally. On the anterior and lateral static images, there was no 
perfusion identified to the supratentorial or infratentorial 
brain structures. The absence of blood flow is consistent 
with the clinical diagnosis of brain death
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Nuclear Oncology

Razi Muzaffar, Medhat M. Osman, Ismet Sarikaya, 
and Abdelhamid H. Elgazzar

12.1  Introduction

Nuclear medicine has a major role in the manage-
ment of malignant tumors. With the develop-
ments toward molecular imaging and the 
technological advancement of scanners provid-
ing a fusion of both physiologic and anatomic 
imaging, it has even become a more integral part 
of management protocols. This role includes 
detection of malignant tumors, staging and 
restaging of the disease, early detection of recur-
rence, evaluation of the response to therapy, and 
prediction of the prognosis. Radionuclide diag-
nosis and therapy for tumors depend on the char-
acteristics of tumors including increased 
vascularization, increased blood flow, newly pro-
liferated capillaries with more permeable walls, 
increased metabolic activity of cells, increased 
energy demand, high density of some common 
antigens or several specific antigens, and several 
specific receptors as discussed in the previous 
chapter.

Understanding the cell biology of tumors and 
their features including the angiogenesis, cell 
proliferation, necrosis, apoptosis, and specific 
cell receptors has and will lead to development of 
new imaging methods to evaluate various aspects 
of the tumor to help improve the diagnostic and 
therapeutic capabilities. Furthermore, this under-
standing has led to the development of newer 
methods to treat tumors as well as development 
of new drugs. The pathophysiologic characteris-
tics of tumors are utilized in several scintigraphic 
clinical applications effectively including diag-
nosis, staging, and evaluation of the response to 
therapy, selection of drug therapy, and prediction 
of prognosis.

The use of positron-emitting radionuclide 
imaging has revolutionized the imaging of physi-
ologically and pathologically important mole-
cules. It provides data at both a molecular and 
metabolic level needed for the evaluation and 
treatment for effective patient care. Positron 
emission tomography (PET) has continued to 
gain momentum in diagnosing, staging, and 
restaging many cancers. The technology has been 
in rapid evolution and dissemination and has 
become a standard procedure in the management 
of many cancer patients. The fusion of functional 
(PET) and anatomic (CT) imaging continues to 
evolve and provide valuable clinical information. 
PET/CT imaging has supplanted myocardial per-
fusion imaging as the highest volume and reve-
nue study in many institutions. According to the 
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Academy of Molecular Imaging, there are more 
than 5,000 PET/CT systems installed worldwide, 
making it one of the fastest growing imaging 
modalities [1].

18F-FDG has played an important and more 
extended role in oncology, but other F-18-labeled 
PET tracers have and will be available commer-
cially similar to FDG. 67Ga citrate, 201Tl chloride, 
and 99mTc-sestamibi and similar compounds for 
the purpose of tumor imaging will ultimately be 
used only in those hospitals that have no access to 
a PET imaging facility (dedicated or multifunc-
tional system). Also, in the  case of pediatric 
imaging, 201Tl chloride, 67Ga citrate, and 99mTc- 
sestamibi in conjunction with 111In-octreotide 
and 131I- or 123- I MIBG can still play a major 
role in pediatric oncology [2–4]. Nevertheless, 
the advent of 68Ga, 64Cu, and 177Lu in conjunc-
tion with 18F in the era of theranostics appears to 
be the future of molecular imaging.

12.2  Principles of Tumor 
Pathology and Biology

12.2.1  Tumor Pathology

Tumor classification is based on histogenesis, 
degree of cellular differentiation (i.e., well or 
poorly differentiated), and biological behavior 
(benign versus malignant). All tumors, whether 
benign or malignant, have two components: (1) 
proliferating neoplastic cells and (2) supportive 
stroma. While the neoplastic cells determine the 
nature of the tumors, tumor growth and evolution 
depend on the stroma [5].

Most tumors arise from immature cells that 
can transform and acquire phenotypic features 
similar to those of one or more normal cell types. 
In some instances, the immature cells can 
undergo divergent differentiation into two cell 
types, as in the case of mixed tumors of the sali-
vary gland (Fig. 12.1), or they have the capacity 
to differentiate into any adult cell type, as in 
teratoma.

The categorization of tumors into benign and 
malignant is an oversimplification of the wide 
behavioral range of neoplasms. In general, a 

benign tumor is composed of well-differentiated 
cells that resemble their normal counterpart. A 
tumor is considered benign when its gross and 
microscopic characteristics are relatively inno-
cent, implying that it will remain localized and 
cannot spread to other sites.

Currently, the malignant category is restricted 
to tumors that have metastatic properties. 
Malignant neoplasms arising from epithelial cells 
are termed carcinomas (Figs.  12.2 and 12.3). 
Malignant epithelial tumors that have not 
extended through the underlying basement mem-
brane are described as in situ carcinoma. 

Fig. 12.1 Benign mixed tumor of the salivary gland 
(pleomorphic adenoma). The tumor consists of an epithe-
lial component “glands” (arrow) and a mesenchymal 
component “cartilage” (open arrows)

Fig. 12.2 Squamous cell carcinoma. The tumor consists 
of well-differentiated squamous cells forming keratin 
pearls (arrow)
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Fig. 12.3 Adenocarcinoma. Note the glandular forma-
tion of the malignant cells (arrows)

Fig. 12.4 Soft tissue sarcoma consisting of pleomorphic 
spindle cells, illustrating the features of malignancy as 
variable cell size and shapes and increased nuclear/cyto-
plasmic ratio

Malignant tumors arising from mesenchymal tis-
sue are broadly designated as sarcomas 
(Fig. 12.4). Lymphomas are tumors of lymphatic 
system cells, while myelomas are those of plasma 
cells. There are tumors that do not follow any 
classification scheme, such as seminoma and 
melanoma. Other tumors carry eponyms, such as 
Hodgkin’s disease and Ewing’s sarcoma.

Tumors within a single organ or single type of 
epithelium are further subclassified into different 
types; each has its own characteristics, prognosis, 
and response to therapy. A comprehensive and 
detailed histological classification of tumors of 
various organ systems is presented in several 
reviews and monographs [6, 7].

Grading is a scheme that attempts to deter-
mine the degree of malignancy and is based on 
the evaluation of certain parameters that vary 
according to the system used. These broadly 
include the following: degree of tumor cellular-
ity, resemblance of tumor cells to their normal 
forebears morphologically and functionally, cel-
lular pleomorphism or anaplasia, mitotic activity 
(number and abnormality), and necrosis. In gen-
eral, a three-grade system has proven to be the 
most reproducible; well, moderately, and poorly 
or undifferentiated, or grades I, II, and III, where 
grade III represents the least-differentiated tumor.

Staging of cancer depends on the size of the 
primary neoplasm, its extent to regional lymph 
nodes, and the presence or absence of metastasis. 
The TNM system has been developed by the 
American (American Joint Committee on Cancer, 
AJCC) and European (Union International 
Contre le Cancer, UICC) commissions on cancer 
to allow systematic categorization and descrip-
tion of cancer patients. TNM is an expression of 
the anatomical extent of disease and is based on 
the assessment of three components:

• T—the extent of primary tumor
• N—the absence or presence and extent of 

regional lymph node metastases
• M—the absence or presence of distant 

metastases

TNM clinical–diagnostic staging allows for 
pretreatment characterization via clinical exami-
nation and specific diagnostic studies. TNM sur-
gical–evaluative staging is applied following a 
major surgical exploration or biopsy. TNM post-
surgical treatment–pathological staging charac-
terizes the extent of the cancer following thorough 
examination of the resected surgical specimen. 
TNM retreatment staging is applied in instances 
where the initial therapy has failed and additional 
treatment decisions are being considered. TNM 
autopsy staging is the final staging, done after the 
postmortem study.

The rate of growth of malignant tumors cor-
relates in general with their level of differentia-
tion. Rapidly growing malignant neoplasm often 
contains central areas of ischemic necrosis 
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because the tumor blood supply, derived from the 
host, fails to keep pace with the oxygen needs of 
the expanding mass of cells [5].

12.2.2  Tumor Biology

Developing cancer cells must acquire a variety of 
characteristics not generally found in non- 
transformed cells. The cancer cell represents the 
culmination of a complex process of developing 
capacity for largely unregulated growth.

The main characteristics that differentiate the 
cancer cell from the precancerous or noncancer-
ous cell are capabilities of self-sufficiency in 
growth signals, insensitivity to antigrowth sig-
nals, evasion of apoptosis, limitless replicative 
potential, sustained angiogenesis, and a potential 
for tissue invasion and metastasis. In addition, the 
enabling characteristic of genetic instability was 
noted as a driving force for acquiring these cell 
characteristics.

Normal cell proliferation (also known as cell 
growth or cell division) is essential for tissue 
homeostasis in the adult body. When stimulated 
to divide, a normal cell progresses through a 
tightly regulated process known as the cell cycle. 
This cycle is biochemically initiated by external 
stimuli, modulated by both external and internal 
growth controls. The cell cycle has different 
phases. Cyclins are special proteins that activate 
the various phases of the cell cycle. Cyclins com-
bine with, activate, and direct the action of spe-
cial tyrosine kinases called cyclin-dependent 
kinases. Normal cells have mechanisms or check-
points that detect abnormalities in DNA 
sequences. When DNA is damaged, a number of 
repair mechanisms replace damaged nucleotides 
with normal molecules. Normal tissue maintains 
a stable cell population through two distinct 
growth and antigrowth signaling networks that 
regulate the cell-cycle machinery.

Extrinsic growth or antigrowth stimuli can 
come from several sources outside of the cell 
including soluble growth factors, extracellular 
matrix components, or other cell-surface mole-
cules. Cancer cells can achieve growth autonomy 

by internally producing abnormal amounts of 
their own mitogenic growth factors. This is 
known as autocrine stimulation. Also, cancer 
cells may stimulate the neighboring cells in the 
tumor microenvironment.

Although overexpression of growth factors is 
frequently involved in cancer cell proliferation, 
less is known about the role of antigrowth factors 
in the evasion of antiproliferative signals. 
Transforming growth factor-beta (TGF-β) is an 
antigrowth factor expressed by most normal epi-
thelial cells. TGF-β functions in an autocrine 
fashion to inhibit proliferation and therefore may 
be a tumor suppressor protein.

Antigrowth signaling can be disabled or dis-
rupted through mutations in transmembrane 
receptors. The mutations lead to the expression 
of fewer receptors or dysfunctional receptors that 
are less responsive to normal levels of extracel-
lular antigrowth signals. The best known exam-
ple is the TGF-β receptor. Also, insensitivity to 
antigrowth signals can occur when intracellular 
signaling pathways are disrupted and become 
unresponsive to TGF-β signaling or other anti-
growth stimulation [8, 9].

Cell survival and proliferation is dependent on 
an adequate supply of oxygen and nutrients and 
the removal of toxic metabolites. 
Neovascularization is a feature of neoplasia and 
is initiated, maintained, and controlled by multi-
ple molecules that are released from tumor cells, 
endothelial cells, and other cell types. 
Additionally, endothelial cells of the vessels 
stimulate the growth of adjacent tumor cells by 
secreting different factors, such as insulin-like 
growth factor, platelet-derived growth factor 
(PDGF), granulocyte–macrophage colony- 
stimulating factor (GM-CSF), and interleukin 
(IL)-1. Angiogenesis is required not only for con-
tinued tumor growth but also for metastasis [5].

Tumor-associated angiogenic factors may be 
produced by tumor cells or may be derived from 
inflammatory cells (e.g., macrophages) that infil-
trate tumors. The two most important tumor- 
associated angiogenic factors are vascular 
endothelial growth factor (VEGF) and basic 
fibroblast growth factor. The tumor cells not only 
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produce angiogenic factors but also induce anti-
angiogenesis molecules. Hypoxia within the 
growing tumor favors angiogenesis by release of 
hypoxia-inducible factor-1 (HIF-1) [1]. Increased 
tumor vascularization and increased levels of 
angiogenic inducers are associated with increased 
risk of tumor metastases and shortened survival 
in patients with cancer [10].

The VEGF pathway has also been targeted by 
antiangiogenic drugs which inhibit the tyrosine 
kinase receptors of several angiogenic factors, 
through targeting the cytoplasmic portion of the 
receptor. These drugs block cell division and 
inhibit new blood vessel growth. A major advan-
tage of antiangiogenic therapy is that it targets a 
cell population (endothelial cells) with relative 
genetic stability compared with other cancer cells 
[11–15].

Most human malignancies show various 
degrees of genetic heterogeneity even if they 
originate from single cells. The multistep pro-
gression model determines that cells pass through 
a number of distinctive intermediate stages of 
evolution from normalcy to full malignancy [16]. 
The evolved tumor cells vary significantly from 
their normal counterparts.

Normal cells have an ordered growth pattern 
and a predicted relationship with their neighbor-
ing cells, and that growth pattern is predomi-
nantly two dimensional. Further normal cell 
division is inhibited by contacts made with other 
cells; this is the phenomenon of contact inhibi-
tion13. In contrast, tumor cells exhibit loss of 
contact inhibition and continue to display a disor-
dered growth pattern. Another feature that distin-
guishes normal growth from malignant 
proliferation is the reduced dependence of the 
latter on the presence of the known stimulatory 
and inhibitory growth factors [17, 18].

The immune system is also thought to play a 
role in the detection and elimination of malig-
nant cells. Immune cells can identify cancer cells 
that express tumor-specific antigens (molecules 
unique to cancer cells) or tumor-associated anti-
gens (molecules differentially expressed by can-
cer cells and normal cells). Tumors can induce 
immunosuppression through a variety of mecha-

nisms such as expression of immunosuppressive 
molecules and induction of  apoptosis in lym-
phoid cells. An example of an immunosuppres-
sive molecule is the transforming growth factor-β 
(TGF-β) [19].

A relatively new approach to cancer therapy is 
the use of vaccines to boost antibody production 
or elicit T-cell responses against cancer cells.

Tumor cells exhibit a vast array of metabolic 
differences distinguishing them from their 
untransformed counterparts. Some of the most 
striking metabolic alterations include the utiliza-
tion of anaerobic pathways and the increased uti-
lization of glucose transport [19].

Metastasis is a multistep process in which 
tumor cells invade nearby tissues and colonize 
other parts of the body. Malignant neoplasms dis-
seminate by one of three pathways: (1) seeding 
within body cavities, (2) lymphatic spread which 
is the preferred way of spread by carcinomas in 
general, or (3) hematogenous spread which is 
favored by sarcomas.

Carcinogenesis or oncogenesis is a process by 
which normal cells are transformed into cancer 
cells. Genes that promote autonomous cell 
growth in cancer cells are called oncogenes20.
They are derived by mutations in proto- oncogenes 
and are characterized by the ability to promote 
cell growth in the absence of normal growth- 
promoting signals. Their products, called oncop-
roteins, resemble the normal products of 
proto-oncogenes except that oncoproteins are 
devoid of important regulatory elements, and 
their production in the transformed cells does not 
depend on growth factors or other external sig-
nals. Typically, a series of several mutations to 
these genes is required before a normal cell trans-
forms into a cancer cell (Fig. 12.5).

All normal cells require stimulation by growth 
factors to undergo proliferation. Many cancer 
cells acquire growth self-sufficiency, however, by 
acquiring the ability to synthesize the same 
growth factors to which they are responsive. Such 
is the case with platelet-derived growth factor 
(PDGF) and transforming growth factor-α (TGF- 
α)21. There are several oncogenes that encode 
growth factor. Those oncogenes represent either 
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Mutation inactivates
tumor suppressor gene

Mutation inactivates
DNA repair geneCarcinogenesis

Mutation of proto-oncogene
creates an oncogene

Mutation inactivates
several more

tumor suppressor genes

CANCER

CELLS PROLIFERATE

Fig. 12.5 Cancers are caused by a series of mutations. 
Each mutation alters somewhat the behavior of the cell 
(adapted from Wikipedia)

mutation or overexpression of normal forms of 
growth factor receptors. Overexpression can ren-
der cancer cells hyperresponsive to normal levels 
of the growth factor, a level that would not nor-
mally trigger proliferation. Among the examples 
of overexpression is the receptor called HER2 
(ERBB2) [18, 19].

Mutations in genes that encode various com-
ponents of the signaling pathways are a common 
process in cancer. These signaling molecules 
couple growth factor receptors to their nuclear 
targets. The most important members in this cat-
egory are RAS and ABL. While oncogenes play a 
critical role in tumorigenesis, another group of 
genes known as tumor suppressors appears to be 
equally significant. The loss of wild-type tumor 
suppressor genes such as Rb and p53 is associ-
ated with a wide variety of human tumors.

The most commonly mutated tumor suppres-
sor gene in human cancer is p53, with at least 
50% of tumors having abnormal p53 genes [20].

The number of cells in an area of tissue is not 
only determined by the rate of cell proliferation 
but also regulated by the rate of cell death. Each 
day, approximately 50–70 billion cells die in the 
average adult because of programmed cell death. 
Most normal cells that acquire carcinogenic muta-
tions are eliminated by apoptosis. By contrast, 
one of the key capabilities of the cancer cell is its 
capacity to evade apoptosis. Therefore, evasion of 
apoptosis is an early event in carcinogenesis that 
allows for the accumulation of mutations that are 
essential to malignant transformation [20]. 
Apoptosis-inducing drugs cause cells to undergo 
apoptosis by targeting proteins involved in dereg-
ulated apoptotic signaling. Resistance to apopto-
sis is a major problem for traditional chemotherapy, 
which causes DNA damage and is intended to 
induce apoptosis. For chemotherapeutic agents to 
be effective, the cancer cell must be capable of 
undergoing apoptosis. Therefore, apoptosis-
inducing drugs may be most effective when used 
in combination with chemotherapeutic agents.

Senescence is the process by which a normal 
somatic cell loses the ability to divide [20, 21]. 
Cancer stem cells must evade senescence to 
extend their replicative life span. Senescence is a 
cellular program that blocks progression through 
the cell cycle via induction of cyclin-dependent 
kinase inhibitors. Senescent cells remain func-
tional. Senescence can be triggered by telomere 
shortening or other forms of physiological stress. 
Many normal human cell types are capable of 
undergoing only 60–70 cell divisions, after which 
they stop growing and undergo cell-cycle arrest 
(replicative senescence). Unless the cell enters a 
senescent state, further replication involving the 
unprotected chromosomal ends would result in 
gross chromosomal abnormalities and ultimately 
trigger cell death.

The evidence now indicates that for many 
types of cancer, including the most common 
forms, there exists not only environmental influ-
ences but also hereditary predispositions. 
Inherited cancer syndromes include several well- 
defined cancers in which inheritance of a single 
mutant gene greatly increases the risk of a person 
to develop a tumor. Almost all the common types 
of cancers that occur sporadically have been 
reported to occur in familial forms.
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Table 12.1 Biological characteristics of cancer cells

Self-sufficiency in growth signals
Loss of sensitivity to antigrowth signals
Evasion of apoptosis
Evasion of immune surveillance
Loss of capacity for senescence
Loss of contact inhibition
Sustained angiogenesis
Immortality
Genetic instability
Ability to invade neighboring tissues
Ability to form metastases at distant sites

In summary, the molecular pathogenesis of 
cancer is a complex process requiring the disrup-
tion of a number of regulatory pathways. There 
are a vast number of molecules and genes in a 
cell that can regulate cell growth. Defects in any 
of these that shift the balance toward uncon-
trolled growth, invasiveness, and decreased cell 
death and other characteristics of cancer cells 
(Table 12.1) lead to cancer. Recent progress dur-
ing the last 20 years in understanding these path-
ways has been tremendous and may explain not 
only the molecular paradigms for the develop-
ment of cancer phenotypes, but also  is finally 
being brought to force as new cancer therapeu-
tics. Molecular-targeted agents have already 
made dramatic differences in the treatment of 
cancers that were previously considered untreat-
able. The next decade will continue to see explo-
sive growth in novel cancer diagnosis particularly 
molecular and in therapeutics targeting the differ-
ent pathways that define a cancer cell.

12.3  Radiopharmaceuticals

12.3.1  Conventional 
Radiopharmaceuticals

There are numerous radiopharmaceuticals that 
are used for the differentiation of benign from 
malignant lesions including gallium-67 citrate, 
thallium-201 chloride, 99mTc-sestamibi, and fluo-
rine 18 fluorodeoxyglucose (18F-FDG). However, 
with the advent of 18F-FDG as well as computed 
tomography (CT) and magnetic resonance imag-

ing (MRI), many of the others are not routinely 
used. The most notable of which is gallium-67 
(67Ga) citrate. It was used as a tumor imaging 
agent initially for Hodgkin’s lymphoma. 
Approximately 90% of Hodgkin’s lymphomas 
are gallium-avid pretreatment [22]. It was later 
found that 67Ga was also useful in other types of 
malignancies such as non-Hodgkin’s lymphoma, 
melanoma, hepatocellular carcinoma, and lung 
cancers among others. 67Ga is trapped on the 
transferrin or lactoferrin receptors and then 
passes through the cytoplasm intracellularly [1, 
2, 23, 24]. Therefore, when transferrin-binding 
sites in the plasma are saturated by iron, gallium 
stays in free form in plasma; it will not bind to the 
transferrin and will not pass across the cell mem-
brane. As a result in these conditions of transfer-
rin saturation, 67Ga citrate uptake will be less 
sensitive for detection of inflammatory and 
malignant disease. Background activity will be 
high and the quality of the scan will be poor. 
When indicated, these patients were given a dose 
of 10 mCi (370 MBq) for adults or 75–100 uCi/
kg for pediatric patients. Whole body images 
with or without SPECT were performed initially 
at 48–72 h and at 5–10 days as needed [25]. 67Ga 
citrate is still used in centers where PET service 
is not available, in spite of its poor physical char-
acteristics, relatively poor sensitivity, and lack of 
specificity. This is due primarily to its lower cost 
and long half-life of 3 days, which makes it suit-
able for worldwide delivery. Those centers that 
have access to 18F-FDG PET/CT imaging do not 
recommend 67Ga citrate studies for tumor imag-
ing, but still used for chronic infection 
localization.

Although predominantly a myocardial perfu-
sion agent, thallium-201 chloride (201Tl) has been 
used to image viable benign and malignant 
tumors throughout the body. It was found that 
201Tl was also useful in malignancies including 
lung, breast, thyroid, glioblastomas, and some 
sarcomas. However, the use of 201Tl below the 
diaphragm is limited due to the normal uptake in 
the liver, spleen, kidneys, and intestines. 
Chemotherapy and radiation therapy do not alter 
the uptake of thallium as they do with gallium. 
201Tl chloride has a mechanism of uptake in the 
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cell related to the sodium pump, ATPase activity, 
angiogenesis, and ill-formed and well-formed 
new blood vessels [26–28]. The typical adminis-
tered dose is 3–4 mCi (111–148 MBq). Imaging 
can be performed as early as 10 min postinjection 
since it localizes in active neoplasms such as 
lymphoma. Delayed imaging at 3 h can provide 
enhanced target-to-background ratios [29].

Technetium-99m sestamibi (99mTc) has also 
been found useful for a number of tumors includ-
ing breast, thyroid, and CNS neoplasms. 99mTc- 
sestamibi uptake is related to the electrical 
gradient difference across the cell membrane and 
mitochondrial uptake. Retention of this radio-
pharmaceutical inside the cell, on the other hand, 
is thought to be inversely proportional to the mul-
tidrug resistance of its glycoprotein content and 
its activation in the cell [30–32]. The typical 
administered dose is 20–30 mCi (740–1110 
MBq). Imaging can be performed at 10–20 min 
postinjection and as far as 2 h delayed imaging 
since there is little washout from malignant 
lesions [33, 34].

Indium-111 pentetreotide (OctreoScan) is a 
somatostatin analog which has been found to be 
useful for evaluation of neuroendocrine tumors, 
particularly in carcinoid tumors and gastrinomas. 
It has also been used to assess patients with lym-
phomas and granulomatous diseases [35]. 
Somatostatin is a 14-amino acid peptide that 
inhibits the release of pituitary hormones as well 
as the release of certain intestinal and pancreatic 
peptides such as insulin, glucagon, gastrin, VIP, 
gastric inhibitory polypeptide, secretin, motilin, 
and cholecystokinin. Since there is a large quan-
tity of somatostatin receptors in neuroendocrine 
tumors, radiolabeled analogs are useful for imag-
ing. The typical administered dose of In-111 pen-
treotide is 3.0–6.0 mCi (111–222 MBq). Imaging 
can be performed at 4 and 24 h with an option of 
48 h imaging to confirm equivocal findings. 
SPECT imaging is helpful and increases the sen-
sitivity of the examination. The normal distribu-
tion includes the blood pool, thyroid, kidneys, 
bladder, liver, gallbladder, spleen, and bowel.

Metaiodobenzylguanidine (MIBG) can be 
labeled to either Iodine-123 or Iodine-131. MIBG 
is a guanethidine analog and resembles norepi-

nephrine making it useful for the detection and 
evaluation of pheochromocytomas and neuro-
blastomas [36]. MIBG can also be utilized to 
evaluate other tumors with a lower affinity such 
as carcinoid tumors, paraganliomas, and medul-
lary thryoid carcinoma. The ability of MIBG to 
detect extra-adrenal tumors is integral to the 
proper staging. The typical administered dose of 
MIBG for adults is 500 uCi (18.5 MBq) for I-131 
or 10–30 mCi (370–1,110 MBq) for I-123. 
Imaging with I-131 MIBG is performed 1 and 2 
days after injection and can be repeated at day 3. 
Imaging with I-123 MIBG is performed between 
20 and 24 h with optional delayed images at up to 
48 h. When evaluating for pheochromocytomas, 
the sensitivity and specificity of I-123 MIBG is 
88 and 84%, respectively [37]. When evaluating 
for neuroblastomas, the sensitivity and specificity 
of I-123 MIBG is 90 and 94%, respectively [38].

12.3.2  PET Radiopharmaceuticals

12.3.2.1  Glucose Metabolism Agents
Fluorine-18-2-deoxy-D-glucose (18F-FDG) 
diagnoses, stages, and restages many cancers 
with an accuracy ranging from 80 to 90%. PET/
CT has become a standard procedure in the man-
agement of many cancer patients [39]. 18F-FDG 
uptake in the cell is related to several glucose 
transporters in the cell membrane which allow 
active 18F-FDG passage across the membrane to 
the cytoplasm and trapping without further 
metabolism. One of the biochemical characteris-
tics of malignant cells is an enhanced rate of glu-
cose metabolism due to an increased number of 
these cell surface glucose transporter proteins 
(such as Glut-1 and Glut-3) and increased intra-
cellular enzyme levels of hexokinase and phos-
phofructokinase which promote glycolysis [40, 
41]. FDG is phosphorylated to FDG-6-phosphate 
which, unlike glucose- 6- phosphate, cannot be 
metabolized further and remains trapped in the 
cell. Imaging needs to be performed in the fast-
ing state in order to minimize competitive inhibi-
tion of FDG uptake by glucose [42]. It is 
recommended that patients fast for a minimum 
of 4 h prior to FDG administration. Patients 
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should also be well hydrated for the exam and 
avoid any type of exercise or strenuous work at 
least 24 h before scanning [43]. A serum glucose 
level should be obtained prior to FDG adminis-
tration since image quality is significantly influ-
enced by plasma glucose levels. A commonly 
used glucose cutoff level is 200 mg/dl. An ele-
vated level will cause an increase in soft tissue 
uptake and lead to decreased accumulation in 
tumors. In addition, diabetic patients will have to 
adjust insulin requirements and are best imaged 
early in the morning prior to the first meal and 
insulin (or other hypoglycemia medications). 
Insulin will also affect image quality by increas-
ing accumulation in skeletal muscles which will 
in turn decrease accumulation in tumors [44]. 
FDG PET imaging is performed approximately 
60 min following the intravenous administration 
of 10–20 mCi of FDG (0.14–0.21 mCi/kg of 
body weight) [43]. For pediatric patients, a dose 
of 0.15–0.30 mCi/kg is recommended with a 
minimum dose of 1 mCi [45]. The most common 
PET acquisition is from the base of the skull to 
the mid thighs, but some institutions have also 
recommended imaging from the top of the skull 
to the feet in all patients as unsuspected malig-
nancies can be found outside the typical field of 
view in up to 4% of patients (Fig. 12.6). In the 
following cases, images should be obtained from 
top of the head to toes: melanoma and other skin 
malignancies, paraneoplastic syndromes, pri-
mary unknown tumors, multiple myeloma, neu-
roblastoma, and extremity tumors [46].

12.3.2.2  Bone Seeking Agent
F-fluoride is a sensitive agent for detecting altered 
osteogenic activity with a mechanism of uptake 
similar to that of 99mTc-MDP (Fig.  12.7). The 
radiotracer accumulates in the vicinity of meta-
static lesions in bone like MDP.  However, 
18F-fluoride has the advantage of faster blood 
clearance and higher bone uptake. Deposition of 
the radiotracer in bone is secondary to the blood 
flow to the bone as well as the efficiency of the 
bone to extract the fluorine ions from the blood 
which are not bound to serum proteins [47]. 
Given these characteristics, studies have shown 
that this is more accurate and sensitive for detec-

tion of bone metastasis when compared to the 
current gold standard bone scan as well as MRI 
[48]. However, one of the drawbacks to this 
modality is the lack of physiologic information in 
regard to the soft tissues. At times, both 18F-FDG 
and 18F-fluoride studies are needed on a given 
patient. This is typically done as two separate 
studies on different days which is both inconve-
nient for the patient and increases radiation expo-
sure from the CT component of both studies. 
Some have suggested that both 18F-FDG and 
18F-fluoride can be combined in a single PET/

Fig. 12.6 LWB vs. TWB. Differences are the acquired 
field of views. The commonly used limited whole body 
field of view (left) from the base of the skull to the upper 
thighs compared to the true whole body field-of-view 
(right) on a 78 year old female with a left lower leg lesion 
found to be large B-cell lymphoma as the only lesion
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Fig. 12.7 A 57-year-old male patient with a history of 
prostate cancer. NaF PET/CT images demonstrate a nor-
mal radiotracer distribution throughout the skeleton with 

areas of focal uptake in the shoulders, wrists, knees, and 
feet which are consistent with degenerative arthropathy

CT scan by administering the two radiopharma-
ceuticals simultaneously or in sequence. 
Preliminary studies have shown this to increase 
the sensitivity for detecting bone lesions com-
pared with 18F-FDG, which only scans with the 
benefit of additional soft tissue evaluation [49].

12.3.2.3  Proliferation Agents
Currently, only 18F-FDG is widely accepted and 
used in clinical practice for proliferation imag-
ing. 18F-fluorodeoxythymidine (18F-FLT) is an 
amino acid agent labeled with 18F that can be 
used to measure tumor cell proliferation [50, 51]. 
The agent is transported into the cell by the same 
nucleoside carrier as thymidine [52]. The agent is 
then phosphorylated within the cell by thymidine 
kinase-1 (TK1) which is upregulated in rapidly 
dividing tumor cells (thymidine kinase activity is 
a marker of cellular proliferation) [50, 53]. 
Because 18F-fluorodeoxythymidine is resistant to 
catabolism by thymidine phosphorylase, there is 
prolonged intracellular retention of the agent 
[50]. Based on 18F-FLT uptake, an overall reduc-

tion in the proliferative activity of gross tumor 
volumes was observed across the duration of 
treatment. This information may be useful to 
monitor changes in cellular proliferation occur-
ring during treatment, to provide valuable prog-
nostic information, and to adapt treatment based 
on individual biologic response [54].

Other agents of cell growth and proliferation 
imaging are based on utilization of the uptake of 
the molecules that are needed for synthetic path-
ways, including labeled amino acids for measur-
ing transport and protein synthesis, and 
nucleosides for DNA synthesis. An example  of 
such an agent to track cancer cell proliferation is 
C-11 thymidine, which is taken up into DNA but 
not by RNA to map proliferation. 11C-methionine 
is another example, which seeks amino acid 
transport. A higher correlation with proliferation 
of lung tumors was seen for (11)C-4DST than for 
(18)F-FDG [55]. C-11-labeled agents, however, 
have very short half-life. For this reason, 
 F-18- radiolabeled tracers are preferred. This 
radiotracer was also used to evaluate the response 
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to radiation therapy in patients with lung cancer 
(NSCLC).

11C-choline (11C-CHOL) is an agent that is 
incorporated into tumor cells by conversion into 
11C-phosphorlycholine which is trapped inside 
the cell. This is followed by synthesis of 
11C-phosphatidylcholine, which constitutes a 
main component of cell membranes. Because 
tumor cells duplicate very quickly, the biosynthe-
sis of cell membranes is also very fast, and there 
is increased uptake of choline and upregulation 
of the enzyme choline kinase [56]. Essentially, 
the uptake of 11C-CHOL in tumors represents the 
rate of tumor cell proliferation [57]. 11C-CHOL is 
very rapidly cleared from the blood, and optimal 
tumor-to-background contrast is reached within 
5 min [56, 58].

12.3.2.4  Hypoxia Agents
It has been established that hypoxic tumor cells 
are more resistant than aerobic cells to ionizing 
radiation and chemotherapy. Hypoxic cells are 
more resistant to radiation therapy and therefore 
require additional radiation to achieve adequate 
cell killing, which might exceed the tolerance of 
the surrounding normal tissues, called the tumor 
bed [59, 60]. Accordingly, tumor hypoxia is an 
important factor in relapse-free survival. The 
potential importance of tumor hypoxia as a cause 
of treatment failure in patients treated with radia-
tion has been recognized for a long time. Methods 
have been developed to add compounds to act as 
hypoxic cytotoxin to potentiate the effect of radi-
ation. Accordingly, evaluation of tumor hypoxia 
can help in patient’s management. PET/CT imag-
ing using F-18-misonidazole (FMISO) is used in 
evaluating hypoxia and in evaluating prognosis in 
patients receiving radiation therapy and certain 
chemotherapy [61, 62].

18F-fluoromisonidazole (18F-FMISO) acts as a 
bioreceptor molecule and is incorporated into 
cell constituents under hypoxic conditions [59]. 
Unfortunately, there is slow cellular uptake and 
slow washout from non-hypoxic tissues. 
62Cu-ATSM is another tumor hypoxia agent, 
which accumulates in hypoxic tissues where it is 

reduced, trapped, and has the advantage of rapid 
clearance from non-hypoxic tissue [59, 60].

12.3.2.5  Receptor Imaging Agents
The increased expression of various types of 
receptors on the cell surface are a unique bio-
marker for specific types of cancers. For exam-
ple, somatostatin receptors is a unique 
characteristic of neuroendocrine tumors. 
68-Ga-DOTATATE and the newly approved 
64-Cu-DOTATATE are radiolabeled somatostatin 
analogs for the diagnosis and pretreatment evalu-
ation of neuroendocrine tumors with PET. There 
are five types of somatostatin receptors charac-
terized (sst1 to sst5), but sst2 is the predominant 
one in neuroendocrine tumors [63]. Studies have 
demonstrated that the sensitivity of these agents 
was up to 96% with a specificity of up to 100% in 
the diagnosis of neuroendocrine tumors on 
PET. In addition, this was found to be superior to 
conventional somatostatin receptor scintigraphy 
and diagnostic CT in diagnosis, staging, and 
restaging [64–66]. The advent of 
64-Cu-DOTATATE allows for a lower radiation- 
dose option with superior lesion detection rates 
compared to 68-Ga [67]. In addition, these radio-
tracers are linked to a therapy arm 
with Lutetium-177 for the treatment of neuroen-
docrine tumors. Further discussion on theranos-
tics will be reviewed in another chapter.

Estrogen receptors (ER) are a unique bio-
marker of breast cancers and can be evaluated 
using the radiolabeled estrogen analog 
18F-estradiol. The advantage of this type of 
imaging is the ability to assess the estrogen 
receptor status of tumor lesions throughout the 
body. The mainstay for treatment of this type 
of tumor is endocrine therapy, however, resis-
tance can occur with progression. Imaging 
with 18F-estradiol  can help clinicians predict 
response to therapy and select optimal treat-
ment in the future while sparing patients from 
unnecessary chemotherapy. For the detection 
of ER+ breast cancer, 18F-estradiol imaging 
has a sensitivity of 84% and specificity of 98% 
[68].
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Human epidermal growth factor receptor 2 
(HER2 or erb2) is a member of the ERbBs or 
type 1 receptor kinase family involved in cell 
development, proliferation and differentiation. 
Tumors that overexpress HER2 show high rate of 
proliferation and are associated with more 
aggressive disease, poor prognosis and shorter 
overall survival. Approximately 20% of invasive 
ductal breast cancers are classified as HER2 posi-
tive. Zr-89 Trastuzumab is a radiolabeled mono-
clonal antibody which targets HER2. HER2 PET 
helps to  noninvasively assess HER2 expression 
in tumors and identify patients who may benefit 
from HER2-targeted therapy, to monitor the 
change in HER2 status during therapy, and select-
ing cases for targeted radionuclide therapy [69].

Prostate-specific-membrane antigen (PSMA) 
is a cell-surface glycoprotein overexpressed on 
prostate cancer cells. Its expression is 100 to 
1000-fold higher in prostate cancer than in other 
tissues and the levels increase with higher tumor 
stage and grade (Gleason score). 68Ga-PSMA 
and 18F-PSMA are analogs for the diagnosis and 
pretreatment of prostate cancer with PET. It has 
been established that PSMA PET-CT imaging 
has superior diagnostic accuracy than conven-
tional imaging with CT or MRI in men with high- 
risk prostate cancer. 18F-PSMA has several 
advantages over 68-Ga such as a longer half-life 
(110 min vs 68 min), can be produced in larger 
quantities due to the cyclotron production vs 
generator- produced, and greater spatial resolu-
tion due to the lower positron energy. As in neu-
roendocrine tumors, imaging with PSMA tracers 
is linked to  the therapy arm with Lutetium-177 
for the treatment of prostate cancer [70, 71].

12.3.2.6  Tumor Stroma Agent
We are now coming to the age where we have the 
potential to image and treat a wide variety of 
malignancies using a single target. Imaging and 
therapy for neuroendocrine tumors and prostate 
cancer discussed in this chapter are dependent on 
unique biomarkers (DOTATATE and PSMA). 
The introduction of fibroblast activation protein 
(FAP), however, has the potential of transforming 
our treatment strategy. FAP is a serine proteinase 
which is expressed on the cell surface of acti-

vated fibroblasts during wound healing, fibrotic 
processes and the stroma of many malignancies. 
Normal fibroblasts can be differentiated from the 
cancer-associated fibroblasts by the expression of 
FAP.  In cancer-associated fibroblasts, FAP pro-
motes tumor growth and progression while being 
overexpressed in various types of malignancies. 
Approximately 90% of a tumor’s mass can be 
attributed to these cancer-associated fibroblasts 
[72, 73]. Given this attribute, FAP is a potential 
target for theranostics with a wide variety of 
applications. Studies have already been per-
formed with promising results using FAP inhibi-
tors (FAPIs). A recent study evaluating 
68Ga-FAPI PET/CT in 28 different kinds of can-
cer demonstrated high uptake in many prevalent 
cancers including breast, esophageal, lung, pan-
creatic, head and neck, and colorectal [74]. In 
addition, the therapeutic application of 90Y-FAPI 
has been performed on a patient with advanced 
breast cancer with equally encouraging results 
[75]. Alpha emitters have also been shown in 
mice to be an effective treatment in pancreatic 
cancer. Multiple additional studies are being per-
formed to evaluate FAP as a viable target for ther-
anostics but it could bring us a step closer to the 
development of a universal cancer therapy.

12.4  PET Imaging Interpretation

12.4.1  Normal Distribution

The normal pattern of 18F-FDG uptake on PET 
imaging performed approximately 1 h after 
intravenous administration reflects glucose 
metabolism and includes the brain, heart, kid-
neys, ureters, and bladder. The prominent uptake 
in the urinary tract is secondary to the clearance 
of the tracer. The brain typically demonstrates 
intense uptake when compared to the remainder 
of the body since it is an obligate user of glucose 
(Fig. 12.8). There is variable uptake in the heart 
which is based on the type of fuel being used for 
metabolism. In a prolonged fasting state (typi-
cally greater than 12 h), the metabolism shifts 
from glucose to free fatty acids resulting in an 
uptake similar to background activity. The liver 
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Fig. 12.8 A 64-year-old male with a history of lymphoma. PET/CT images demonstrate a normal distribution of radio-
tracer. Note physiologic activity in the forearm muscles and excretion of the FDG by the kidneys and urinary bladder

and spleen demonstrate variable uptake but are 
most often greater than background, with liver 
being slightly more prominent than the spleen. 
Bowel and stomach uptakes are seen with vary-
ing degrees and can be influenced by outside fac-
tors including medications such, as the case of 
intense bowel uptake in diabetic patients on met-
formin. Uptake in the oropharynx can be vari-
able as well, including the salivary and parotid 
glands. Intense uptake is often seen in the pha-
ryngeal and lingual tonsil. This uptake is often 
symmetric, but normal asymmetry is also seen 
[76, 77].

12.4.2  Benign Normal Variants

Skeletal muscle at rest demonstrates low FDG 
uptake. However, muscle uptake will increase 
when there is active contraction of muscles dur-
ing the uptake phase or with heavy exercise 
within 24 h prior to the exam. Elevated insulin 
levels may also cause the same effect [78]. In 

addition, patients with labored breathing or 
COPD can demonstrate uptake in the diaphragm, 
intercostal, and scalene muscles depending on 
the severity (Fig. 12.9) [79]. Patients with head 
and neck cancers who have undergone surgery 
can demonstrate unilateral uptake in the vocal 
cord secondary to paralysis of the contralateral 
cord. This will also cause asymmetrical muscular 
uptake in the head and neck.

A common variant typically seen in colder 
months of the year is symmetric intense uptake in 
the bilateral neck which can extend to the supra-
clavicular, axilla, and paraspinal regions attrib-
uted to brown adipose tissue (BAT) (Fig. 12.10). 
These cells are characterized by multilocular 
lipid droplets and increased number of mitochon-
dria, which express uncoupling protein 1 (UCP1). 
UCP1 is located in the inner membrane of the 
mitochondria and uncouples the rates of substrate 
oxidation and ATP production by favoring a loss 
of protons and thus energy release [80]. This 
uptake occurs due to heat generation in response 
to cold, ingestion of food, or increased sympa-
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Fig. 12.9 (a) Patient 
with no COPD showing 
no uptake in scalene 
muscles. (b) Patient with 
COPD showing intense 
FDG uptake in scalene 
muscles bilaterally 
(arrow)

thetic activity in anxious patients. There is abun-
dance of BAT in infancy and slowly declines with 
age. Warming patients before injection as well as 
during the uptake phase has shown to be effective 
in decreasing this uptake [81].

Other variants such as normal thymic uptake 
in the anterior mediastinum can be seen in chil-
dren and adults up to 30 years of age. In addition, 
uniform FDG distribution is commonly seen in 
circulation. However, when the normal blood 
flow is interrupted by a thrombus, a region of 

tracer void is seen on PET. In contrast, increased 
FDG uptake along a vessel wall is due to inflam-
mation [82]. Normal thyroid tissue does not dem-
onstrate significant FDG uptake. However, 
diffuse uptake can be seen in cases of thyroiditis 
and Graves’ disease. Focal uptake can be seen in 
benign nodules but carry a 33% risk of malig-
nancy [83]. Normal bone marrow uptake is com-
monly seen as similar intensity as the liver. FDG 
uptake is affected when a process alters marrow 
distribution. For example, hematopoietic stimu-
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Fig. 12.10 A 34-year-old male with a history of colon cancer. PET/CT images demonstrate diffuse symmetric FDG 
uptake within the bilateral neck, supraclavicular, and axillary regions due to brown fat activity

lants such as colony-stimulating growth factors 
will increase marrow uptake as will anemia or 
inflammatory processes [84]. On the other hand, 
radiation therapy will decrease uptake in the mar-
row. Compression deformities or fractures can 
cause intense uptake in the vertebra which can 
lead to misinterpretation as malignancy.

Mild growth plate uptake is usually seen in 
children on FDG PET studies. Hypermetabolic 
activity in tonsils/waldeyer ring is also a common 
finding in children.

12.4.3  Uptake in Inflammation 
and Infection

18F-FDG uptake is not specific for only neoplasm. 
The agent also demonstrates activity in areas of 
active infection and inflammation. This can make 
it difficult to differentiate infections such as 
pneumonia from a malignant lesion. This can 
also cause misinterpretation in patients with sar-
coidosis and granulomatous disease. A com-
monly encountered pattern of uptake is seen in 
lung cancer patients who have undergone radia-

tion therapy. This causes intense FDG uptake ini-
tially in the lung parenchyma following the field 
used for therapy. This pattern of uptake may per-
sist for many months and delaying the PET scan 
is recommended to allow for reduced inflamma-
tion (Fig. 12.11) [85]. FDG PET/CT also has a 
role in the evaluation of musculoskeletal infec-
tion demonstrating increased uptake in osteomy-
elitis as well as prosthetic joint loosening and 
infection [86].

Although the immune response can cause a 
false positive finding on FDG PET/CT, there has 
also been some utility with the response due to the 
introduction of immunotherapy in patient manage-
ment. Immunotherapy is a type of cancer treat-
ment that helps the body’s immune system fight 
cancer. For example, immune checkpoint inhibi-
tors have contributed to a marked improvement in 
the outcome for patients with advanced melanoma. 
These drugs act by blocking the immune check-
points which normally keep the immune responses 
from being too strong. By blocking them, the 
drugs allow immune cells to have a stronger 
response to cancer. However, this can also lead to 
systemic immune or inflammatory response in the 
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Fig. 12.11 A 68-year-old male with a history of right 
upper lobe adenocarcinoma. PET/CT images following 
cyber knife treatment showing fiducial markers at the site 

of a spiculated lesion surrounded by FGD avid postradia-
tion changes

form of clinical manifestations. The utility of 18F-
FDG PET/CT in these cases can show the 
increased inflammatory response prior to clinical 
manifestations which can then be treated to reduce 
the severity [87–89].

PET is useful to identify immune check 
point related adverse effects (autoimmune reac-
tion in various tissues). Common PET findings 
in patients receiving immune check points 
inhibitors are diffuse thyroid uptake due to thy-
roiditis, diffuse liver uptake due to hepatitis, 
uptake in bilateral hilar and mediastinal lymph 
nodes with or without lung uptake due to sar-
coid like reactions, uptake in joints and muscles 
due to arthritis and myositis, uptake in adrenals 
due to adrenalitis and uptake in pituitary gland 
due to hypophysitis. Uptake in various tissues 

due to immune related adverse effect may 
mimic malignancy/metastases and care should 
be taken when interpreting studies. Their pres-
ence also has a prognostic value (favorable 
prognosis) [90].

12.4.4  Artifacts

A commonly encountered pitfall of image inter-
pretation is secondary to image acquisition and 
reconstruction algorithms causing artifacts. 
Dense objects such as metal from orthopedic 
hardware or iodinated contrast can produce 
areas of intense uptake on the attenuation-cor-
rected PET images. Therefore, it is recom-
mended to review the non-attenuation-corrected 
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Fig. 12.12 A 71-year-old male with leukemia demon-
strating respiratory motion artifact. (Top row) Focal FDG 
uptake appearing in the lung base on PET image (right). 

(Middle row) Lung window demonstrates no definite lung 
lesion. (Bottom row) Hypodense lesion in the dome of the 
liver on CT matching the PET abnormality

images for confirmation of these abnormalities. 
In addition, these can also cause beam harden-
ing artifacts on CT. Respiratory motion artifact 
is also frequently encountered. This is due to 
the lung motion during normal breathing. PET/
CT images are usually acquired during quiet 

respiration so the CT and images closely match 
PET.  However, any deviation from this can 
cause abnormalities projecting in an incorrect 
location. This is commonly seen as a liver 
lesion which projects in the lung base 
(Fig. 12.12) [91].
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Images taken in arms down position can also 
cause various artifacts in the area of body, par-
ticularly in obese patients, such as cold defects, 
beam hardening, truncation, motion artifacts, 
scatter artifacts, and artifacts caused by extrava-
sation of activity [92]. Whereas images taken in 
arms up position cause similar artifacts in head 
and neck region. To eliminate these artifacts arms 
should be positioned up when imaging the body 
and down when imaging head and neck area.

12.4.5  Uptake Patterns 
of Malignancy

Interpretation of PET/CT imaging requires an 
understanding of normal and normal variant pat-
terns of uptake. In addition, a familiarity of basic 
anatomy and physiology is needed to evaluate 
whether an area is normal or abnormal. In gen-
eral, there is a higher degree of metabolism in 
tumors, which is represented as increased FDG 
accumulation. However, low levels of uptake can 
be seen is certain malignancies such as bron-
choalveolar carcinoma, carcinoid, prostate can-
cer, and mucinous adenocarcinoma. Areas of 
necrosis can demonstrate central photopenia on 
PET with a rim of increased uptake. Malignant 
pleural effusions can show variable uptake which 
is likely due to the dispersion of tumor cells in the 
effusion. Lesion activity is most commonly quan-
tified as the standard uptake value (SUV). It is a 
measure of uptake in a specific region of interest 
and is corrected for body mass or body surface 
area.

 

SUV =
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injected dose mCi body surface are
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SUV generally accurately estimates the degree 
of uptake of radiopharmaceuticals in lesions and 
normal tissues but is affected by various patient, 
biologic, and technical factors that can cause 
over- or underestimation of the activity in lesions 
and tissues [93].

SUV normalized by body weight is overesti-
mated in obese and overweight patients [94, 95]. 
SUV normalized by lean body mass (SUL) is rec-
ommended when comparing images. 
Alternatively tumor to liver or tumor to blood 
pool ratios can also be used when comparing 
studies. In pediatric patients SUV, normalized by 
BSA is recommended [96].

12.5  Clinical Uses of PET/CT 
in Soft Tissue Malignancies

12.5.1  CNS Tumors

Brain metastasis is a common complication of 
cancer affecting 15–40% of patients [97]. These 
patients have a poor prognosis, even in the 
absence of systemic disease, with a median sur-
vival time ranging from 9 to 18 months [98]. 
The most common primary cancers that metas-
tasize to the brain in adults are lung (40%), 
breast, colon, renal cell carcinoma, and mela-
noma. In children, the most common are sar-
coma and germ cell tumor. The cerebral cortex 
is the most common location for cerebral metas-
tasis (80%) with multiple lesions in two-thirds 
of the patients [99].

On the other hand, primary CNS tumors are 
much more rare, with 7–19 cases per 100,000 
[100]. According to the World Health 
Organization, there are three main types of glio-
mas: astrocytomas, oligodendrogliomas, and 
mixed oligoastrocytomas. Tumors are then 
graded I–IV based on the most malignant region 
within the tumor. Grades I and II are considered 
low grade and grades III and IV are considered 
high grade. Grading is based on the amount of 
mitosis, microvascular proliferation, nuclear 
atypia, and necrosis. There are three subtypes of 
low-grade gliomas, pilocytic astrocytoma (grade 
I), astrocytoma (grade II), and oligodendrogli-
oma (grade II). High-grade gliomas include 
anaplastic tumors (grade III) and glioblastoma 
(grade IV). Glioblastoma is the most common 
glioma which also happens to be the most 
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malignant. It accounts for 45–50% of all glio-
mas [101].

The gold standard for brain imaging continues 
to be MRI which provides excellent anatomic 
details. FDG uptake within these tumors usually 
correlates with the grade of the tumor. Low-grade 
gliomas demonstrate lower metabolic activity 
than high-grade gliomas. In addition, high FDG 
uptake in a lesion that was a previously known 
low-grade tumor is suggestive of anaplastic trans-
formation. Although MRI is the gold standard, 

there are limitations after treatment. In general, 
these tumors are surgically resected followed by 
radiation with or without chemotherapy. On fol-
low- up imaging, MRI cannot clearly distinguish 
tumor recurrence from radiation necrosis. PET 
imaging has the upper hand in this situation. 
Tumor recurrence will show intense metabolic 
activity in the region of the lesion, whereas radia-
tion necrosis will demonstrate reduced uptake or 
photopenia in the region (Fig. 12.13) [100]. The 
other radiotracers such as 18F-FDOPA and 18F- 

Fig. 12.13 A 41-year-old male with left frontal lobe 
mixed oligoastrocytoma, WHO grade 3, status post- 
resection and radiation therapy. (Top row) Axial post con-
trast T1WI, STIR, and T2 WI showing slightly increased 
T2 hyperintensity adjacent to the superior medial aspect 
of the resection cavity in the left frontal lobe concerning 

for gliosis vs. tumor recurrence. (Bottom row) FDG PET/
CT images showing postoperative changes of left fronto-
parietal craniotomy with gliosis in the left frontal without 
evidence of focal FDG uptake in this region to represent 
tumor recurrence
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FET (assessing amino acid transport) and 
18F-fluorothymidine (assessing cellular prolifer-
ation) provide better results than FDG PET in 
detecting primary or recurrent gliomas. Uptake 
of amino acid radiotracers correlate with LAT1 
(amino acid transporter) expression [102, 103]. 
These tracers also show low or no uptake in the 
brain, which is an advantage over FDG.

A commonly seen phenomenon in brain imag-
ing is reduced uptake in the cerebellar hemi-
sphere contralateral to a supratentorial insult and 
referred to as crossed cerebellar diaschisis 
(Fig. 12.14). This manifestation is not only seen 
in tumors but in any supratentorial process 
including trauma, demyelination, gliosis, unilat-
eral edema, and infarction [104]. This phenome-
non occurs as a result of an interruption to the 
corticopontocerebellar pathway from the cere-
bral hemispheres to the contralateral cerebral 
cortex [105].

12.5.2  Head and Neck Tumors

Head and neck cancers account for up to 5% of 
all cancers in the United States. Of these, the 
majority of cases are due to squamous cell carci-
nomas of the oral cavity, nasopharynx, orophar-
ynx, and larynx. The overall annual mortality 
rate in the United States is 23% with a 5-year 
survival rate of 56% [59, 106]. Lymph node 
involvement is crucial in assessing if a patient 
should undergo surgical resection. The location, 
number, and size are all important considerations 
for treatment planning. It has been reported that 
nearly 40% of patients have localized disease, 
while the remaining 60% have advanced disease. 
FDG PET has been found to be equivalent, if not 
superior, to CT and MRI for the detection of 
nodal disease. PET has the upper hand when 
evaluating nodes which are normal in size by CT 
and MRI criteria. These tumors are often treated 
with surgical resection and/or radiation. PET/CT 
is particularly helpful in assessing for tumor 
recurrence in the postoperative patient. Due to 

the loss of symmetry and distortion of the nor-
mal anatomy, evaluation of post-therapeutic 
changes from recurrent or residual disease can 
be challenging (Fig. 12.15). False-positive find-
ings can occur secondary to recent surgery or 
radiation therapy. In addition, laryngeal muscle 
activity, patterns of increased muscle uptake, 
and reactive lymph nodes can also lead to misin-
terpretation. However, PET has been found to 
have a sensitivity for diagnosing recurrence up 
to 100% with a specificity of 85% [107].

FDG PET is very useful in detecting/locating 
the primary tumor in patients with primary 
unknown lymph node metastasis in the neck.

12.5.3  Thyroid Cancer

Radioiodine imaging with I-131 has been the 
mainstay for the evaluation of thyroid cancer. 
The follicular cells within the thyroid gland are 
responsible for neoplasm and give rise to papil-
lary, follicular, or mixed cell variants and are 
commonly well differentiated. These tumors are 
iodine avid and diagnosed and treated with I-123 
or I-131. FDG does not accumulate in these cell 
types and is therefore not indicated for the diag-
nosis of thyroid cancer. Often, the diagnostic 
I-123 scan will underestimate the disease burden 
when compared to the I-131 post-treatment 
scans. The use of I-124 PET/CT has been shown 
to detect and image differentiated thyroid cancer 
lesions with high sensitivity and resolution. This 
imaging also has the ability to detect new 
metastaic lesions which are not visualized on the 
post-treatment I-131 scans. Although in its 
infancy, I-124 has shown promising results [108].

Tumor recurrence is not always iodine avid 
which is secondary to tumor dedifferentiation. 
When tumors have lost the ability to synthesize 
hormones from iodine, they have increased glu-
cose metabolism [109]. These patients present 
with elevated human thyroglobulin levels with 
negative I-131 scans. In these patients with a high 
clinical suspicion for disease but negative I-131 
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Fig. 12.14 A 61-year-old male with a history of biopsy- 
proven left temporal glioblastoma multiforme. PET/CT 
images demonstrate the left temporal lesion (top row). 

There is also decreased metabolic activity in the right cer-
ebellum consistent with crossed cerebellar diaschisis (bot-
tom row)
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Fig. 12.15 A 49-year-old male with a history of squa-
mous cell carcinoma of the floor of the mouth and alveolar 
ridge, status post left marginal mandibulectomy and bilat-
eral supraomohyoid neck dissection. PET/CT images 

show multiple surgical clips at the operative bed with dis-
torted anatomy of the floor of the mouth. There is no evi-
dence of focal activity to suggest tumor recurrence

scan, FDG PET/CT can aid in the detection of 
metastatic disease (Fig.  12.16). In addition to 
poorly differentiated tumors, FDG has also been 
found to be useful for medullary thyroid carci-
noma. This is a relatively rare disease which 
arises from the parafollicular cells and does not 
accumulate I-131. It accounts for 3–10% of all 
malignant thyroid tumors [110]. This type of can-
cer typically demonstrates intense FDG avidity, 
making PET/CT essential for proper staging and 
follow-up, with a sensitivity of 76–78% and 
specificity of 79% [109].

12.5.4  Esophageal Cancer

The esophagus is a hollow muscular tube that 
connects the pharynx to the stomach. The muco-
sal lining of the esophagus is primarily com-
prised of stratified squamous epithelium. 
Malignancy in this area is commonly due to 
squamous cell carcinoma, accounting for 85% of 
cases. The distal portion is comprised of colum-
nar epithelium. Adenocarcinoma is commonly 
encountered in this area. Patients will often pres-
ent with dysphagia or by endoscopic biopsy in 

patients with Barrett’s esophagus, considered a 
premalignant condition which predisposes 
patients to the development of adenocarcinoma. 
Barrett’s esophagus has been shown to increase 
the risk of developing adenocarcinoma by 
30-fold when compared to the general popula-
tion [111].

The normal metabolic activity in the esopha-
gus is typically low, resembling background. 
Both squamous cell carcinoma and adenocarci-
noma are FDG avid, and any focal areas of uptake 
within the esophagus should raise a suspicion for 
malignancy. However, focal FDG uptake can also 
be seen in many benign processes such as esoph-
agitis, postprocedural inflammation, postradia-
tion inflammation, hiatal hernia, and Barrett’s 
esophagus (Fig. 12.17).

The most important indicators for prognosis 
are depth of tumor penetration and nodal involve-
ment. The 5-year survival rate for patients with-
out nodal involvement is 40% but then decreases 
to 3% when nodal disease is present [111]. 
Locoregional nodal metastasis is most common, 
but the location of nodes often depends on the 
level of the primary tumor. Cervical nodes are 
often found with more proximal esophageal 
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Fig. 12.16 A patient with Hurthle cell carcinoma follow-
ing thyroidectomy. Stimulated (following T4 withdrawl) 
I-124 PET/CT (left) shows residual functioning thyroid 
tissue in the bilateral thyroid bed with no FDG avidity. 

18F-FDG PET/CT (right) in the same patient shows 
intensely avid lymph node in the superior mediastinum 
with no iodine uptake. Image courtesy of Dr. Amir Iravani

Fig. 12.17 A 63-year-old female with a history of meningioma. FDG PET/CT images show mild liner activity along 
the mid- and distal esophagus related to esophagitis from gastroesophageal reflux disease

lesions, and abdominal nodes are often associ-
ated with more distal lesions (Fig. 12.18). FDG 
PET/CT has been found to be more sensitive than 
CT alone for diagnosing nodal metastasis in 

esophageal cancer [112]. In addition, PET/CT 
has also been found to affect patient staging in up 
to 40% and change management in up to 34% of 
cases [113].
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Fig. 12.18 A 69-year-old male complaining of dyspha-
gia, odynophagia especially after solid food, and weigh 
loss of 35 lb over 6 months. FDG PET/CT shows an FGD 
avid mass in the distal esophagus extending into the gas-

tric fundus with FDG avid metastatic gastrohepatic, peri-
gastric, and precaval/peripancreatic lymph nodes. Biopsy 
revealed moderately differentiated adenocarcinoma of the 
gastroesophageal junction

12.5.5  Renal and Bladder Cancers

Both renal and bladder cancers are difficult to 
evaluate with PET/CT primarily due to the vari-
ability of FDG uptake in both entities as well as 
the intense urinary excretion of 18F-FDG within 
these structures (Fig.  12.19). Renal cell carci-
noma account for approximately 3.5% of all 
malignancies and is the most lethal. The sensitiv-
ity of PET/CT in renal cell carcinoma ranges 
from 31 to 94% [114]. Therefore, PET/CT tends 
to have a complimentary role in the diagnosis of 
renal cell carcinoma. It is, however, superior to 
conventional imaging for detecting recurrence 
and metastasis. Bladder cancers also tend to fol-

low the same pattern. Diagnosis is based on cys-
toscopy and biopsy with transitional cell 
carcinoma accounting for more than 90% of all 
bladder cancers. PET/CT has a limited role in 
this setting, but it has been noted that the use of 
various techniques such as delayed imaging, fluid 
loading, diuresis, and bladder catheterization can 
help with disease detection [115].

Studies used 11C-acetate in renal cell carci-
noma. 11C-acetate is rapidly picked-up by cells 
and metabolized to acetyl-CoA.  In cancer cells 
acetyl-CoA is used to build membrane fatty acid. 
Due to short half-life of C-11 and challenges in 
synthesis of C-11 labeled tracers its use is 
limited.
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Fig. 12.19 A 54-year-old male with incidentally discov-
ered enlarged mediastinal lymph nodes on a CT angiogra-
phy of the neck/done for a bleeding cavernoma of the 
brain. FDG PET/CT images show a large FDG avid right 

renal cell carcinoma with widespread metastasis to the 
lungs, mediastinal lymph nodes, left adrenal gland, and 
multiple bones

12.5.6  Gynecologic Cancers

Cervical cancer is the most common gynecologic 
cancer and the second most common cancer in 
women [116]. It is commonly treated with sur-
gery, but chemotherapy and radiation can be 
required for advanced disease. Although FDG 
PET/CT has limited value of staging primary 
tumors due to the variable uptake in nearby struc-
tures (bowel and urinary tract), it does have a role 
in detecting lymph node metastasis [117]. It has 
been shown that FDG PET can detect lymph 
node metastasis in these patients with a sensitiv-
ity of 91% and specificity of 100%. On the other 

hand, MRI had a sensitivity of 73% and specific-
ity of 83% [118].

Ovarian carcinoma is the second most com-
mon gynecologic cancer and the leading cause of 
death in women with gynecologic malignancies 
[119]. Again, FDG PET/CT has limited value of 
staging primary tumors due to the nearby struc-
tures, but to further complicate matters, physio-
logic conditions such as ovulation and 
menstruation can also lead to false-positives. 
Many other false-positives have been reported 
and are due to inflammatory adnexal masses, 
endometriomas, corpus luteum cysts, and other 
benign ovarian tumors. FDG PET/CT is often 
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Fig. 12.20 A 45-year-old female with a adenocarcinoma 
of the colon. FDG PET/CT images demonstrate circum-
ferential mural thickening of the sigmoid colon with 

intense FDG uptake, consistent with the patient’s biopsy- 
proven malignancy

used for restaging and detecting metastatic 
 disease in conjunction with serum markers (Ca-
125, Ca 19-9, alpha-fetoprotein, and human cho-
rionic gonadotropin). The sensitivity of FDG 
PET has been reported to be 58% with a specific-
ity of 76% [120].

12.5.7  Colorectal Cancer

According to the American Cancer Society, 
colorectal carcinoma is the third most common 
cancer in both men and women as well as the 
third leading cause of death from cancer in the 
United States [121]. Diagnosis is largely based 

on direct visualization with colonoscopy as well 
as imaging with barium enema and CT.  When 
diagnosed, colorectal carcinoma is localized to 
the primary tumor in 36% of patients, with 
regional lymph node metastasis in 39%, and dis-
tant metastasis in 19% [122]. Therefore, proper 
staging is crucial for disease management. FDG 
PET/CT is often used to accurately stage disease 
prior to surgical resection or to confirm equivocal 
findings prior to treatment (Fig.  12.20). One 
study found that FDG PET was able to detect 
95% of primary tumors as compared to CT which 
detected only 49% [123]. It is important to note, 
however, that FDG PET is not sensitive for the 
detection of regional lymph node involvement 
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(sensitivity of 29%) due to the intense uptake in 
bulky primary lesions which can obscure smaller 
lymph nodes [124]. In addition, the presence of 
physiologic bowel activity, inflammation, and 
benign polyps can limit evaluation and cause 
false-positives. The liver is a common site for 
metastasis. It has been shown that up to 20% of 
patients present with liver metastasis and up to 
70% of all patients will develop liver metastasis. 
Small lesions, typically less than 1 cm, can be 
missed on PET given the physiologic heterogene-
ity within the organ as well as image resolution. 
Some authors recommend MRI as the best 
modality for the evaluation of liver metastasis in 
a patient who has not undergone therapy [125]. 
After initial treatment, PET does play a signifi-
cant role in the evaluation of recurrent disease. A 
review of PET literature demonstrated that PET 
had a sensitivity of 94% for detecting recurrence 
and specificity of 87% compared to CT with a 
sensitivity of 79% and specificity of 73% [126]. 
As in other areas of the body, PET has the ability 
to delineate postradiation changes from disease 
recurrence.

12.5.8  Lung Cancer

Lung cancer is the second most common cancer 
in both men and women (second to prostate and 
breast cancers). It is, however, the leading cause 
of cancer death in both men and women [127]. 
FDG PET/CT is useful for imaging lung cancer 
since the tumor cells have both an increased 
uptake of glucose due to a higher number of 
Glut-1 surface proteins as well as a higher rate 
of glycolysis compared to nonneoplastic cells 
[128].

There are two main types of lung cancer, non- 
small cell lung cancer (NSCLC) and small cell 
lung cancer, and lung carcinoid tumor. NSCLC is 
the most common type of lung cancer comprising 
of approximately 85% of all lung cancers. These 
include squamous cell carcinoma, adenocarci-
noma, and large cell carcinoma. The remaining 
10–15% comprises primarily of small cell lung 
cancer with a small percentage of carcinoid lung 
cancer.

One of the first indications for the use of FDG 
PET was for the evaluation of a solitary pulmo-
nary nodule (SPN). These are usually inciden-
tally discovered on chest X-ray or CT and 
measure 1–3 cm in size. When these are found in 
younger patients with little or no risk factors, 
they are often felt to be benign and followed to 
document stability. However, in older high-risk 
patients, there is a greater need to establish a 
diagnosis. The differential can be broad for an 
SPN, but there is a high risk of malignancy in 
these lesions. In addition, only 10–20% of 
patients with a malignant SPN will have positive 
sputum, and nearly 30% will have false-negative 
transthoracic needle biopsy [129]. FDG PET has 
proven to be an accurate method to differentiate 
benign from malignant nodules (Fig.  12.21). A 
large meta-analysis showed that FDG PET had a 
sensitivity and specificity of 97 and 78% with a 
negative predictive value of 98% [130].

FDG PET is recommended for the initial stag-
ing of lung cancer to define both local and distant 
metastasis, which greatly impacts patient man-
agement. Clinical staging is performed using the 
TNM system which required accurate tumor size 
(T), lymph node involvement (N), and evidence 
of distant metastasis (M). The proper staging is 
critical in assessing the prognosis and tailoring 
the appropriate therapy. PET/CT has been found 
to have better accuracy in determining the correct 
stage of disease than CT alone with an accuracy 
of 60% compared to 40% [131].

After initial therapy, tumor progression during 
chemotherapy can occur in approximately 30% of 
patients with advanced disease [132]. Therefore, 
it is imperative to continue to assess response to 
therapy in order to identify nonresponders and 
switch to second- or third-line treatments. Also, 
when surgery or other therapies distort the anat-
omy, PET/CT imaging can assist in differentiat-
ing between residual/recurrent disease from 
post-therapy changes. It is important to note, how-
ever, that radiation therapy can cause inflamma-
tory changes in the lung parenchyma which will 
take up FDG and make it difficult to differentiate 
from recurrent tumor. The FDG uptake may be 
due to the cellular inflammation and macrophage 
response elicited by  radiation- induced necrosis. 
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Fig. 12.21 Solitary pulmonary nodule. (Top row) PET/
CT images of a patient with a solitary pulmonary nodule 
in the right upper lobe with fiducials in place. (Middle 
row) 1 month after radiation with decreased metabolic 

activity of the pulmonary nodule. (Bottom row) 5 months 
after radiation with diffuse opacities in the right lung with 
mild FDG uptake consistent with postradiation 
inflammation

This inflammation can last up to 6 months after 
therapy but slowly decreases over time (Fig. 12.6) 
[133]. It has been recommended to wait at least 3 
months after completion of radiation therapy for 
reliable evaluation [134].

Small cell lung carcinoma represents approxi-
mately 18–25% of all lung cancers and is almost 
exclusively associated with smoking. It is a very 
aggressive tumor that has a rapid tumor doubling 
time and early development of distant metastasis. 
Patients are classified as having limited stage 
(disease in only one hemithorax) or extensive 
stage (outside one hemithorax) which includes 
distant metastasis including the contralateral lung 

[135]. Treatment is based on the extent of the dis-
ease with surgical resection with chemotherapy 
and radiation for patients with limited disease. 
Patients with extensive disease are often limited 
to chemotherapy alone. PET has been found to 
change management in up to 37% of patients for 
initial staging and up to 15% for restaging [136].

There are some limitations with FDG PET/CT 
in the evaluation of some types of lung cancers. 
For example, neoplasms with low FDG avidity 
such as lung carcinoid tumor, bronchoalveolar 
cancer, or well-differentiated adenocarcinoma 
have been known to demonstrate false-negative 
PET findings (Fig. 12.22).
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Fig. 12.22 A 37-year-old female presenting with a left lung mass. PET/CT images demonstrate a left upper lobe mass 
with SUV max 2.0. Subsequent biopsy of the mass revealed a well-differentiated carcinoid tumor

12.5.9  Lymphoma

Lymphoma is a type of hematologic malignancy 
that occurs in B or T lymphocytes undergoing 
uncontrolled cell growth and multiplication. Both 
cell types are designed to recognize and destroy 
abnormal cells and infections. Lymphomas are 
divided into two types, Hodgkin’s lymphoma 
(HL) and non-Hodgkin’s lymphoma (NHL). 
NHL is a common malignancy with up to 60,000 
new cases each year in the United States. HL is 
much less common than NHL with up to 7500 
new cases per year [137]. Both types of lym-
phoma tend to accumulate FDG, but low-grade 
lymphomas are not as avid as intermediate- or 
high-grade diseases.

NHL is further divided based on histopa-
thology, clinical behavior, response to ther-

apy, and clinical outcome [138]. The most 
common types are diffuse large B cell and fol-
licular lymphomas which account for more 
than 50% of all NHLs. Others types which are 
not as common include marginal zone, periph-
eral T cell, small lymphocyte B cell, and man-
tle cell [139]. These lymphomas are largely 
grouped into low-, intermediate-, and high-
grade diseases which directs treatment plan-
ning. There is a direct correlation with the 
amount of metabolic activity within the tumor 
to the grade of lymphoma. Low-grade tumors 
have lower FDG uptake than high-grade dis-
ease [140].

There are also different subtypes of HL with 
the most common form being nodular sclerosing. 
Others include mixed cellularity, lymphocyte 
predominant, and lymphocyte depleted. The most 
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FDG avid tends to be the nodular sclerosing sub-
type and the least FDG avid is the lymphocyte 
predominant subtype [141].

Staging is based on the Ann Arbor classifica-
tion for both NHL and HL.

• Stage I: disease limited to a single lymph node 
area, single lymphoid organ, or one area of a 
single organ outside the lymph system

• Stage II: two or more noncontiguous nodal 
groups or the spleen on the same side of the 
diaphragm

• Stage III: two or more nodal groups or the 
spleen on both sides of the diaphragm

• Stage IV: disease in extranodal sites (bone 
marrow, liver, lung, bone, or other  organs/
tissues)

Overall, staging of both NHL and HL with FDG 
PET showed a sensitivity of 90.3% and specificity of 
91.1% [142]. Depending on the type and stage of the 
disease, treatment is with chemotherapy alone or in 
combination with radiation therapy. It is common 
practice to monitor therapy response with FDG PET/
CT but requires a baseline study prior to treatment 
initiation for proper evaluation of therapy. A follow-
up study can be performed after one or two cycles of 
chemotherapy in certain settings (Fig. 12.23).

Fig. 12.23 A 58-year-old female with a history of lym-
phoma. FDG PET/CT images demonstrate widespread 
lymphoma predominantely involving the left cervical 

lymph nodes (bottom row). The patient received chemo-
therapy with follow-up PET/CT 1 month later showing 
complete response of the disease
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12.5.10  Melanoma

Malignant melanoma originates from melanocytes 
(melanin-producing cells) and is the most aggres-
sive form of skin cancer. Primary neoplasms are 
usually found in the skin, most commonly on the 
chest and back on men and legs in women, but can 
also develop in melanocytes of the eye. Factors 
implicated in the pathogenesis of the tumor are:

• Genetic predisposition
• Exposure to ultraviolet light
• Fair hair
• Light skin
• Steroid hormone activity
• Freckles

Early signs of melanoma are summarized by 
the mnemonic ABCDE:

• Asymmetry
• Borders (irregular)
• Color (variegated)
• Diameter (greater than 6 mm)
• Evolving over time

Accurate staging is important for treatment 
and prognosis. The most predictive factor for 
recurrence and prognosis is tumor thickness and 
is graded according to the Breslow classification 
[41]. Regional lymph nodes are the most frequent 
sites for metastasis, but prognosis is poor with 
nodal or distant disease. Treatment typically con-
sists of surgical resection of the primary lesion 
followed by sentinel lymph node evaluation with 
the assistance of lymphoscintigraphy [40]. The 
added value of PET/CT is for patients with more 
advanced disease for accurate tumor staging 
(Fig.  12.24). In vitro and in  vivo experiments 

Fig. 12.24 A 33-year-old male with nasal melanoma. 
FDG PET/CT images demonstrate widespread metastatic 
disease involving the lungs, liver, cervical lymph nodes, 

abdominal cavity, musculoskeletal system, left thyroid 
gland, and skin
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with tumor cells show higher FDG accumulation 
in melanoma than in any other tumors [143]. The 
advantage of PET/CT in melanoma is the unpre-
dictable hematogenous spread of metastasis. This 
is the reason why whole body imaging from head 
to toe is commonly performed in these patients. It 
has been reported that the efficacy of FDG PET 
in the diagnosis of involved lymph nodes had a 
sensitivity of 95% and specificity of 84% [144]. 
However, micrometastasis in the sentinel node 
can be found in up to 38% of patients; FDG PET/
CT should not replace sentinel node biopsy with 
lymphoscintigraphy [145].

Positron emission tomography has been and 
will continue to be a rapidly growing modality 
worldwide. FDG PET/CT has been proven to 
provide important information in the staging and 
therapy monitoring of various types of tumors. 
However, although PET has been synonymous 
with FDG, there are numerous other tracers that 
have been and are being developed, some of 
which have been discussed in this chapter. 
Hundreds of PET radiotracers have been devel-
oped in the last few decades, but only a few have 
been approved by the Food and Drug 
Administration (FDA) for clinical use. Not only 
have strides been made in oncologic imaging, but 
these new tracers are producing an impact in 
other aspects of patient care, most notably in neu-
rology and cardiology. In addition, while beyond 
the scope of this chapter, the technological 
advancements of nuclear medicine equipment 
from SPECT/CT to digital PET/CT and PET/
MRI have and will have a profound impact on 
patient management. Nuclear imaging is no lon-
ger limited to diagnosis and risk stratification of 
various diseases but also has a significant contri-
bution to treatment strategy. Molecular imaging 
as a whole has been growing at an unparalleled 
rate. For these reasons, the future is promising for 
molecular imaging.

12.5.11  Breast Cancer

Breast cancers are predominantly screened with 
mammography and breast ultrasound. 
Mammography is highly sensitive and can iden-

tify 80–90% of patients with breast cancer. 
However, a positive mammogram does not always 
lead to malignancy. Based on histologic analysis, 
only between 20 and 40% of patients with abnor-
mal mammograms are found to have breast can-
cer. In addition, about 10% of breast cancers 
cannot be identified on mammograms even when 
palpable [146]. The most common type of breast 
cancer is invasive ductal carcinoma consisting of 
70–80% of cases. Invasive lobular carcinoma is 
relatively uncommon and consists of 5–10% of 
cases [139]. Although FDG PET/CT is primarily 
used in the evaluation of restaging, recurrence, 
and response to therapy, it is also useful in the 
evaluation of non-palpable masses in dense breast 
as well as when mammography is equivocal.

The estrogen receptor (ER) status of breast 
cancers carries important prognostic information 
which can guide patient management. Almost 
two-thirds of invasive breast cancers are ER+. 
The most common therapy for these tumors are 
endocrine therapy due to the favorable toxicity 
profile and efficacy. In some of these patients, 
disease progression can arise from gradual resis-
tance to endocrine therapy. The transcription of 
ERs is regulated by epigenetic modifications, 
including histone deacetylases. Histone deacety-
lase inhibitors (HDACIs), however, can reverse 
endocrine resistance and has shown to increase 
breast cancer drug sensitivity. Clinical studies 
have shown promising results when combining 
endocrine therapy with HDACIs. The ER status 
of breast cancers can be reliably evaluated with 
PET using 18F-Fluoroestradiol. The amount of 
radiotracer uptake correlates well with ER 
expression and can predict response to endocrine 
therapy [147].

A major benefit of PET is that it is not affected 
as other modalities by dense breast tissue, prior 
surgery, breast augmentation, or radiation ther-
apy. It has the ability to not only identify primary 
tumors but also locoregional nodes and distant 
metastasis (Fig. 12.25). The ability of PET/CT to 
localize primary lesions is related to tumor size. 
For lesions less than 1 cm, PET has a sensitivity 
of 25%, but for lesions 1–2 cm, the sensitivity 
can be as high as 84% [121]. In general, the 
amount of metabolic activity within a tumor cor-

R. Muzaffar et al.



557

Fig. 12.25 A 34-year-old female presenting with a right 
breast mass. FDG PET/CT images show an intensely 
hypermetabolic right breast mass with multiple hyper-

metabolic right axillary lymph nodes. Biopsy revealed 
right breast invasive ductal carcinoma with metastatic 
right axially lymph nodes

relates with tumor grade as well as proliferation 
index (Ki67 expression). In addition, there is 
higher FDG uptake in infiltrating ductal carci-
noma than in infiltrating lobular carcinoma. This 
may be secondary to its infiltrative properties as 
well as low tumor cell density [148].

Lymph node involvement is the most impor-
tant variable in staging and essential in the proper 
therapeutic approach. The gold standard in the 
evaluation of axillary lymph nodes continues to 
be lymphoscintigraphy with 99mTc sulfur colloid. 
FDG PET/CT is helpful in evaluating metastasis 
in lymph nodes that would otherwise be normal 
by CT criterion. However, it has been reported 
that the sensitivity of detecting axillary lymph 
node metastasis with PET/CT rages from 44 to 
67% with a specificity of 90–99%. False-negative 

results tend to occur in patients with small depos-
its of tumor in subcentimeter nodes. Nonetheless, 
in a noninfectious setting, increased metabolic 
activity in an axillary lymph node is suspicious 
for malignancy with a positive predictive value of 
up to 80% [105].

Per NCCN, FDG PET is most helpful in situa-
tions where standard staging studies are equivocal 
or suspicious for stage III and stage IV invasive 
breast cancer, and inflammatory breast cancer 
[149]. FDG uptake shows a correlation with the 
tumor grade, histological and molecular subtypes 
of breast cancer and various other factors. FDG 
uptake is higher in higher-grade tumors than lower 
grade tumors. FDG uptake is higher in IDC than 
ILC histological subtype. FDG uptake is positively 
correlated with the tumor size, tumor cell prolifera-
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tion (Ki67 expression), nuclear atypia, mitosis 
counts, tumor invasive size, and lymph node metas-
tasis. FDG uptake is negatively correlated with the 
hormonal receptor status of the tumor. ER-, PR-, 
and triple-negative subtypes show higher 
FDGuptake than ER+, PR+, ER+PR+HER2+, or 
ER+PR+HER2- subtypes [150–152].

12.5.12  Neuroendocrine Tumors

Neuroendocrine tumors (NETs) are a rare type 
of malignancy arising from endocrine cells which 
can appear in almost every organ or tissue but 
typically within the gastrointestinal tract and 
bronchopulmonary system. Although rare, the 
incidence has increased over 600% over the last 4 
decades and is now the second most prevalent 
gastrointestinal cancer after colon cancer. These 
tumors tend to be slow growing, therefore 
60–70% of patients present with metastasis due 
to the average time from the onset of symptoms 
to diagnosis being 5–7 years [153, 154]. The con-
ventional imaging techniques using CT, MRI, 
and ultrasound are utilized in neuroendocrine 
tumors. However, the overexpression of somato-
tatin receptors allows for the binding of labeled 
somatostatin anaologs to these receptors 
(Fig.  12.26). The arrival of 68Ga-DOTATATE 
PET/CT has revolutionized imaging of NETs. 
Due to the greater affinity to somatostatin recep-
tors, 68Ga has increased sensitivity, greater spa-
tial resolution, lower radiation dose, and shorter 
exam time compared to In-111 pentetreotide. It 
has therefore become the gold standard for imag-
ing well-differentiated NETs. Imaging the 
68Ga-DOTATATE has been documented as alter-
ing diagnosis and management in one-third of 
patients and changing operative plans in half the 
patients referred for surgical intervention [154].

Additionally, the recent emergence of 
64Cu-DOTATATE further improves imaging of 
NETs (Fig. 12.27). There are multiple advantages 

of 64Cu over 68Ga, including the shorter positron 
range resulting in improved spatial resolution, 
cyclotron-produced rather than generator- 
produced allowing for large scale production, and 
longer shelf life (12.7 h vs 68 min), making it 
more widely available [67]. Treatment is then 
being performed with 177Lutetium DOTATATE 
which will be further discussed in another 
chapter.

FDOPA is also a valuable tracer in detecting 
NETS, such as carcinoid tumor, medullary thy-
roid cancer and pheochromocytoma/paraganlio-
mas with certain genetic mutations [155, 156].

12.5.13  Prostate Cancer

FDG PET/CT has limited use for the diagnosis 
of primary prostate cancer which is likely due to 
the low level of glucose metabolism. In addition, 
intense urine uptake particularly in the bladder 
can interfere with evaluation. Focal FDG uptake 
in the prostate can be seen in prostatitis and 
 prostate cancer. It has been reported that the sen-
sitivities of FDG PET in metastatic prostate can-
cer ranges from 18 to 65% [157]. However, the 
same study showed an increase in sensitivity to 
72% when imaging with 11C-methionine 
PET.  Although no longer widely used, 
18F-fluoride PET/CT for the assessment of bone 
metastasis which has found to be more sensitive 
than the gold standard 99mTc MDP bone scan 
(Fig. 12.28). It has been reported that 18F-fluoride 
PET/CT had a sensitivity ranging from 81 to 
100% with a specificity of 93% compared to a 
sensitivity of 70% for the conventional bone 
scan [158, 159]. Increased uptake on these scans, 
however, is not limited to tumors and can also be 
seen in benign bone lesions and degenerative 
changes.

Unlike 18F-FDG, 18F-Fluciclovine PET/CT 
is approved for imaging men with suspected 
prostate cancer recurrence (Fig.  12.29). It can 
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Fig. 12.26 A 56-year old female with a neuroendocrine tumor of the breast. 68Ga Dotatate PET/CT demonstrating a 
mass in the right breast with central necrosis with no additional lesions
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Fig. 12.27 A 70-year old female with carcinoid tumor 
initially diagnosed in the small bowel. 64Cu PET/CT 
demonstrates multiple foci of uptake in the liver (middle 

column), abdominal nodes, left iliac wing and left acetab-
ulum (right column)

detect both bone and soft tissue lesions with high 
sensitivity notably in subcentimeter lymph nodes.

However, in the era or theranostics, the draw-
back to 18F-Fluciclovine is the lack of a linked 
therapeutic arm [160]. PSMA PET/CT is emerg-
ing as a superior replacement for both 
18F-Fluciclovine and conventional imaging 
using CT and bone scan in prostate cancer, par-
ticularly in tumor recurrence, which been proven 
to change patient management. Although 
68Ga-PSMA is not yet approved in the US, it has 
been carefully reviewed worldwide and has been 
used as the gold standard for restaging recurrent 
prostate cancer (Fig. 12.30).

Despite the advances of 68Ga-PSMA at imag-
ing the intended target, it does have limitations in 
order to be routinely utilized worldwide. In order to 
address the limitations, there has been a shift from 
68Ga to 18F-labeled PSMA targeted compounds. 
Limited quantities of 68Ga can be made since it is 
generator-produced compared to the high amounts 
of 18F to be produced from cyclotrons. The longer 
half-life of 18F makes it better for transport and 
distribution (110 min vs 68 min). In addition, the 
higher positron yield and lower positron energy 
decreases noise which provides images with better 
resolution. Treatment is then being performed with 
177Lu-PSMA and is being widely seen as a major 
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Fig. 12.28 A 67-year-old male patient with a remote his-
tory of treated adenocarcinoma of the prostate who pre-
sented with an elevated PSA of 89.4 ng/ml. 
Technetium-99m MDP bone scan was negative for meta-

static bone disease (not shown). NaF PET/CT images 
demonstrated metastatic bone disease involving the skull 
and T8 vertebra, with degenerative changes seen at the 
lumbosacral spine

therapeutic option and even recommended by 
some urologic- oncologic guidelines even though 
the therapy has yet to be approved [70, 71].

Furthermore, treating prostate cancer with 
177Lu-PSMA has discovered a role for 18F-
FDG as an anti-theranostic agent. When patients 
are imaged with both 68Ga-PSMA and 18F-

FDG PET/CT, the most effective treatment is 
with PSMA-positive disease with no sites of 
metastatic disease with discordant FDG-positive 
and PSMA-negative findings [161]. Therefore, 
18F- FDG can be used in the selection of patients 
to allow for the greatest targeting and highest 
overall survival.
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Fig. 12.29 A 65-year-old male with prior history of pros-
tate cancer diagnosed 7 years ago (Gleason 4 + 3 = 7) 
status post definitive radiation therapy with rising PSA of 
2.9 ng/ml. CT body scan with contrast and bone scan were 
negative for recurrent disease. (a) Radiation seeds are 

seen in the prostate without evidence of mass or enhance-
ment on CT (arrow). 18F-fluciclovine PET/CT axial fused 
(b) and coronal MIP images (c) demonstrate localized 
intense radiotracer uptake in the right aspect of the pros-
tate apex (arrow) consistent with recurrent disease
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Fig. 12.30 A male patient with a history of prostate can-
cer presenting with biochemical recurrence with PSA of 
1.49 ng/ml. 68Ga-PSMA PET/CT images demonstrate a 

single gallium-avid left supraclavicular lymph node which 
was biopsy-proven prostate cancer metastasis. Image 
courtesy of Dr. Amir Iravani
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Basis of Therapeutic Nuclear 
Medicine

Abdelhamid H. Elgazzar and Ismet Sarikaya

13.1  Introduction

Therapeutic applications of nuclear medicine are 
expanding (Table 13.1). Until 5–10 years ago, the 
use of radioisotopes in therapy was limited pre-
dominantly to treatment of hyperthyroidism and 
thyroid cancer with I-131, polycythemia rubra 
vera with P-32, bone metastases(palliative) with 
strontium-89 (Sr-89), rhenium-186 (Re-186), 
samarium-153 (Sm-153), tin-117m (Sn-117), 
liver tumor and metastases with Y-90 micro-
spheres and neuroblastoma, pheochromocytoma, 
and paraganglioma with I-131 MIBG. In recent 
years Lu-177 and Y-90 labeled somatostatin ana-
logs for the treatment of neuroendocrine tumors 
(NETs), Lu-177 labeled PSMA ligands and 
Ra-223 dichloride for metastatic prostate cancer 
have been increasingly used.

It is not the objective of this chapter to discuss 
different protocols and experiences in the treat-
ment of various conditions using radioisotopes. 
Rather, the objective is to explore some of the 
pathological features of the disease processes 
being treated, the underlying theory behind the 
action of the radioisotopes that induce therapeu-
tic effects.

Generally, treatment options for cancer may 
be local (surgery or external beam radiation) or 
systemic. The role of nuclear medicine focuses 
on a targeted systemic approach (Fig.  13.1), 
whether dealing with a primary tumor or with its 
metastatic foci.

13.2  Treatment 
of Hyperthyroidism

For more than 60 years, iodine-131 has been used 
to treat most cases of Graves’ disease and hyper-
functioning nodules. It has become the modality 
of choice in treating Graves’ disease, with the 
result that surgeons are becoming less and less 
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Table 13.1 Therapeutic applications of nuclear 
medicine

Oncologic
   1. Lymphomas and leukemias
   2. Polycythemia rubra vera
   3. Solid tumors (thyroid carcinoma, neuroblastoma, 

ovarian, prostate, breast, osteogenic sarcoma, 
others)

   4. Treatment of metastasis-induced bone pain
Non-oncologic
   1. Benign thyroid disease particularly 

hyperthyroidism
   2. Radionuclide synovectomy
   3. Bone marrow ablation
   4. Intravascular radionuclide therapy for prevention 

of restenosis
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Fig. 13.1 The major 
types of cancer therapy. 
Nuclear medicine uses 
principally the targeting 
method in treating 
cancer and cancer 
metastases 
(modified from 
Prvulovich et al. [1])

experienced in thyroidectomy since the number 
of operations has decreased significantly. In a 
recent Canadian survey study, endocrinologist 
were found to be the most common to prescribe 
I-131 for malignant, while nuclear medicine phy-
sicians were the most in prescribing it for benign 
disease [2].

The normal thyroid gland varies in shape 
between individuals, and the average weight is 
approximately 20 g. The gland utilizes iodine for 
the synthesis of thyroid hormones (see Chap. 7). 
The cells of the gland do not differentiate between 
stable iodine and radioactive iodine. Accordingly, 
if radioactive iodine is administered, it is trapped 
and then organified by thyroid follicular cells 
exactly like nonradioactive iodine.

13.2.1  Pathophysiology

After oral administration, I-131 iodide is 
absorbed rapidly from the upper gastrointestinal 
tract, 90% within 60  min. After entering the 
blood stream, the iodide is distributed in the 
extrathyroid compartment similar to the stable 
iodide and leaves this compartment to be taken 
up by the thyroid and by renal excretion. 
Approximately 20% of the administered activity 

is taken up normally by the thyroid gland. A 
small amount of I-131 is also found in the sali-
vary glands, gastric mucosa, choroid plexus, 
breast milk, and placenta. Up to 75% is excreted 
by the kidney and 10% by fecal excretion. 
Approximately 40% of the administered activity 
has an effective half-life of 0.43 days while 60% 
has an effective half-life of 7.6 days.

Graves’ disease is the most common form of 
hyperthyroidism, comprising approximately 56% 
of all cases. It is also the major immunologically 
mediated form. It occurs most commonly in 
young women and is characterized by symptoms 
of hyperthyroidism with or without ophthalmop-
athy and dermopathy. Rarely, lymphadenopathy 
and splenomegaly may be present. The thyroid 
gland is usually diffusely enlarged but sometimes 
normal in size. The condition is an autoimmune 
process with autoantibodies directed against the 
TSH receptors on thyroid follicular cells which 
may be stimulatory and/or destructive [3]. 
Thyroid stimulatory antibodies include long- 
acting thyroid stimulator (LATS). This antibody 
is detected in most patients with Graves’ disease 
and behaves like TSH, stimulating the production 
of thyroid hormones and consequently trapping 
and organifying radioiodine. The other stimula-
tory antibody is the LATS protector, the antibody 
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Fig. 13.2 Examples of thyroid scans of patients with 
hyperthyroidism illustrating patterns that affect the treat-
ment strategy using iodine-131. (a) Illustrates pattern of 
uniform uptake in a patient with Graves’ disease. Note 
that scans of patients during recovery phase of thyroiditis 
may simulate Graves’ disease scintigraphically and show 
high uptake. Example (b) is of a patient with subacute thy-
roiditis. Scan shows decreased and nonuniform uptake 
with a 24-h uptake of 1%. Follow-up scan (c) shows uni-
form uptake throughout the gland with an uptake of 38%. 
This may be mistaken for Graves’ disease if the patient is 

referred first during this phase. Example (d) shows dif-
fusely toxic gland with significant nonuniformity and 
multiple cold nodules. Example (e) shows a scan of a 
patient with Graves’ disease and a colloid nodule illustrat-
ing another pattern of “Marine–Lenhart” syndrome which 
is more resistant to iodine-131 therapy. Compare this pat-
tern to that of multiple toxic nodules (Fig. 7.2). This pat-
tern also needs to increase activity per gram of tissue for 
successful treatment. Example (f) is for autonomous sin-
gle toxic adenoma which is treated by relatively high 
activity

that prevents degradation of LATS; accordingly, 
it helps to stimulate thyroid cells indirectly. The 
disease is associated with other autoimmune dis-
orders such as pernicious anemia and myasthenia 
gravis.

Graves’ disease is also known to be associated 
in Caucasians with HLA B8, DR2, and DR3 and 
with an inability to secrete certain glycoproteins 
coded for on chromosomes 6 and 19. A 50% con-
cordance rate is seen among monozygous twins 
while 5% concordance is noted in dizygous 
twins. These facts suggest a genetic susceptibility 
for the disease. The observation that Yersinia 
enterocolitica and Escherichia coli and other 
gram-negative organisms contain TSH binding 
sites raised the possibility that the initiating event 
in the pathogenesis of the disease may be infec-
tious in genetically susceptible individuals.

Histologically, there is hyperplasia of the thy-
roid epithelium, sometimes with papillary 
unfolding. Lymphocytic infiltration is present, 
usually less than in other forms of autoimmune 
diseases as postpartum thyroiditis. Little colloid 
storage is also seen. With time, the untreated 
gland will show progressive fibrosis and the end 
stage will lead to hypothyroidism, which may be 
considered part of the natural history of the dis-
ease [4, 5].

Thyroid scintigraphy shows uniform uptake 
throughout the gland or, less commonly, varying 
degrees of nonuniform uptake. This nonunifor-
mity is related predominantly to different stages 
of involution of the disease with variable amounts 
of fibrosis based on the duration of the disease or 
the presence of nodules (Fig. 13.2). The presence 
of a TSH-dependent functioning nodule in a dif-
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fusely toxic gland has been referred to as Marine–
Lenhart’s syndrome (Fig.  13.2). Since the 
function of such nodule is much less than the sur-
rounding hyperfuctioning tissue, it appears scin-
tigraphically cold.

Ophthalmopathy occurs in approximately 
50% of patients with Graves’ disease [6]. 
Infiltration of extraocular muscles by an inflam-
matory reaction consisting predominantly of 
lymphocytes is the main pathological feature of 
ophthalmopathy. These lymphocytes are believed 
to be sensitized to antigens common to the orbital 
muscles and thyroid gland. Similar inflammatory 
infiltrates may also be present in the dermis, 
causing the dermopathy or pretibial myxedema 
which may be present in up to 10% of patients 
with unclear etiology.

Single thyroid nodules can, via an autono-
mous function, secrete sufficient thyroid hor-
mone to cause hyperthyroidism. These nodules 
are usually greater than 3 cm in diameter in order 
to be capable of producing this level of function 
[7]. Hyperfunction may also arise in a gland con-
taining multiple nodules [8]. In this case, the 
secretion of thyroid hormones can be either from 
hyperfunctioning nodules that are assumed to be 
autonomous or from the internodule parenchyma, 
which may be an expression of Graves’ disease in 
an otherwise nodular goiter. The nodules in the 
latter situation may be cold or a mixture of cold 
and hot, hypertrophic nodules. The term 
Plummer’s disease, or toxic nodular goiter, has 
been used to designate hyperthyroidism in glands 
with both single and multiple toxic nodules. The 
term nodular toxic goiter may be reserved for a 
toxic gland that contains nodules that are not 
hyperactive. The presence of cancer in toxic nod-
ular goiter is extremely rare and varies from 0.1 
to 0.9%. The toxic nodular goiter may have a 
cold nodule representing a TSH-dependent ade-
noma. Scintigraphic imaging cannot exclude 
malignancy in the cold nodule that is not TSH 
dependent.

The therapeutic effects of I-131 sodium iodide 
are due to the emission of ionizing radiation from 
the decaying radionuclide. In benign conditions 
such as Graves’ disease, division of some meta-
bolically active cells is prevented by the effect of 

this ionizing radiation. Cell death is another 
mechanism activated when the cells are exposed 
to high levels of radiation, particularly when high 
doses are given to patients with toxic adenoma, 
where the suppressed normal thyroid tissue is 
essentially spared with delivery of a very high 
concentration to the cells of the toxic nodule. 
Cell death is followed by replacement with con-
nective tissue, which may lead to hypothyroid-
ism, depending on the number of cells destroyed 
and replaced by fibrous nonfunctioning tissue. 
Since 90% of the radiation effects of I-131 are 
due to beta radiation, which has a short range in 
tissue of 0.5 mm, the extrathyroid radiation and 
consequently the side effects are minimal. It has 
been estimated that 15% of patients treated with 
I-131 may show worsening of ophthalmopathy 
[9, 10]. Since posttreatment hypothyroidism has 
been associated with exacerbation of ophthal-
mopathy, lower-dose radioactive iodine or 
 starting replacement hormones early (2 weeks) 
after therapy along with the use of prednisone 
40–80  mg per day tapered over 3 months may 
prevent severe eye disease in up to two thirds of 
patients [11, 12]. It is interesting that cigarette 
smoking has been also implicated as a risk factor 
for progression of Graves’ ophthalmopathy [10].

13.2.2  Factors Affecting the Dose 
of I-131 Used for Therapy 
of Hypothyroidism

Several factors affect the therapeutic dose to be 
administered to patients suffering from hyperthy-
roidism. These include some parameters related 
to the patient, such as age, sex, medical history, 
and duration of treatment with antithyroid medi-
cations, and factors related to the gland itself, 
particularly its size, the level of radioiodine 
uptake, scintigraphic findings of uniform or non-
uniform uptake, and whether nodules are present. 
Additionally, the dose is dependent on how the 
therapist defines the goals of therapy. If the con-
trol of thyrotoxicosis is the most important con-
sideration, the total dose or the dose per gram of 
estimated thyroid tissue weight will be higher 
than when the therapist is trying to avoid or delay 
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hypothyroidism [13]. Using empirical low-dose 
iodine therapy to avoid hypothyroidism has been 
shown to result in persisting hyperthyroidism in 
up to 54% of patients [14]. Additionally, it has 
been found that the rate of hypothyroidism is not 
different among those treated with low-dose and 
high-dose radioiodine [15].

13.3  Treatment of Differentiated 
Thyroid Cancer

Radioactive iodine is the mainstay of therapy for 
residual, recurrent, and metastatic thyroid cancer 
that takes up iodine and cannot be resected, for 
presumed disease (adjuvant therapy), and abla-
tion of residual thyroid tissue. Radioactive iodine 
adjuvant therapy is routinely recommended after 
total thyroidectomy for high-risk differentiated 
thyroid cancer patients by the American Thyroid 
Association (ATA) [16]. Per ATA, radioactive 
iodine remnant ablation is not routinely recom-
mended after lobectomy or total thyroidectomy 
for patients with unifocal papillary microcarci-
noma, in the absence of other adverse features 
[16]. The tissue of normal thyroid and its tumors 
expresses a variety of oncogenes, growth factors, 
and growth factor receptors. There is increased 
expression of some oncogenes, namely, c-myc/c- 
fos and c-ras, in some epithelial and medullary 
thyroid carcinomas.

C-myc mRNA and c-fos mRNA are found in 
high levels in papillary carcinomas compared 
with the surrounding normal thyroid tissue. 
Patients with an unfavorable prognosis were 
twice as likely to overexpress c-myc as patients 
with good prognosis [17].

Ras oncogenes were found in 80% of follicu-
lar and 20% of papillary carcinomas. This high 
prevalence of transforming ras oncogenes in fol-
licular carcinomas may explain its aggressive 
behavior in comparison to papillary carcinoma 
and may suggest a role of this oncogene in the 
metastatic phenotype of this cancer [18]. Recently 
a tissue-specific oncogene associated with papil-
lary carcinoma has been identified.

Excessive growth factor and increased expres-
sion of oncogenes encoding growth factors or 

growth factor expression, such as the oncogene 
of c-ras B were identified in papillary carcinoma, 
adenomas, and anaplastic carcinoma.

Besides the importance of growth factors in 
the development of thyroid carcinoma, links have 
also been found to certain risk factors. The most 
important of these is radiation exposure. Exposure 
to radiation following the explosion of the atomic 
bombs in Japan, as well as after head and neck 
radiation, resulted in a 30-fold increase in the 
incidence of thyroid cancer [19].

About 90% or more of thyroid carcinomas are 
well differentiated, of the papillary, papillofol-
licular, follicular, and Hürthle-cell types, which 
take up iodine and accordingly can be success-
fully treated with I-131. The therapeutic effects 
on differentiated thyroid cancer, where larger 
doses of radioactive iodide are administered, are 
based on destruction of cells of the residual thy-
roid tissue and the functioning carcinoma cells 
by the high dose of administered radionuclide. 
The mortality of patients treated with subtotal 
thyroidectomy and limited I-131 therapy was 
found to be three to four times higher than that of 
patients treated with total thyroidectomy and 
I-131 therapy to ablate known foci of radioiodine 
uptake [20] (Fig.  13.3). Because of the larger 
dose of radionuclide and the lower uptake by the 
tissue in the case of thyroid cancer, more side 
effects can be seen, particularly transient sialad-
enitis, than in treatment of hyperthyroidism. This 
however does not justify using limited therapy 
such as 30 mCi. A recent study confirmed the 
high rate of efficiency of the high ablative dose of 
100 mCi of I-131 particularly in patients with 
less than 2% neck uptake values [21]. This study 
confirmed also that success rate is dependent on 
the pre-therapy neck uptake. The success rate 
was 94% when pre-ablation uptake was less than 
2, 80% with uptake between 2 and 5, and 60% 
when uptake value was more than 5% [21].

Thyroglobulin and calcitonin are the major 
tumor markers for thyroid cancer of the follicular 
epithelium and parafollicular C cells, respec-
tively. These markers are unique, in the sense that 
they are not only specific for tumor tissue but are 
also specific components of normal thyroid tis-
sue. Thyroglobulin is an iodinated glycoprotein 
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body scan (a) for a 
patient with papillary 
thyroid carcinoma 
treated with total 
thyroidectomy. The scan 
shows neck activity 
(arrows). Follow-up 
scan (b) one year after 
I-131 ablation shows 
complete resolution

essential for synthesis and storage of thyroid hor-
mones. Since thyroglobulin is produced exclu-
sively by thyroid tissue, only very small amounts 
can be found in the blood after thyroidectomy 
and ablative radioiodine therapy. Accordingly, 
any post-therapeutic elevation of its levels indi-
cates either remnant thyroid tissue, requiring fur-
ther ablative treatment, or the presence of 
metastases or local recurrence. Other tumor 
markers used for many other tumors, such as car-
cinoembryonic antigen (CEA) and tissue poly-
peptide antigen (TPA), are not specific for thyroid 
cancer. TPA, which is a cytokeratin-related non-
specific proliferation marker, has a sensitivity of 
40–60% for thyroid cancer. However, it has a 
good correlation with tumor progression or thera-
peutic response, with a high positive predictive 
value of 90%. Evaluation of ablative therapy and 
follow-up of patients post ablation to monitor 

disease recurrence has further improved and 
facilitated by the availability of recombinant 
human thyrotropin as well as the use of F-18 
FDG positron emission tomography. The value of 
recombinant human thyrotropin (rhTSH) rests on 
providing the opportunity to obtain diagnostic 
whole-body I-131 scan under adequate TSH ele-
vation as well as representative thyroglobulin 
levels while the patients receiving their thyroid 
hormone [22]. FDG-PET is useful in evaluating 
patients in instances where radioiodine imaging 
fails to identify known or suspected recurrent or 
metastatic disease [23]. Additionally, the use of 
Tl-201 and Tc-99m MIBI particularly when 
FDG-PET is not available is of value for this pur-
pose [24].

There are many purposes to ablate postopera-
tive normal residual thyroid tissue with I-131. 
Residual thyroid tissue, if large, can cause start 

A. H. Elgazzar and I. Sarikaya



575

artifact and obscure the surrounding nodal uptake 
on radioiodine images. It can also take up most of 
the activity and leave small amount of activity for 
metastatic foci. It can mimic local/regional dis-
ease. It can harbor micrometastases. Residual 
thyroid tissue will also continue producing Tg 
and make Tg measurements unreliable. The usual 
amount of I-131 activity for ablation of the thy-
roid remnant is 1.11–3.7  GBq (30–100 mCi) 
which depends on the radioactive iodine uptake 
measurement and amount of residual thyroid 
tissue.

13.4  Treatment of Pain Secondary 
to Skeletal Metastases

Approximately 75% of patients with advanced 
cancer have pain, with a high percentage due to 
skeletal metastases. Bone metastases cause intrac-
table pain, which affects the quality of life for the 
patient, especially if it is associated with immobil-
ity, anorexia, and anxiety, with the consequent 
long-term use of narcotic analgesics. The mecha-
nism of bone pain may not be clear in many of 
these patients and could be due to cell- secreted 
pain modulators such as interleukin-1 beta, inter-
leukin-8, and interferon [25]. Depending on the 
extent of bone metastases, radiation therapy or 
radiopharmaceuticals can be used instead of nar-
cotics to alleviate the pain with the objective of 
improving the quality of life.

Radiotherapy for focal painful metastases 
with delivery of 2000–3000 rads induces pain 
relief in 60–90% of cases [26, 27]. Controlling 
pain of multiple metastases using external beam 
radiotherapy is difficult. Hemibody irradiation 
using 800 rads to the lower half of the body and 
600 rads to the upper half has resulted in com-
plete response in 30%, partial response in 50%, 
and no response in 20% of patients. Radiotherapy 
used for painful skeletal metastases often pro-
duces significant side effects such as nausea, 
vomiting, and diarrhea, as well as bone marrow 
toxicity in one third of patients. Vomiting and 
diarrhea can be severe in 10% of cases and hema-
tological side effects can be life threatening in 
approximately 9% of patients [28].

Bone-seeking radiopharmaceuticals emitting 
beta particles have been used to deliver local 
radiotherapy to metastases to decrease pain at 
their sites. Radiopharmaceuticals which are taken 
up at the sites of bone metastases will cause less 
toxicity than external radiation therapy. These 
radiopharmaceuticals control pain while causing 
only transient bone marrow depression, which is 
usually mild. The uptake of these radiopharma-
ceuticals by metastases is several fold (up to 
15–20 times) that of normal bone. These agents 
are absorbed to hydroxyapatite crystals at the site 
of active new bone, similar to Tc99m-MDP. They 
include phosphorus-32, strontium-89, rhenium-
 186 diphosphonate, and samarium-153 
EDTMP.  The list of radiopharmaceuticals for 
bone palliation has been increasing including 
Re-188, Lu-177, and others [29].

13.4.1  Radiopharmaceuticals

13.4.1.1  Strontium-89 Chloride  
(Sr-89 Chloride)

Systemic radionuclide therapy with Sr-89 chlo-
ride was first used to relieve pain from bone 
metastases in 1937 and regained popularity in the 
1980s. It is a pure beta emitter with a relatively 
long half-life of 50.5 days. It is a chemical ana-
logue of calcium, and accordingly it concentrates 
avidly in areas of high osteoblastic activity. After 
intravenous injection, strontium quickly accumu-
lates in the mineral bone matrix where active 
bone formation takes place. Therefore, there is 
preferential uptake in and around metastatic 
tumor deposits which has been confirmed by 
external measurements using the gamma emit-
ting radionuclide Sr-85 and by autoradiography. 
It was found that Sr-89 concentration is 2–20 
times greater in bone metastases than normal 
bone [30]. The biological half-life of Sr-89  in 
bone lesions is about 90 days, compared to about 
2 weeks in normal bone which can be explained 
by the immature nature of reactive bone com-
pared to normal lamellar bone. This selective 
uptake and prolonged retention at sites of 
increased bone mineral turnover provide precise 
targeting of bone lesions. The radionuclide is 
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typically administered as a single 150  MBq  
(4 mCi) intravenous dose. Overall, pain relief 
occurs in up to 80% of patients, of whom 10–40% 
became effectively pain free. The mean duration 
of palliation is 3–4 months [31, 32]. Furthermore, 
89Sr-chloride may cause slowing of metastatic 
progression due to inhibition of expression of cell 
adhesion molecules (E-selectins) that participate 
in the metastatic process. The significant tran-
sient decrease in serum E-selectin concentration 
as observed after systemic radionuclide therapy 
in a study on 25 men with metastatic prostate car-
cinoma is an indication of such an observation 
[33] and may provide opportunities for clinical 
trials.

13.4.1.2  Samarium-153 Ethylenedi-
aminetetramethylene 
Phos phonate 
(Sm-153-EDTMP)

Samarium-153 is produced in the nuclear reactor 
by neutron activation of both natural Sm-203 and 
98% enriched Sm-152 targets. It has a relatively 
short half-life of about 48 h. Coupling of the 
radionuclide to ethylenediaminetetramethylene 
phosphonate (EDTMP) leads to the high uptake 
of the radionuclide by bone. Gamma camera 
imaging is possible due to the 103 KeV gamma 
ray emitted during decay of Sm-153. The result-
ing images are similar to those obtained with 
Tc99m-MDP or other diphosphonates showing 
increased uptake at the site of metastases. The cal-
culated lesion to normal-bone ratio was reported 
to be 4.0 and to soft-tissue ratio to be 6.0 [34].

Administration of 153Sm-EDTMP according 
to the supplier’s recommendations at 37 MBq (1 
mCi)/kg would deliver a bone marrow dose of 
3.27–5.90 Gray (Gy) which would induce myelo-
toxicity as a side effect. Dosimetric calculation 
by urine collection and whole-body scintigraphy 
has been used to limit the bone marrow dose to 
2 Gy by Cameron and associates [35]. This was 
achieved by anterior and posterior whole-body 
images obtained 10 min and 5 h after the intrave-
nous injection of 740  MBq (20 mCi) of 
153Sm-EDTMP with determination of bone 
activity by imaging and by counting urine col-
lected for 5 h. The total administered activity of 

153Sm-EDTMP predicted on a 2 Gy bone mar-
row dose was found to be 35–63% of the standard 
recommended dose of 37 MBq/kg. The authors 
reported pain relief in eight of the ten patients 
treated using this dosimetric method [35].

13.4.1.3  Rhenium-186 Ethylene 
Hydroxy Diphos phonate 
(Re-186-EHDP)

Similar to Sm-153, Re-186 has been coupled to a 
bone-seeking phosphonate, ethylene hydroxy 
diphosphonate (EHDP). This radionuclide emits 
beta particles with a maximum energy of 
1.07 MeV and gamma photons with an energy of 
137 keV which allows bone scanning. Re-186- 
EHDP undergoes renal excretion within 6 h after 
intravenous injection, as is the case with the com-
mon bone-scanning agents. At 4 days, 14% of the 
radioactivity remains in bone [36].

Several studies have shown encouraging clinical 
results of palliative therapy using 186Re-HEDP 
with an overall response rate of approximately 70% 
for painful osseous metastasis from prostate and 
breast cancer. Myelosuppression has been limited 
and reversible, which makes repetitive treatment 
safe [37, 38]. In a study of 31 patients with various 
cancers (10 prostate, 10 breast, 4 rectum, 5 lung, 2 
nasopharynx) and bone metastases treated with a 
fixed dose of 1295  MBq (35 mCi) of Re-186 
HEDP. When necessary, the same dose was repeated 
two to three times after an interval of 10–12 weeks. 
The mean response rate was 87.5% in patients with 
breast and prostate cancer, 75% in patients with rec-
tal cancer, and 20% in patients with lung cancer. 
The overall response rate was 67.5% and the pallia-
tion period varied between 6 and 10 weeks. The 
maximal palliation effect was observed between the 
third and seventh weeks [38].

13.4.1.4  Tin-117m- Diethylen-
etriaminepentaacetic Acid 
(Sn-117m-DTPA)

Tin-117m is a reactor produced radionuclide, 
with a half-life of 13.6 days. Contrary to the other 
radionuclides mentioned above, this radionuclide 
emits internal conversion electrons. Tin-117m is 
linked to diethylenetriaminepentaacetic acid 
(DTPA). More than 50% of the administered 
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activity is absorbed by bone in patients with met-
astatic carcinoma with a bone to red marrow ratio 
of up to 9:1. Its 159 keV photon energy allows 
correlative imaging with a similar uptake pattern 
as Tc99m-MDP [39].

In a preliminary study in 10 patients by Atkins 
et  al. [40], none of the patients who received 
Sn-117m-DTPA for palliation developed marrow 
toxicity. Another recent study on 47 patients 
treated with Sn-117-DTPA showed that the 
experimental mean absorbed dose to the femoral 
marrow was 0.043 cGy/KBq. In comparison to 
P-32-orthophosphate, Sn-117m-DTPA yielded 
up to an eightfold therapeutic advantage over the 
energetic beta emitter P-32. Accordingly, it was 
suggested that internal conversion electron emit-
ter Sn-117m offers a large dosimetric advantage 
over the energetic beta-particle emitters allowing 
higher administered activity for alleviating bone 
pain, while minimizing marrow toxicity [41].

13.4.1.5  Phosphorus-32 
Orthophosphate

This radionuclide is used uncommonly for the 
treatment of bone metastases. Dosimetric studies 
have demonstrated a relatively high dose to the 
bone marrow from the highly energetic beta par-
ticles of this radionuclide causing myelosuppres-
sion with pancytopenia. Increased incidence of 
acute leukemia has been reported although this 
was reported following P-32-therapy in patients 
with polycythemia vera.

13.4.1.6  Rhenium-188 
Dimercaptosuccinic Acid 
Complex [Re-188(V)DMSA]

Re-188(V)DMSA, a potential therapeutic ana-
logue of the tumor imaging agent Tc99m(V)
DMSA, is selectively taken up in bone metasta-
ses. In a study by Blower et al. [42] on ten patients 
with metastatic prostate cancer studied by 
Tc99m(V)DMSA and 188Re(V)DMSA to com-
pare their biodistribution, only minor differences 
between both radiopharmaceuticals were found. 
Accordingly, Tc99m(V)DMSA scans are predic-
tive of 188Re(V)DMSA biodistribution and could 
be used to estimate tumor and renal dosimetry 

and  assess suitability of patients for Re-186(V)
DMSA treatment [42]. This advantage makes this 
tracer a candidate for more trials as a potentially 
successful agent for bone metastases palliation.

13.4.1.7  Ra-223 Dichloride
Ra-223 dichloride has both palliative and thera-
peutic effect approved for the treatment of 
castration- resistant prostate cancer with symp-
tomatic bone metastases. This will be discussed 
in Metastatic Prostate Carcinoma section.

13.4.2  Mechanism of Action

Metastatic bone pain is believed to be due to 
mechanical factors due to local bony destruction 
and to humoral factors resulting from secretion of 
certain mediators by tumor and peri-tumoral cells 
(Table 13.2). Although the mechanism of action 
of these radiopharmaceuticals in relieving bone 
pain is not completely known, the therapeutic 
effect is thought to be achieved by delivering suf-

Table 13.2 Types of cellular damage in relation to 
approximate radiation dose

Dose (grays 
(rads)) Type of damage Comments
0.01–0.05 
(1–5)

Mutation 
(chromosomal 
aberration, gene 
damage)

Irreversible 
chromosome 
breaks, may 
repair

1 (100) Mitotic delay, 
impaired cell 
function

Reversible

3 (300) Permanent mitotic 
inhibition, impaired 
cell function, 
activation and 
deactivation of 
cellular genes and 
oncogenes

Certain 
functions 
may repair; 
one or more 
divisions may 
occur

>4–10 
(>400–1000)

Interphase death No division

500 (50,000) Instant death No division
Proteins 
coagulate

Modified from Maxon et al. [4] with permission
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ficient energy from the sites of reactive bone 
directly to the cells of metastases and/or to peri- 
tumor cytokine-secreting cells that may be 
responsible for the patient’s pain. Pain relief by 
radiation was found to be independent of the 
radiosensitivity of the tumor and therefore the 
mechanism of action does not involve actual kill-
ing of the tumor cell. It is more likely that radia-
tion interrupts processes that are maintained by 
humoral pain mediators in the microenvironment 
of the tumor [43]. This view is also supported by 
absence of a dose-response relationship [44].

13.4.3  Choice 
of Radiopharmaceutical

It has been demonstrated that myelosuppres-
sion is less severe using radionuclides with 
relatively shorter half-lives favoring the use 
of Sm-153, Re-186, Sn-117, and Sr-89. Other 
physical properties including radiolabeled con-
jugate biological uptake and clearance, product-
specific activity, range and type of emissions, 
and resultant effects on tumor and normal tissue 
cellular survival should be all considered along 
with the clinical outcome to choose a radio-
pharmaceutical. The response rate of different 
 radiopharmaceuticals currently in use appears 
not to differ significantly [45].

13.4.4  Clinical Use

Radiopharmaceutical therapy is indicated for the 
treatment of patients with painful widespread 
bone metastases. However, the patient with pain 
secondary to either spinal cord or peripheral 
nerve invasion by adjacent metastases will not 
benefit from such treatment. The contraindica-
tion in pregnancy is absolute, and relative contra-
indications include preexisting severe 
myelosuppression, urinary incontinence, severe 
insufficiency, and spinal cord compression or 

pathological fracture. A pre-therapy bone scan 
within 3 mos, neurological examination, and 
blood counts should be available before the 
patient is treated. Follow-up blood counts should 
be performed at least biweekly to evaluate myelo-
toxicity. The response to these radiopharmaceuti-
cals is more or less similar, with an average 
success rate of 70–80% [46–52].

The difference in half-life of the radiopharma-
ceuticals and the extent of bone metastases has 
consequences for both the onset and the duration 
of pain relief. Relief rates using the newer agents 
are not significantly different and are comparable 
with those of external beam radiotherapy, but 
side effects are minimal and compare favorably 
with those of the older agent P-32.

Using radionuclide along with chemotherapy 
for palliation is being investigated and may proof 
useful. Palmedo et al. reported a case of a patient 
with disseminated bone metastases due to breast 
cancer and multifocal pain. Because of persisting 
pain after a first cycle of chemotherapy, 
1295 MBq Re-186 HEDP was administered and 
pain relief was significant. Subsequently, the 
patient received combined chemotherapy along 
with Re-186 HEDP therapy and remained pain 
free. Follow-up Tc99m-MDP bone scan showed 
significant regression of osseous metastases. The 
authors speculated that the combination of 
Re-186 HEDP and chemotherapy resulted in sig-
nificantly increased palliation of metastatic bone 
disease [53].

The side effects, which are mainly hemato-
logical, vary among the agents used, being more 
pronounced with P-32 than with the newer 
agents. Some agents have the advantage of emit-
ting gamma energy suitable for scintigraphy such 
as samarium-153 EDTMD (ethylenediaminetet-
ramethylene phosphonate). Tin-117m DTPA dif-
fers from the other radiopharmaceuticals in that it 
emits conversion electrons rather than beta parti-
cles. These conversion electrons have low energy 
and a shorter path in tissue and may then result in 
less marrow toxicity [50, 54].
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13.5  Treatment 
of Neuroendocrine Tumors

Neuroendocrine tumors constitute a heteroge-
neous group of neoplasms originating from neu-
roendocrine cells that secrete biogenic amines 
and polypeptide hormones. Recently, the inci-
dence of these tumors has gradually increased 
worldwide. The clinical behavior of neuroendo-
crine tumors is significantly variable; they may be 
hormonally active or nonfunctioning, ranging 
from very slow-growing tumors to highly aggres-
sive and very malignant tumors. Surgery is cur-
rently the only available curative treatment for 
these tumors, but for patients who have inoperable 
primary, recurrent or metastatic disease, few ther-
apeutic options are available. The goals of radio-
nuclide therapy for neuroendocrine tumors are to 
control symptoms and pain, improve the quality 
of life, reduce medical requirements, and stabilize 
the disease. Additionally, in limited disease it is 
used to reduce tumor volume, reduce hormone 
secretion, and help complete remission.

Several neuroendocrine tumors are candidates 
for radionuclide therapy. I-131 has been used to 
treat neuroblastoma, pheochromocytoma, and 
paraganglioma. More recently octreotide and 
other analogues labeled with In-111, Y-90, and 
Lu-177 are being used [55–57] (see later).

I-131 metaiodobenzylguanidine (MIBG) is 
being used for the treatment of pheochromocy-
toma, malignant paraganglioma, neuroblastoma, 
medullary thyroid carcinoma, and symptomatic 
carcinoid tumors. The radiopharmaceutical 
resembles guanethidine and is concentrated by 
normal and abnormal sympathetic adrenergic 
tissue.

When I-131 MIBG is administered intrave-
nously, it is transported by blood to be taken up 
by normal adrenergic tissue such as the adrenal 
medulla and sympathetic nervous system and by 
tumors of neuroectoderm-derived tissue. The 
uptake by these tumors is secondary to active 
uptake-1 mechanism and passive diffusion 
through the cell membrane, followed by active 
intracellular transport to the neurosecretory gran-
ules in the cytoplasm, where it is retained.

In normal adrenergic tissue such as the 
adrenal medulla, heart, and salivary glands, as 
well as in pheochromocytoma, 90% of MIBG 
is stored in the neurosecretory granules, while 
in neuroblastoma it was found that up to 60% 
is stored within the extragranular cells. The 
major part of the radiopharmaceutical is 
excreted unchanged in urine. Other than in the 
adrenergic tissues, uptake is normally noted in 
the liver, spleen, urinary bladder, bowel, lungs, 
nose, near the trapezium muscle in children, 
and in the uterus in some women [58, 59]. The 
radiation effect is due to emission of beta par-
ticles from the decaying I-131 with a mecha-
nism similar to that in treating thyroid 
disorders. A long list of medications is known 
to block the uptake and/or retention of MIBG 
by the target tissues, while some reports have 
suggested that others such as calcium channel 
blockers may increase its uptake. The mecha-
nism of interference of these drugs varies. 
Beta-blockers, for example, interfere with the 
uptake by inhibiting the uptake mechanism-1 
and by depleting the neurosecretory granules, 
while reserpine exerts this action by depleting 
the granules and inhibiting the intracellular 
transport. More recently peptide therapy has 
been increasingly used to treat these tumors 
(shown later in the chapter).

13.5.1  Neuroblastoma

Therapeutic amounts of I-131 MIBG can be 
delivered to neuroblastoma with acceptable bone 
marrow toxicity [60–62]. Among patients with 
stages 3 and 4 neuroblastoma who had failed 
treatment with chemotherapy, I-131 MIBG 
induced partial remission in many children and 
complete remission in a small number of patients. 
The agent has also been used for early therapy at 
the time of diagnosis, with a success rate compa-
rable to that of chemotherapy with fewer side 
effects [61]. Since some neuroblastomas express 
somatostatin receptors, peptide receptor radionu-
clide therapy particularly with 177Lu-DOTA- 
TATE is also beneficial.
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13.5.2  Pheochromocytoma

Malignant pheochromocytoma and its metastases 
are known to be resistant to chemotherapy and 
external beam radiation therapy. I-131 MIBG has 
a limited role in the treatment of malignant pheo-
chromocytoma, functioning paraganglioma, and 
medullary carcinoma of the thyroid. Palliative 
effects have been achieved in patients with pheo-
chromocytoma [63]. Several reports from the 
USA and Europe have collectively shown a 
response of 62.5% among patients with pheo-
chromocytoma [45]. Soft-tissue metastases 
responded better than skeletal metastases.

13.5.3  Carcinoid Tumor

Carcinoid liver metastases are common and 
rarely can be resected. Treatment for symptom-
atic patients with unresectable disease includes 
chemotherapy, interferon alpha, and the soma-
tostatin analogue, octreotide. The response to 
these medical therapies is usually poor. Hepatic 
artery ligation and embolization are alternatives 
and have a better response rate. Preliminary 
experience also suggests that external beam 
radiotherapy can be useful. I-131 MIBG and 
radiolabeled octreotide have recently been tried. 
I-131 MIBG is highly concentrated by more than 
60% of carcinoid metastases. Carcinoid tumor 
cells stain positive for chromogranin A [64]. 
I-131 MIBG targets the metabolically active 
lesions, reduces the hormonal secretion, and 
improves symptoms [1, 65]. Data indicate a par-
tial response in 20% of patients and a palliative 
effect in more than 50% of those with end-stage 
disease. I-131 MIBG causes temporary myelo-
suppression, which makes its use favorable com-
pared with chemotherapy. It is also preferred to 
interferon alpha and octreotide, which require 
frequent subcutaneous injections.

Pathologically, I-131 MIBG produces gross 
cystic changes in liver metastases which proba-
bly are due to ischemic necrosis. Surgical deroof-
ing and aspiration of cysts can lead to regeneration 
of normal liver tissue [1].

13.6  Radioimmunotherapy

Monoclonal antibodies are now contributing 
increasingly to cancer treatment, following early 
disappointments. I-131 anti-CD-20 and I-131 
anti-CD-22 are good examples which are used 
for non-Hodgkin’s lymphomas. These antibodies 
can be used alone to kill tumor cells or conju-
gated with drugs, cytotoxic agents, and radionu-
clides to improve their effects.

Radioimmunotherapy using monoclonal anti-
bodies conjugated with isotopes allows the deliv-
ery of radiation to tumor tissue while sparing 
normal tissue. This radiation can be administered 
as a single large dose of radiolabeled monoclonal 
antibodies or, more commonly, in multiple frac-
tions [66–68].

Although the way they work is not entirely clear, 
generally monoclonal antibodies can kill tumor 
cells through the following mechanisms [69]:

 1. Activation of host immune system to lyse 
tumor cells, e.g., complement, antibody- 
dependent cellular cytotoxicity (ADCC)

 2. Directing biologically active agents to tumor 
cells (e.g., drugs, toxins, cytokines, isotopes)

 3. Triggering or interfering with the function of 
physiologically important cell receptors

 4. Inducing indirect antitumor response by trig-
gering the formation of autoantibodies or acti-
vation of cellular responses to tumor antigens 
to destroy tumor cells

 5. Killing tumor cells by apoptosis, which is 
simply an intrinsic “programmed” cell death 
characterized by chromatin condensation and 
DNA degeneration

The use of radioimmunotherapy for treating 
lymphoma has been expanding in the last decade. 
It is currently being used for recurrent and 
relapsed disease of low-grade B cell and follicu-
lar and transformed lymphomas. Clinical trials 
are being conducted for aggressive B cell, mantle 
cell, and non-follicular indolent B cell types as 
well as chronic lymphocytic leukemia. Results of 
a study on the long-term impact of radioimmuno-
therapy using yttrium-90 (90Y)–ibritumomab 
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tiuxetan in advanced-stage follicular lymphoma 
in first remission showed a median duration of 
progression-free survival of 4.1 years after radio-
immunotherapy and 1.1 years for controls [70].

13.7  Radionuclide Synovectomy

There may be a need for a definitive solution to 
the joint pain of many arthropathies, particularly 
rheumatoid arthritis, after failure of conventional 
medications. Therapeutic nuclear medicine offers 
an alternative to surgical synovectomy. Several 
radiopharmaceuticals can destroy the synovial 
membrane when injected intraarticularly (radio-
nuclide synovectomy or radiosynoviorthesis) and 
the patients become pain free.

Yttrium-90 colloid, erbium-169 citrate col-
loid, rhenium-186 colloid, phosphorus-32 (P-32) 
colloid, and others are all used to treat synovial 
disease [71, 72]. Since these colloids vary in their 
physical characteristics and thus in their range of 
penetrability, they are used differently to achieve 
the therapeutic effects and avoid injuring the sur-
rounding tissue. Accordingly, some radiophar-
maceuticals are used for the knee while others are 
used for small joints (Table  13.3). Yttrium-90 
citrate or silicate is generally used for big joints 
such as the knee; rhenium-186 colloid is used for 

the shoulder, elbow, hip, and ankle; and 
erbium-169 citrate for the small joints in the 
hands and feet (Fig. 13.4).

13.7.1  Radiopharmaceuticals 
for Synovectomy

13.7.1.1  Yttrium-90 Colloid (90Y)
This radionuclide is used predominantly for 
radionuclide synoviorthesis of the knee joint. It is 
also for malignant pleural and peritoneal effu-
sions. The pharmacological characteristics of the 
silicate and citrate forms are the same. The aver-
age range in tissue is 3.6 mm and the maximum 
is 11 mm. After direct intra-articular administra-
tion the colloid penetrates into the surface cells of 
the synovia. Small amounts of particles are trans-
ported through the lymphatics, mainly after 
active or passive movement of the joint, from the 
knee to the regional lymph nodes. The safety of 
this modality of management has been reported, 
and hence the patients’ age should not be regarded 
as a limiting factor [73]. It is recommended that 
Y-90 synoviorthesis should be performed in very 
young patients, when the amount of synovium is 
still moderate. Once the degree of synovitis has 
become severe, the expected results of radioac-
tive synoviorthesis are worse [74].

Table 13.3 Physical properties and main uses of major radiopharmaceuticals for synovectomy

Isotope Mode of decay

Physical 
half-life 
(days) Main energy Penetration range

Main use/adult 
dose

90Y-silicate or citrate 
colloid with an 
average particle size 
of 10 nm

Emission of beta 
particles

2.7 2.24 MeV 3–5 mm in soft 
tissue, 2.8 mm in 
cartilage, max. 
11 mm in soft 
tissues

Knee joint; 
185 MBq

169Er-citrate colloid 
with an average 
particle size of 10 nm

Emission of beta 
particles

9.4 0.4 MeV Max 1 mm in soft 
tissue and 0.7 mm 
in cartilage

Small joints of 
hand and feet; 
37 MBq

186Re-sulfide colloid 
with an average 
particle size of 
5–10 nm

Emission of beta 
particles and gamma 
rays (92.2%); 
electron capture 
(7.8%)

3.7 Gamma 137 
keV, beta 
1.07 MeV

1.2 mm in soft 
tissues and 0.9 mm 
in cartilage

Shoulder, 
elbow and 
wrist joints; 
74 MBq

32P-colloid with an 
average particle size 
of 5–20 nm

Emission of beta 
particles

14 1.7 MeV Max 7.9 mm in soft 
tissue

Knee, elbows 
and ankles; 
37 MBq

13 Basis of Therapeutic Nuclear Medicine



582

Fig. 13.4 Diagram illustrating the choice of radiopharmaceuticals for radiosynovectomy of different joints

13.7.1.2  Rhenium-186 Sulfide ([186Re] 
Colloid)

This radiopharmaceutical is used particularly for 
radionuclide synoviorthesis of the hip, shoulder, 
elbow, wrist, or ankle joint. After intra-articular 
injection, it is absorbed by the superficial cells of 
the synovia. Beta radiation leads to coagulation 
necrosis and sloughing of these cells.

13.7.1.3  Erbium-169 Citrate [169Er] 
Colloid

This is more suitable for the radionuclide synovi-
orthesis of metacarpophalangeal, metatarsopha-
langeal, and proximal interphalangeal joints. 
Beta radiation of the absorbed radiopharmaceuti-
cal in the synovia causes coagulation necrosis 

and sloughing of cells, as with other colloids 
used for other joints. 169Er colloid has an affinity 
to chelates; therefore, the simultaneous adminis-
tration of iodine contrast medium containing 
EDTA should be avoided.

Absolute contraindications for the use of the 
three therapeutic radiopharmaceutical colloids 
for synovectomy are pregnancy and continued 
breast feeding.

13.7.1.4  Phosphorus-32 Chromic 
Sulfate (P-32)

32P chromic phosphate has a 14 days half-life, is 
several times larger than 90Y silicate, Re-186, 
Er-169, or 198Au colloids, and emits only beta 
radiation. Its beta radiation has a soft-tissue pen-
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etration midway between them at 2–3 mm. These 
physical advantages have led some investigators 
to use it for the treatment of with rheumatoid 
arthritis and hemophilic arthritis [75, 76].

13.7.1.5  Radioactive Gold Au-198
Radioactive gold (Au-198) has a mean soft-tissue 
penetration of only 1–2 mm. It has also been used 
also radiosynovectomy. It has a physical half-life 
of 197 days and a colloid particle size ranging 
from 20 to 70 μm.

13.7.1.6  Rhenium-188 Colloid
Rhenium-188 is a generator-produced beta- 
emitting radionuclide; the importance of 188Re 
for radionuclide therapy is increasing rapidly. 
Jeong [77] prepared 188Re-colloid and com-
pared its properties with 188Re-colloid. They 
found that 188Re tin colloid is more advanta-
geous over 188Re sulfur colloid since it showed 
higher labeling efficiency, allowed better control 
of the particle size, and lower residual activity in 
the injection syringes [9].

13.7.1.7  Dysprosium-165 (Dy-165)
This radionuclide has a short half-life of 2.3 h, 
energetic beta emission with a tissue penetration 
of 5.7 mm, and a very large particle size. 
Furthermore, it has a 3.6 abundance of gamma 
emission that can be used by the gamma camera 
to detect any possible leak. It showed a response 
rate of 65–70% with the best results in patients 
with early-stage joint disease [78].

13.7.1.8  Ho-166-Ferric Hydroxide
The first experience with Ho-166 was recently 
reported [79]. Knee joints of 22 patients were 
treated with a mean activity of 1.11 GBq (mCi). 
Ho-166 has a maximum beta energy of 1.85 MeV 
with a mean penetration in inflamed synovial 
layer of 2.2 mm and a maximum of 8.7 mm. Its 
particle size is 1.2–12 nm.

13.7.2  Mechanism of Action

Although the mechanism of action cannot be 
totally explained, the current belief is that after 
intra-articular administration the radioactive par-

ticles are absorbed by superficial cells of the 
synovium. Beta radiation leads to coagulation 
necrosis and sloughing of these cells.

13.7.3  Choice 
of Radiopharmaceutical

The choice of radiopharmaceutical depends on 
the physical characteristics and the size of the 
joint to be treated as well as the disease status. 
The therapeutic agents are particulate in nature 
and labeled with beta-emitting radionuclides. 
Radiation tissue penetration is proportional to the 
energy of the beta particles. For example, 
yttrium-90, with its highly energetic beta, has a 
mean soft-tissue penetration of 3–4 mm, while 
rhenium-186 has a mean penetration of 1–2 mm, 
the beta of phosphorus-32 has a soft-tissue pene-
tration midway between them at 2–3 mm, and 
both radioactive gold and Re-186 have a mean 
soft-tissue penetration of only 1–2  mm. 
Radiopharmaceuticals with shallow depth of 
penetration are not optimal for large joints such 
as the knee or for patients with extensively thick-
ened synovium as cases with rheumatoid arthritis 
and pigmented villonodular synovitis. Since the 
rate of exposure to the radiation is proportional to 
the severity of the post therapy inflammatory 
reaction, a radionuclide with a moderately long 
half-life of days may be preferred to that with a 
half-life of a few hours. It appears that there is an 
inverse relationship between the size of radioac-
tive particle used and the tendency for the radio-
colloid to leak from the joint space which, in 
general, makes the choice of a relatively large 
radiocolloid more appropriate. A radionuclide 
that emits only beta radiation would have more 
advantages than those which emit both beta and 
gamma radiation in order to minimize whole- 
body radiation.

13.7.4  Clinical Use

Hemophiliac patients with chronic synovitis and 
hemarthropathy, rheumatoid arthritis, pigmented 
villonodular synovitis, psoriatic arthritis, anky-
losing spondylitis, and collagenosis are candi-
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dates for this treatment modality. Furthermore, 
persistent effusion after joint prosthesis is a rela-
tive indication [80].

The absolute contraindications for the use of the 
therapeutic radiopharmaceutical colloids for syno-
vectomy are pregnancy and continued breast feed-
ing. Fresh fracture, serious liver disease, 
myelosuppression, and acute infections are other 
contraindications. Relative contraindications 
include children or young adults, in which case 
therapy should only be administered if the estimated 
benefit outweighs the potential risks [81]. The pres-
ence of a Baker cyst in the knee joint is considered 
by some workers in the field as a contraindication. 
Ultrasonography is particularly important for the 
knee joint to exclude the presence of a Baker cyst 
which is an evagination of the medial dorsal part of 
the joint capsule in communication with the main 
joint. If there is inflammation in the knee joint, the 
effusion can be pumped into Baker cyst by enhanced 
motion. If a valve mechanism exists in the connec-
tion duct, this could have a deleterious effect after 
radiosynovectomy. The increased pressure in the 
cyst might lead to its rupture and the radioactive 
fluid getting into the surrounding tissue of the joint. 
The consequence could be possible necrosis of the 
muscles, nerves, and blood vessels. 
Radiosynovectomy should be delayed for 4–6 
weeks after arthroscopy [81].

Two or three phase bone scan should be 
obtained before planning therapy to assess the 
degree of inflammation of the joint and soft tissue 
and in order to be able to decide if radiosynovec-
tomy is possible and if the patient would benefit 
from this therapy. Scintigraphy is particularly 
important to evaluate the extent of abnormalities 
in the joint being treated and quantitation meth-
ods could be used before and after therapy. 
History of arthroscopy must be checked. 
Ultrasound or MRI is also helpful to assess the 
amount of effusion, joint space, and the status of 
the synovium to ensure homogenous distribution 
of the radiopharmaceutical. Complete blood cell 
count must be obtained before therapy as well as 
pregnancy test for women of child-bearing age. 
Injection should be done using aseptic technique. 
Radiosynovectomy can generally be repeated in 
6 months.

The largest number of treated patients are 
those with rheumatoid arthritis and hemophilia. 
Good results are generally obtained from among 
those patients as well as those with psoriatic 
arthropathy. On the other hand, in osteoarthritis 
with recurrent joint effusion, radiosynovectomy 
has not been as successful in relieving the symp-
toms. Good response is reported in 40–70% of 
patients [82]. In patients with advanced cartilage 
destruction or bone-on-bone interaction, the 
synovial membrane is likely to be practically 
nonexistent. Accordingly, patients with less 
radiological damage generally show better results 
than those with more severe damage. If there is 
initially a poor response or a relapse, more than 
half the patients may benefit from a reinjection 
[71, 83]; 2190 joints were treated with radiosyno-
vectomy with a minimum of 1 year follow-up but 
without specifying the radiopharmaceutical used 
and the overall success rate was 73%. For rheu-
matoid arthritis it was 67%, whereas it was 56% 
for osteoarthritis, 91% for hemophilia and 
Willebrand’s disease, and 77% for pigmented vil-
lonodular synovitis [83].

13.8  Treatment of Primary 
and Secondary Liver 
Malignancies

Blood supply to the normal liver depends on por-
tal vein and to a much lesser extent on hepatic 
artery. Tumors on the other hand depend on 
their blood supply on arterial supply and are 
additionally hypervascular. This forms the basis 
of selective internal radiotherapy (SIRT) for 
hepatocellular carcinomas and metastases. This 
approach is considered a combination of embo-
lization and radiation. Microscopic radioac-
tive spheres of approximately 35 μm in size are 
administered through a catheter in the hepatic 
artery. These occlude the small branches of the 
hepatic artery, which reduces the blood supply 
to the metastatic tissue. Ho-166 microspheres, 
Re-188 microspheres, Re-188 lipiodol, and Y-90 
microspheres are all being used [84–87]. This 
therapy is used as an adjunct therapy before and 
after surgery and it may be curative. It is recom-
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mended as an option of palliative therapy for 
large or multifocal hepatocellular carcinomas 
without major portal vein invasion or extrahe-
patic spread. It can also be used for recurrent 
unresectable HCC, as a bridging therapy before 
liver transplantation, as a tumor downstaging 
treatment, and as a curative treatment for patients 
with associated comorbidities who are not candi-
dates for surgery. Combined I-131 lipiodol and 
chemotherapy is also being studied [85].

Currently, microspheres are labeled either 
with pure beta emitters (e.g., yttrium-90: Y-90) 
or with combined beta/gamma emitters such as 
rhenium- 188. The decay of the radionuclide 
results in prolonged radiation of the tumor tis-
sue, with a dosage of approximately 150–
200 Gy. Because the radionuclides used are beta 
emitters, the energy is deposited only in a few 
millimeters around the microsphere; e.g., 90% 
of the energy is deposited within 5.3 mm in the 
case of Y-90 with preservation of the normal 
liver tissue [86, 87].

13.9  Peptide Receptor 
Radionuclide Therapy

Since cells express on their plasma membranes 
receptor proteins with high affinity for regulatory 
peptides such as somatostatin, peptide analogues 
are used to image and treat receptor positive 
tumors. The amount of these receptors changes 
with diseases. Overexpression of such receptors 
is the pathophysiologic basis of visualization and 
treatment of receptor positive tumors [88]. 
Peptide receptor radionuclide therapy (PRRNT) 
is a molecularly targeted radiation therapy using 
systemic administration of a radiolabeled peptide 
designed to target with high affinity and specific-
ity receptors overexpressed on tumors.

High level of expression of somatostatin 
receptors on several tumor cells is the molecular 
basis of the utilization of radiolabeled somatosta-
tin analogues in diagnostic and therapeutic 
nuclear oncology. Several radiolabeled soma-
tostatin analogues therapeutic radiopharmaceuti-
cals (Table 13.4) have been used to treat patients 
with NETs in the recent years. Since peptides can 

be produced easily and have rapid clearance, 
rapid tissue penetration, and low antigenicity, 
several labeled peptides have been developed 
over the last few years. These include somatosta-
tin, cholecystokinin (CCK), gastrin, vasoactive 
intestinal peptide (VIP), bombesin, substance P, 
and neuropeptide Y (NPY) analogues [57, 89].

Candidate patients for PRRNT using radiola-
beled somatostatin analogues are mainly those 
with sstr2- expressing NET of the gastroentero-
pancreatic and bronchial tracts but may also 
include patients with phaeochromocytoma, para-
ganglioma, neuroblastoma [57], or medullary 
thyroid carcinoma. Iodine- negative metastases of 
differentiated thyroid cancer may express soma-
tostatin receptors and could benefit from Y-90 
DOTA octreotide or lanreotide [82]. Detection of 
somatostatin-positive metastases before consid-
ering this treatment should be done using diag-
nostic sstr imaging with Ga-68 labeled 
somatostatin analogs or In-111 labeled octreotide 
or lanreotide. Some metastases respond to octreo-
tide while others respond to lanreotide, and there 
is no apparent explanation. Combination of I-131 
and Y-90 DOTA octreotide or lanreotide is being 
considered.

NETs have proven to be ideal neoplasms for 
PRRNT, as the majority of these malignancies 
overexpress somatostatin receptors. Appropriate 
candidates for PRRNT are patients presenting 
with well-differentiated or moderately differenti-
ated neuroendocrine carcinomas, defined as 
NETs of grade 1 or 2 according to the WHO clas-
sification of 2010 [90–93]. A study (82) has 
shown that In-111 DTPA octreotide effect is 
dependent on tumor size in animal model bearing 

Table 13.4 Radiolabeled somatostatin analogues for 
treatment of neuroendocrine tumors

111In-DTPAOC (111indium-DTPAO] octreotide)
111In-DOTA-TATE 
(111indium-DOTA-TYR3-octreotate)
90Y-DOTATOC (90yttrium-DOTA-TYR3-octreotide)
90Y-DOTA-TATE 
(90yttrium-DOTA-TYR3-octreotate)
177Lu-DOTATOC 
(177lutetium-DOTA-TYR3-octreotide)
177Lu-DOTA-TATE 
(177lutetium-DOTA-TYR3-octreotate)
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somatostatin pancreatic tumor expressing soma-
tostatin receptor type2 (sst2). Complete response 
was seen in 50% of tumors of 1  cm or less in 
diameter while the response was less pronounced 
with increasing tumor size. This study indicates 
that this therapy may be preferred to start as early 
as possible when tumors are small.

Combined [90Y]DOTA-TATE and [177Lu]
DOTA-TATE therapy has been found feasible 
and effective therapeutic option in NET refrac-
tory to conventional therapy. In a study of 26 
patients with metastatic neuroendocrine tumors 
treated with four therapeutic cycles of alternating 
[177Lu]DOTA-TATE (5.55 GBq) and [90Y]DOTA- 
TATE (2.6 GBq), a median progression-free sur-
vival longer than 24 months was achieved. 
Among patients with pretreatment carcinoid syn-
drome, 90% showed a symptomatic response or a 
reduction in tumor-associated pain [94]. Peptide 
receptor radionuclide therapy for somatostatin- 
positive neuroendocrine tumors has resulted in 
improved symptoms, prolonged survival, and an 
enhanced quality of life.

13.10  Treatment of Malignant 
Effusions

Radiopharmaceuticals can also be used in the 
treatment of malignant effusions. After intrapleu-
ral or intraperitoneal administration, Y-90 colloid 
is distributed in the effusion and penetrates the 
surface cells of tumors. The radionuclide destroys 
free tumor cells in malignant effusions and may 
have an additional radiation effect on metastases 
and mesothelioma by tumor penetrational intra-
tumoral distribution.

13.11  Other Therapeutic 
Procedures

13.11.1  Treatment of Bone Tumors

13.11.1.1  Osteogenic Sarcoma
Targeted radionuclide therapy using 
153Sm-EDTMP was reported to give substantial 
palliative effect in a case of relapsed primary 

osteogenic sarcoma in the first lumbar vertebra 
with progressive back pain after conventional 
treatment modalities had failed. The patient was 
bedridden and developed paraparesis and 
impaired bladder function. On a diagnostic bone 
scan, intense radioactivity was localized in the 
tumor. The patient was treated with 
153Sm-EDTMP treatment twice, 8 weeks apart 
using 35 and 32 MBq/kg body weight, respec-
tively. After a few days the pain was significantly 
relieved and by the second radionuclide treat-
ment the paresis subsided. For 6 months he was 
able to be up and about without any neurological 
signs or detectable metastases. Eventually, how-
ever, the patient redeveloped local pain and para-
paresis, was reoperated, and died 4 months later. 
The investigators recommended further explora-
tion using 153Sm-EDTMP as a boost technique, 
supplementary to conventional external radio-
therapy given dramatic transient improvement 
observed in this case [95].

Another case was also reported which illus-
trated high-activity Sm-153-EDTMP therapy 
within a multimodal therapy concept to improve 
local control of an unresectable osteosarcoma 
with poor response to initial polychemotherapy. A 
21-year-old woman with an extended, unresect-
able pelvic osteosarcoma and multiple pulmonary 
metastases was treated with high activity of 
Sm-153-EDTMP.  Subsequently, external radio-
therapy of the primary tumor site was performed 
and polychemotherapy continued, followed by 
autologous peripheral blood stem cell reinfusion. 
Within 48 h after Sm-153-EDTMP treatment, the 
patient had complete pain relief. Three weeks 
later the response was documented by 3-phase 
Tc99m-MDP bone scan which showed a decrease 
in tracer uptake in the primary tumor and metasta-
ses. Whole-body F-18 FDG- PET also demon-
strated an interval decrease of uptake. Further 
evaluation of feasibility and efficacy of this multi-
modal therapy combination of high-activity 
Sm-153-EDTMP therapy, external radiation, 
polychemotherapy, and stem cell support for 
unresectable osteosarcomas is warranted [96].

An animal study was conducted on fifteen 
dogs with spontaneous osteogenic sarcoma and 
local pain. They were treated with Sm-153- 
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EDTMP. The tumors were located in the extremi-
ties, scapula, maxilla, and the frontal bone. The 
dogs were injected intravenously one to four 
times with 153Sm-EDTMP; 36–57 MBq/kg 
body weight. Three dogs had surgery in addition 
to the radionuclide treatment. Platelet and WBC 
counts showed a moderate and transient decrease 
with no other toxicity observed. The average 
tumor doses after a single injection were approxi-
mately 20  Gy. Seven dogs had metastases on 
autopsies. Even though none of the dogs was 
cured, nine of the dogs had obvious pain relief, 
and five of them seemed pain free: one for 13 
months and one for 48 months [97].

13.11.1.2  Multiple Myeloma
Recent use of high-dose Ho-166-DOTMP (Ho- 
166- 1, 4, 7, 10-tetraazcyclododecane-1, 4, 7, 
10-tetramethylene-phosphonic acid) in patients 
with multiple myeloma has been reported [86]. 
Thirty-two patients were treated with 581–3987 
mCi with an average of 2007 mCi (74.3GBq). 
Ho-166 has a half-life of 26.8 h and a beta emis-
sion of 1.85 MeV (51%) and 177 MeV (48%) as 
well as an 80.6 KeV (6.6%) gamma emission 
suitable for a gamma camera imaging. The beta 
particles have a mean range of 4 mm in soft tissue 
and can deliver high levels of radiation to the 
marrow and trabecular bone [98]. This radiophar-
maceutical has selective bone uptake and rapid 
urinary excretion of the remaining activity. 
However, due to the high doses used, catheteriza-
tion and continuous irrigation of the urinary blad-
der after therapy has to be used to reduce radiation 
dose to bladder mucosa. This agent has a poten-
tial to treat patients with resistant multiple 
myeloma. However clinical studies with empha-
sis on the outcome in comparison with the cur-
rently used high dose of chemoradiotherapy with 
or without stem cell rescue are warranted to eval-
uate the impact on the poor survival of patients 
affected by the tumor. Also more studies are 
needed to compare the adverse effects of this 
agent to the high incidence of systemic toxicities 
of the currently available radiopharmaceuticals 
[99–102]. Holmium-166 tetraphosphate (Ho-166 
DOTMP), a high-energy beta emitter, is now 

used in treating bone and bone marrow-based 
tumors such as multiple myeloma [103]. The 
mechanism of action is through cell death by beta 
particles.

13.11.1.3  Metastatic Prostate 
Carcinoma

A study was conducted to explore the effects of 
Re-186-HEDP treatment on the progression of 
lumbar skeletal metastasis in an animal model 
using the Copenhagen rat model and to correlate 
the eventual treatment efficacy with the radionu-
clide tissue distribution. The 186Re-HEDP 
administration, given either 1 day or 8 days after 
surgical induction of lumbar metastasis was 
found to significantly increase the symptom-free 
survival of the animals. These results were con-
firmed by a significant decrease in the presence 
of histologically detectable tumor tissue. 
Biodistribution studies demonstrated the uptake 
of the major part of the radionuclide within bone 
tissue. The uptake of radioactivity within the 
lumbar vertebrae on a microscopic scale, as 
shown by phosphor screen autoradiography, was 
concentrated in areas of bone formation and turn-
over. These results show that radionuclide treat-
ment with Re-186-HEDP is a potentially 
efficacious treatment option in prostate cancer 
disseminated to the skeleton [104]. A clinical 
trial on selected patients with advanced, 
androgen- independent, prostate carcinoma who 
received consolidation bone-targeted therapy 
comprised of Sr-89 with weekly doxorubicin 
after induction chemotherapy had a longer sur-
vival compared with patients who did not receive 
the bone-targeted therapy [105]. More recently 
Ra = 223 dichloride and Lu-177 PSMA are used.

The FDG-PET therapy response assessments 
in men with osseous metastatic prostate cancer 
are not always in agreement with composite clin-
ical designations of response, stable disease, or 
progression [106]. Uptake and sensitivity vary in 
the same tumor type, for example, prostatic can-
cer. Generally, the FDG avidity is low in treat-
ment naïve prostate cancer, increased in CRPC, 
and almost always present in docetaxel- refractory 
prostate cancer [107, 108]. All this indicate that 

13 Basis of Therapeutic Nuclear Medicine



588

the FDG is not ideal for response assessment of 
prostate cancer osseous metastases especially in 
earlier disease states.

Ra-223 Dichloride Treatment
Ra-223 dichloride is a bone-seeking calcium ana-
logue, an alpha-emitter, approved for the treat-
ment of castration-resistant prostate cancer with 
symptomatic bone metastases. It has both thera-
peutic and palliative effects. Ra-223 has alpha, 
beta and gamma emissions with total decay 
energy of 28 MeV (mean 5.78 MeV). Ra-223 is 
produced from an actinium-227 (Ac-227) gener-
ator. Half-life of Ra-223 is 11.43 days. Its range 
in tissue is 0.04–0.05 mm with a highly localized 
effect and minimal detrimental effects on healthy 
tissues near tumor. Maximum α-energies of 
223Ra are 5.78, 6.88, 7.53  MeV.  Maximum 
β-energies are 450 keV and 490 keV.  Gamma 
energy peaks of Ra-223 are 82, 154, 269, 351, 
and 402 keV.  Ra-223 dicholoride selectively 
accumulates in the bone, specifically in areas of 
high bone turnover through forming complexes 
with the mineral hydroxyapatite [109]. The high 
linear energy transfer of the alpha radiation 
results in a high probability of DNA double- 
strand breaks in the adjacent cells [109]. 
Radionuclide therapy with Ra-223 is given as 
single or repeated intravenous administration. 
The treatment is usually given on an outpatient 
basis with respect to national legislation and reg-
ulations. Hospitalization is recommended in 
cases of fecal incontinence or seriously ill 
patients. Contraindications are listed in EANM 
guidelines [109]. Patients should have bone 
metastases seen on recent bone scan (not older 
than 3 mos) and no known visceral metastatic 
disease. Supplementation of calcium, phos-
phates, or vitamin D should be paused about 4 
days before and after each injection of 
radium-223. The dose is 55 kBq/kg, given at 
4-week intervals for six injections [109]. Ra-223 
localization in the bone/bone metastases is 
around 44–77% at 4 h. Fecal excretion is the 
major elimination route which is approximately 
60–75% of the administered activity and 5% is 
excreted in the urinary tract. Instructions are 
given for 7–10 days. The most common side 
effects are diarrhea, nausea, vomiting, and throm-

bocytopenia. Risk of hematological adverse reac-
tions increases if patients received chemotherapy 
or external beam radiotherapy or if patients have 
advanced diffuse metastases in the bones. Pain 
relief is rapid but not expected in every patient. 
The ALSYMPCA study (ALpharadin in 
SYMPtomatic Prostate CAncer) is an interna-
tional clinical study to evaluate the efficacy and 
safety of Ra-223 [110–112]. The ALSYMPCA 
study showed an overall survival benefit with 
223Ra treatment (in over 900 patients). Also, the 
frequency of skeletal-related events was reduced 
with Ra-223 treatment. Improved survival with 
223Ra was accompanied by significant quality-of- 
life benefits, including a higher percentage of 
patients with meaningful quality-of-life improve-
ments and a slower decline in quality-of-life over 
time.

Lu-177 PSMA Ligand Treatment
Luteium-177 (Lu-177) PSMA ligand therapies 
have demonstrated promising results in a signifi-
cant proportion of men with metastatic prostate 
cancer who have failed other therapies. Treatment 
with Lu-177 PSMA ligands is currently undergo-
ing clinical validation. Lu-177 is a radiometal 
produced in reactor. Lu-177 is a medium-energy 
beta emitter (490 keV) with a maximal tissue 
penetration of <2 mm which provides better irra-
diation of small tumors. It also emits low-energy 
gamma rays, 208 and 113 keV which allows for 
ex  vivo imaging after treatment. Lu-177 has a 
physical half-life of 6.73 days. Current clinical 
knowledge is predominantly based on two low 
molecular weight PSMA ligands: PSMA-617 
and PSMA-I&T [113]. Patients should have ade-
quate uptake of PSMA ligands on pre-therapy 
imaging. Dose calculations are based on disease 
burden, patient weight and renal function. 
Injected doses range from 3.7 to 9.3 GBq (100–
250 mCi) per single injections with up to six 
injections, generally at a minimum 6-week inter-
vals [113]. Contraindications to this treatment are 
described in detail at EANM guidelines [113]. 
For kidney protection (to decrease reabsorption 
of radiotracer via the proximal renal tubules and 
thereby decrease the radiation dose to the kidneys 
some institutes give IV amino acid infusion 
(lysine and arginine) over 4 h, starting 30  min 
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prior to the treatment. Lu-177 PSMA is given as 
outpatient treatment in some countries and inpa-
tient in other countries with respect to national 
legislation and regulations. Lu-177 PSMA is 
excreted via kidneys in the first 48 h following 
injection. Prospective clinical trial confirmed a 
high response rates, low toxicity and reduction of 
pain in metastatic castration-resistant prostate 
cancer. In 30–70% of men treated with Lu-177 
PSMA, there was a >50% reduction in serum 
PSA levels [114]. In another study, 80% of all 
men had a PSA response to PSMA therapy [115].

13.12  Combined Therapeutic 
Approach

The use of radionuclide therapy has been used 
alone. Recently, several trials have used a com-
bined approach combining radionuclide with 
other treatment modalities [116, 117]. Sr89  in 
combination with doxorubicin has been used for 
bone metastases. This combination was found to 
be associated with longer time interval to disease 
progression and longer overall survival when 
compared to those who only received doxorubi-
cin [117, 118]. Combining low-dose cisplatin to 
the standard dose of Sr-89 chloride was found to 
improve pain palliation significantly [119].

CHOP was also used in combination with 
I-131 tositumomab and Y-90–ibritumomab and 
Rituxan–CHOP combinations for untreated non- 
Hodgkin’s lymphoma [120, 121].

Combining I-131 MIBG and chemotherapy or 
myeloablative chemotherapy has been also used 
in a limited number of patients [122, 123]. In a 
pilot study, Y-90 biotin was used as an adjunct to 
surgery and radiation therapy for malignant gli-
oma [124]. The disease-free interval and overall 
survival was significantly longer among patients 
with this adjunct therapy than in control group. 
External beam radiotherapy has been used in 
combination with and I-131 MIBG for neuro-
blastoma, and paraganglioma and with I-131 for 
a large thyroid metastasis. This combined method 
takes into consideration the nonuniform dose dis-
tribution on the basis of tumor function and the 
radionuclide therapy dose delivered [125]. 
Combined chemotherapy and I-131 lipiodol for 

the treatment of hepatocellular carcinoma is 
being studied as mentioned earlier.

13.13  Summary

Radionuclide therapy is effective, safe, and cost 
effective and deserves consideration earlier in 
the management of cancer patients rather than 
being left as a terminal choice. Several radio-
pharmaceuticals are being used with varying 
degrees of success in treating several benign and 
malignant disease processes. The mechanisms of 
action are not entirely clear for all of them. 
Table  13.5 summarizes the probable mecha-
nisms of action of the major radiopharmaceuti-
cal tracers currently used. More choices in 
radionuclide therapy are now available to the 

Table 13.5 Effects and mechanisms of action of thera-
peutic radiopharmaceuticals

Therapeutic procedure/
target Probable mechanism
Hyperthyroid Cell injury/death to reduce or 

ablate the thyroid gland
Thyroid cancer Cell death to ablate residual 

thyroid tissue, tumor, and 
metastases

Synovectomy Phagocytosis of radiolabeled 
colloid by synoviocytes 
which are distributed 
uniformly on the surface of 
the synovium, with 
subsequent destruction of the 
synovium by the beta 
particles

Radioimmunotherapy Destruction of tumor cells 
through multiple mechanisms 
including cell lysis, formation 
of autoantibodies, and/or 
apoptosis

Painful bone 
metastases

Uptake of the 
radiopharmaceutical by 
metastases and/or 
surrounding bone, with 
radiation injury or death to 
the tumor cells or the 
surrounding cytokine- 
secreting cells

Peptide therapy High expression of peptide 
receptor such as somatostatin 
and cholecystokinin by cells 
of specific tumors
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physicians for local and systemic uses to pallia-
tion and definitive therapy. Clinical acceptance 
is expected to increase as oncologists accept 
more the limitations of the curative and pallia-
tive role of chemotherapy and external radiation. 
The areas of research in the field of therapeutic 
nuclear medicine are wide open for developing 
new therapeutic radiopharmaceuticals and clini-
cal applications.
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Abscess A collection of pus in tissues, organs, 
or confined spaces, usually caused by bacte-
rial infection.

Absorbed dose Amount of energy absorbed per 
unit mass of target material.

Acquired immunity A defense system respond-
ing to exposure to various antigens building 
immunity against that specific antigen.

ALARA “As low as reasonably achievable.” A 
concept recommended by the US National 
Regulatory Commission for safe radiation 
practice.

Amplitude image A computer-generated image 
representing analysis of a process whereby 
each pixel in the heart is evaluated with 
respect to movement changes over time. The 
amplitude image shows the magnitude of 
blood ejected from each pixel within the ven-
tricular chamber.

Angiogenesis Angiogenesis or neovasculariza-
tion describes formation of new vessels. It 
occurs in several pathologies particularly neo-
plasia. Tumor angiogenesis is initiated, main-
tained, and controlled by multiple molecules 
that are released from tumor cells, endothelial 
cells, and other cell types.

Anion Negatively charged ion.
Ankylosing spondylitis The most common type 

of spondyloarthropathy with chronic inflam-
matory changes leading to stiffening and 
fusion (ankylosis) of the spine and sacroiliac 
joints with a strong genetic predisposition 
associated with HLA B27. Other joints such 
as hips, knees, and shoulders are involved in 
approximately 30% of patients.

Antibody A protein formed by the body to 
defend it against infection and other diseases.

Antisense oligonucleotides Synthetic single- 
strand DNA (or RNA) molecules designed 
to bind with high affinity to the complemen-
tary sequences of mRNA.  Several antisense 
oligodeoxynucleotide pharmaceuticals have 
been developed as therapeutic agents that 
act to block protein synthesis by inactivating 
mRNA. This is the basis of antisense imaging.

Apophysis An accessory secondary ossification 
center that develops late and forms a protru-
sion from the growing bone where tendons 
and ligaments insert or originate.

Apoptosis A type (programmed) of cell death 
implicated in both normal and pathological tis-
sue, designed to eliminate unwanted host cells 
in an active process of cellular self-destruction 
effected by a dedicated set of gene products.

Atrophy A decrease in size and function of the 
cell.

Attenuation The reduction of radiation inten-
sity during its passage through matter due to 
absorption, scatter, or both.

Avulsion Complete separation of tendons or 
ligaments, with or without a portion of bone 
and/or cartilage.

Behçet’s syndrome An uncommon disorder 
characterized by recurrent oral and genital 
ulceration, uveitis, or retinal vasculitis, cuta-
neous pustules or erythema nodosum or cuta-
neous pathergy and synovitis. The disease is 
more common in Mediterranean countries and 
Japan than in the USA.
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Biologic half-life Time required for half of the 
radioactivity to be eliminated from the body 
or an organ.

Brodie’s abscess An intraosseous abscess in 
the cortex that becomes walled off by reactive 
bone.

Bronchial circulation Part of the high-pressure 
systemic circulation that supplies oxygenated 
blood to the lung tissue itself.

Budd-Chiari syndrome An uncommon con-
dition usually caused by thrombosis of the 
hepatic veins such as associated with polycy-
themia vera, following oral contraceptive use 
or renal cell carcinoma with tumor involv-
ing veins. Sulfur colloid liver scan typically 
shows decreased uptake in the right lobe with 
increased uptake in the caudate lobe repre-
senting hypertrophy of that lobe.

Bystander effect The directly irradiated cells 
communicate with adjacent cells and spread 
the effect of radiation to a larger number of 
cells.

Calcinosis cutis A term used to describe a group 
of disorders in which calcium deposits form 
in the skin, subcutaneous tissue, and connec-
tive tissue sheaths around the muscles but not 
within the muscles.

Calciphylaxis A condition of soft tissue calcifi-
cation affecting mainly patients with chronic 
renal failure. The calcification involves the 
media of small- and medium-sized cutaneous 
arterioles with extensive intimal hyperplasia 
and fibrosis. There is also subcutaneous cal-
cification and necrosis which may lead to sep-
sis, the main cause of morbidity which may be 
significant.

Carcinogenesis Carcinogenesis or oncogenesis 
is a process by which normal cells are trans-
formed into cancer cells.

Cation Positively charged ion.
Cell adhesion molecules Protein molecules 

responsible for connection of cells to each 
other and to basal membranes and are behind 
tissue structural organization. They include 
integrins, selectin (endothelial cell adhesion), 
and IgG superfamily (nervous system cell 
adhesion).

Chemotaxis Directional migration of leuko-
cytes at varying rates of speed in interstitial 
tissue towards a chemotactic stimulus in the 

inflammatory focus. Through chemoreceptors 
at multiple locations on their plasma mem-
branes, the cells are able to detect where the 
highest concentrations are of chemotactic fac-
tors and to migrate in their direction.

Costochondritis (Tietze’s syndrome) This is a 
common painful condition affecting the cos-
tochondral junction usually in young patients 
and is self-limited. The etiology remains 
unknown although trauma and infection are 
proposed. It can affect any rib but the first and 
second ribs are most commonly involved.

Chronic obstructive airway disease Chronic 
bronchitis, emphysema, and bronchial asthma 
are collectively known as obstructive airway 
disease.

Colloid A substance that will not easily dif-
fuse through membranes when dissolved in a 
liquid.

Complex regional pain syndrome type I (reflex 
sympathetic dystrophy) A pain syndrome 
that usually develops after an initiating nox-
ious event with no identifiable major nerve 
injury, is not limited to the distribution of a 
single peripheral nerve, and is dispropor-
tional to the inciting event or expected healing 
response.

Connective tissue Body tissue that provides 
and maintains form in the body. It serves to 
connect and bind the cells and organs and 
gives support to the body. Unlike the other 
tissue types of the body that are formed 
mainly by cells, the major constituent of 
connective tissue is its extracellular matrix, 
composed of protein fibers, an amorphous 
ground substance, and tissue fluid in addi-
tion to cells such as fibroblasts, fat cells, and 
bone cells.

Conn’s syndrome Primary aldosteronism with 
increased production of aldosterone by abnor-
mal zona glomerulosa (adenoma or hyper-
plasia) leading to hypertension through the 
increased reabsorption of sodium and water 
from the distal tubules. A benign adenoma 
accounts for 75 % of cases of this syndrome.

CPPD Calcium pyrophosphate dihydrate depo-
sition disease, also called pseudogout and 
chondrocalcinosis, a type of crystal deposition 
arthropathy with such crystals deposited in 
cartilage, synovium, tendons, and ligaments.
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Cushing’s syndrome A disease caused by 
abnormal stimulation of zona fasciculata of 
adrenal gland leading to excessive secretion 
of cortisol. The stimulation of the zona fas-
ciculata may be stimulated by excess ACTH 
from the pituitary gland, or less commonly 
the ectopic production of ACTH (as in small 
cell lung cancer and neural crest tumors) or 
corticotropin- releasing factor (CRF) (as in 
bronchial carcinoid and prostate cancer). The 
disease may also be due to autonomous adre-
nal cortisol production due to adrenal ade-
noma or hyperfunctioning adrenal carcinoma.

Detector sensitivity The ratio between the out-
put and the input variable being measured.

Dose rate Dose rate expresses the time for 
which dose is administered.

Dosimetry A process of calculating the level of 
radiation exposure from a radioactive source.

Dysplasia Abnormality of the growth or devel-
opment resulting in alteration in size, shape, 
and organization of adult cells or organs. In 
dysplasia, cell maturation and differentia-
tion are delayed, in contrast to metaplasia, in 
which cells of one mature differentiated type 
are replaced by another mature cell.

Dystrophic calcification A type of soft tissue 
calcification that occurs in the setting of nor-
mal serum calcium and phosphate levels and 
occurs in damaged, inflamed, neoplastic, or 
necrotic tissue.

Ectopic hyperparathyroidism Parathyroid 
disease due to abnormalities in ectopically 
located glands.

Effective half-life Time required to reduce 
radioactivity by half by a combination of 
physical and biologic elimination processes.

Endochondral ossification Most of the skel-
eton forms by this type of ossification where 
a preexisting cartilage forms first and then 
undergoes ossification.

Enteropathic arthropathies Arthropathies 
associated with inflammatory bowel diseases 
including ulcerative colitis, Crohn’s disease, 
Whipple’s disease, intestinal bypass surgery, 
and celiac disease.

Entheses The sites of insertion of tendons, liga-
ments, and articular capsule to bone.

Enthesopathies A pathologic process affecting 
entheses particularly trauma and or inflamma-

tion resulting in regional periosteal reaction 
with osteoblastic bone activity.

Epididymis A comma-shaped structure lying 
on the testicle on its posterolateral surface.

Epididymitis An inflammatory condition 
affecting the epididymis usually in adults 
secondary to infection or following trauma. 
Bacteria usually reach the epididymis from 
the prostate, seminal vesicles, urethra, or 
uncommonly hematogenously.

Erythropoiesis The formation of mature red 
blood cells in the bone marrow starting with 
the first stem cell progeny committed to ery-
throid differentiation and ending with the 
release of red cells into the circulation.

Eutopic hyperparathyroidism Parathyroid 
disease with typical location of glands.

Exudate An inflammatory extravascular fluid 
with a high protein content, much cellular 
debris, and a specific gravity above 1.020. 
This is the hallmark of acute inflammation, 
which may also be called exudative inflamma-
tion. It indicates significant alteration in the 
normal permeability of small blood vessels in 
the region of injury.

Fibrous dysplasia A benign bone disorder 
characterized by the presence of the fibrous 
tissue in lesions of trabeculae of nonlamellar 
bone (woven bone), which remains essentially 
unchanged.

First-pass radionuclide angiogra-
phy Examination of the initial transit of a 
radionuclide bolus through the different major 
vascular compartments can provide informa-
tion about the function of each chamber.

Flare pattern on bone scan An initial apparent 
deterioration of primary or some or all meta-
static lesions on the bone scan, followed by 
improvement usually accompanying success-
ful treatment.

Fracture delayed union Fracture union is 
delayed beyond the expected time (usually 9 
months).

Fracture nonunion Complete cessation of 
repair process of a fracture.

Fracture A break in the continuity of a bone.
Ganglioneuroma A benign tumor found in 

older children and young adults that is most 
commonly present in the adrenal medulla and 
the posterior mediastinum. The tumor consists 
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of mature ganglion cells and is well encapsu-
lated; it is frequently calcified and rarely hor-
mone active.

Gas exchange airways Consists of the more 
distal bronchioles (respiratory) and the alveoli 
that are lined by nonciliated mucus membrane.

Gene therapy A method designed to manipu-
late the expression of genes in order to inhibit 
tumor growth.

Gout A metabolic disorder that results in hyper-
uricemia and leads to deposition of monoso-
dium urate monohydrate crystals in various 
sites in the body, especially joint cartilage.

Heterotopic ossification A specific type of soft 
tissue calcification that may or may not follow 
trauma and is due to a complex pathogenetic 
mechanism believed to be due to transforma-
tion of certain primitive cells of mesenchymal 
origin in the connective tissue septa within 
muscles, into bone forming cells.

Hibernated myocardium Hibernation occurs 
in myocardium that has undergone a down-
regulation of contractile function, thus reduc-
ing cellular demand for energy, in response to 
chronic ischemia. It requires the restoration of 
blood flow in order to improve function.

Homeostasis The term describing maintenance 
of static, or constant, conditions in the internal 
environment by means of positive and nega-
tive feedback of information.

Hydrocephalus Conditions that produce imbal-
ance between the rate of production and 
absorption of the cerebrospinal fluid, leading 
to dilatation of the ventricular system. They 
may result from obstruction to the flow and 
absorption of CSF or rarely from overproduc-
tion of CSF.

Hyperplasia An increase in cell number.
Hypertrophic cardiomyopathy An idiopathic 

process that affects mainly the LV myocar-
dium, but the right ventricle may also be 
involved. Other causes of myocardial hyper-
trophy such as systemic hypertension and aor-
tic valve stenosis must first be excluded.

Hypertrophic osteoarthropathy A form of 
periostitis that may be painful and may be 
associated with clubbing of fingers and toes, 
sweating, and thickening of skin. It may be 
primary or follow a variety of pathologic 
conditions predominantly intrathoracic and 

is characterized by periosteal new bone 
formation.

Hypertrophy An increase in cell size which can 
lead to enlargement of an organ or part of it.

Hungry bone syndrome Severe and prolonged 
hypocalcemia after parathyroidectomy.

Immigrant cells The cells that travel transiently 
through blood or lymph and enter connec-
tive tissue as needed. These cells include 
erythrocytes (red blood cells), granulocytes, 
monocytes, lymphocytes, plasma cells, and 
platelets.

Impingement syndromes A group of painful 
conditions caused by friction of joint tissue 
which include bone impingement, soft tissue 
impingement, and entrapment neuropathy 
depending on the type of tissue involved.

Inflammation A complex nonspecific tissue 
reaction to injury by living agents such as bac-
teria and viruses leading to infection, or non-
living agents including chemical, physical, 
immunologic, or radiation injurious agents.

Inflammatory bowel disease (IBD) An idio-
pathic disease, probably involving an immune 
reaction of the body to its own intestinal tract. 
The two major types of IBD are ulcerative 
colitis and Crohn’s disease.

Information density The count number per 
square centimeter within an image.

Intensity A term describing the energy or num-
ber of particles passing through an area unit 
per unit of time.

Intramembranous ossification Occurs through 
the transformation of mesenchymal cells into 
osteoblasts seen in flat bones of the skull, part 
of the mandible and part of the clavicle.

Involucrum A layer of new bone formation 
around the site of skeletal infection formed 
secondary to the body response to infection.

Ionizing radiation A radiation that causes ion-
ization (production of ion pair) when passing 
through a material.

Isotope dilution Diluting a radiotracer (or 
tracer) of known activity (or mass) in an 
unknown volume. By measuring the degree 
to which the radiotracer was diluted by the 
unknown volume, one can determine the total 
volume (or mass) of the unknown volume.

Jodbasedow The condition of iodine-induced 
hyperthyroidism, which characteristically 
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occurs in persons with nodular thyroid glands 
after iodine supplementation in endemic goi-
ter areas. Iodine-containing medical products, 
including amiodarone, radiographic dyes, and 
kelp, may also cause jodbasedow.

Juxtaglomerular apparatus The afferent arte-
riole has specialized smooth muscle cells 
called juxtaglomerular (JG) cells that form 
this system and store renin and stretch recep-
tors which respond to changes in arteriolar 
pressure. The system releases renin when 
stimulated.

Lactase deficiency A common cause of malab-
sorption that is found in 15% of Caucasian, 
50% of blacks, and about 90% of Asians. 
Often, patients may have partial lactase defi-
ciency that causes symptoms but not full- 
blown malabsorption syndrome. Treatment 
is to avoid lactose-containing dairy products 
(milk, ice cream, and cheese) and use lactose 
enzymes to aid in digestion.

Lisfranc injury Fracture or fracture dislocation 
of tarsometatarsal joints.

List mode An acquisition method for cardiac 
blood pool studies in patients with arrhyth-
mias. Following acquisition of cardiac gated 
blood pool study, each individual beat can 
be reviewed to eliminate atrial or ventricular 
premature beats that exceed a determined R-R 
interval duration (arrhythmia rejection). The 
acceptable beats can then be framed in the 
most appropriate timing interval for the type 
of analysis needed.

Lower respiratory airways Trachea, bronchi, 
bronchioles, and alveolar ducts connected by 
the larynx.

Maffucci syndrome A nonhereditary disorder 
characterized by multiple enchondromas and 
multiple bony hemangiomas.

Malunion Healing of a bone in a nonanatomic 
orientation.

Marine-Lenhart syndrome Graves’ disease 
with incidentally functioning nodule(s) which 
are responsive to thyroid-stimulating hormone. 
It is not responsive to thyroid- stimulating 
immunoglobulins. It appears as cold, but after 
successful treatment with radioiodine, it will 
show uptake on follow-up thyroid scan since 
TSH level starts to rise.

Mast cells The secretory cells that mediate 
immediate hypersensitivity reactions. These 
cells are distributed along blood vessels in con-
nective tissue. Stimulation of these cells by a 
variety of stimuli such as mechanical trauma, 
heat, X-rays, and toxins induces secretion of 
their granule contents, mainly histamine.

Megaloblastosis A morphological abnormal-
ity that occurs predominantly in the erythroid 
precursor cells in the bone marrow and in other 
replicating cells in human subjects due to defi-
ciency of vitamin B12 and folate or metabolic 
abnormalities involving these vitamins.

MEN (multiple endocrine neoplasia) An 
autosomal dominant syndrome that involves 
hyperfunctioning of two or more endo-
crine organs. Primary hyperparathyroid-
ism, pancreatic endocrine tumors, and 
anterior pituitary gland neoplasms char-
acterize type 1 MEN.  Medullary thyroid 
carcinoma, pheochromocytoma, and hyper-
parathyroidism caused by parathyroid gland 
hyperplasia characterize type MEN 2A. MEN 
2B is defined by medullary thyroid tumor and 
pheochromocytoma.

Metachondromatosis A hereditary (autoso-
mal dominant) disorder characterized by 
the presence of multiple enchondromas and 
osteochondromas.

Metaplasia An alteration of cell differentiation.
Metastatic calcification The type of soft tissue 

calcification that involves viable undamaged 
normal tissue as a result of hypercalcemia 
and/or hyperphosphatemia associated with 
increased calcium phosphate product locally 
or systematically.

Monoclonal antibody An antibody derived 
from a single clone of cells and hence binds 
only to one unique epitope.

Moyamoya disease A noninflammatory, non-
atherosclerotic, nonamyloid vasculopathy 
characterized by chronic progressive stenosis 
or occlusion of the terminal internal carotid 
arteries. It occurs mainly under the age of 
10 with a smaller peak during the fourth 
decade. It presents with transient ischemic 
attacks and occasionally headache and sei-
zures. Intracranial hemorrhage is the serious 
complication.

Glossary



600

Murine antibody An antibody produced by 
mouse.

Mutation Any inherited change in the genetic 
material involving irreversible alterations in 
the sequence of DNA nucleotides.

Myositis ossificans progressive The congenital 
and rare form of heterotopic ossification.

Necrosis Cellular death resulting from the pro-
gressive degradative action of enzymes on 
the lethally injured cells, ultimately leading 
to the processes of cellular swelling, dissolu-
tion, and rupture. The morphological appear-
ance of necrosis is the result of denaturation of 
proteins and enzymatic digestion (autolysis or 
heterolysis) of the cell.

Nephron The functional unit of the kidney. It 
consists of a glomerulus and a tubule. Urine 
is formed as a result of glomerular filtration, 
tubular reabsorption, and tubular secretion.

Neuroblastoma A malignant tumor of the 
sympathetic nervous system of childhood. 
It accounts for up to 10% of childhood can-
cers and 15% of cancer deaths among chil-
dren. Seventy-five percent of neuroblastoma 
patients are younger than 4 years. The tumor 
has the potential to mature into pheochromo-
cytoma or ganglioneuroma.

Nonuniformity A term describing variations of 
intensity of an image.

Ollier disease A nonhereditary disorder charac-
terized by multiple enchondromas with a pre-
dilection for unilateral distribution.

Oncogenesis See carcinogenesis.
Osteochondritis dissecans Transchondral frac-

ture with fragmentation and separation of por-
tions of cartilage or cartilage and bone which 
is most prevalent in adolescents.

Osteomalacia Abnormal mineralization of 
bone with a decrease in bone density second-
ary to lack of both calcium and phosphorus 
with no decrease in the amount of osteoid 
(bone formation).

Osteomyelitis A term applied to skeletal infec-
tion when it involves the bone marrow.

Osteopetrosis A rare inherited metabolic bone 
disease characterized by a generalized increase 
in skeletal mass due to a congenital defect in 
the development or function of the osteoclasts 
leading to defective bone resorption.

Osteoporosis Reduction of bone tissue amount 
increasing the likelihood of fractures.

Oxalosis Deposition of calcium oxalate crystals 
that leads to arthropathy.

Pair production When a photon with energy 
greater than 1.02  MeV is converted into an 
electron and a positron the process is called 
pair production. It occurs when the high ener-
getic photon passes through a strong electric 
field.

Pandemic A worldwide epidemic.
Paraganglioma Pheochromocytoma aris-

ing at sites other than adrenal medulla 
(extra-adrenal).

Parkinson’s disease A neurologic disorder 
characterized by tremor, rigidity, akinesia, 
bradykinesia, and postural instability.

Passive immunity Passive immunity is due to 
antibodies entering the body but are formed 
in another body other than the person’s own 
body. Examples include vaccinations with 
antibodies such as against tetanus or hepatitis 
virus and infant antibodies transferred from 
mother through the placenta.  This immunity 
provides immediate protection against antigen 
but does not last long.

Pathologic fracture A fracture at a site of pre-
existing abnormalities that weakens bone.

Pathophysiology Pathophysiology is a conver-
gence of pathology and physiology. It deals 
with the disruption of normal mechanical, 
physical, and biochemical functions, either 
caused by a disease, or resulting from a dis-
ease or abnormal syndrome or condition that 
may not qualify to be called a disease and 
now includes the molecular mechanisms of 
disease.

Phase image A computer-generated image rep-
resenting evaluation of each pixel in the heart 
with respect to count changes over time. This 
helps identify abnormal timing of ventricular 
contraction.

Pheochromocytoma A rare tumor arising from 
chromaffin cells of the adrenal medulla. It 
commonly produces excessive amounts of 
norepinephrine, attributable to autonomous 
functioning of the tumor, although large 
tumors secrete both norepinephrine and epi-
nephrine and in some cases also dopamine. 
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Releasing the catecholamine into the circula-
tion causes hypertension and other signs.

Physical half-life Time required for half of a 
radioactivity to decay.

Plantar fasciitis (calcaneal periosteitis) An 
inflammatory condition that can occur as an 
isolated entity such as secondary to occu-
pation, degenerative, or it may accompany 
spondyloarthropathies. Pneumocystis carinii 
(jiroveci) An opportunistic pathogen currently 
classified as a fungus. It causes an infection 
leading to significant morbidity and mortality 
in human immunodeficiency virus and non-
human immunodeficiency virus-associated 
immunosuppressed patients although it also 
occurs in nonimmunocompromised patients.

Podagra A term describing affection of the 
metatarsophalangeal joint of the great toe in 
gout and the most typical finding of gouty 
arthritis.

Primary hyperparathyroidism Hyperparathy-
roidism caused by neoplastic or hyperplastic 
parathyroid glands or when nonparathyroid 
tumors such as bronchogenic or renal cell car-
cinomas secrete ectopically parathyroid hor-
mone or a biologically similar product.

Pseudoarthrosis A gap between the fracture 
bone ends containing a space filled with fluid. 
Also termed false joint.

Pulmonary circulation A low-pressure, low- 
resistance system through which oxygen 
enters and carbon dioxide is removed.

Pyrogens Pyrogens are mostly endotoxins 
which are lipopolysaccharides produced by 
bacteria mainly gram negative and they are the 
reason behind fever in infections.

Radiolabeling The process of attaching radio-
active isotope.

Reactive arthritis (Reiter’s disease) A syn-
drome characterized by a combination of 
nongonococcal urethritis, arthritis, and 
conjunctivitis.

Renal osteodystrophy A metabolic condition 
of bone associated with chronic renal failure.

Resolution Ability to separate or discriminate 
very close quantities by a detector.

Rheumatoid arthritis An autoimmune disease 
causing inflammation of connective tissue 
mainly in the joints with synovial inflamma-
tory response triggered by immune complexes 

in the blood and synovial tissue through acti-
vation of plasma protein complement. This 
inflammation spreads from the synovial mem-
brane to the articular cartilage, joint capsule, 
and the surrounding tendons and ligaments 
leading to pain, loss of function, and joint 
deformity.

SAPHO syndrome A syndrome characterized 
by synovitis, acne, palmoplantar pustulosis, 
hyperostosis, and osteitis. The small and large 
joints of the feet, ankles, knees, hips, sacro-
iliac joints, and shoulders are affected by the 
synovitis.

Sarcoidosis A multisystem granulomatous dis-
order, occurring most commonly in young 
adults, more commonly in blacks and in tem-
perate areas with an unknown etiology, but it 
is believed to be due to exaggerated cellular 
immune response on the part of helper/inducer 
T lymphocytes to exogenous or autoantigens.

Scattered radiation This term describes radia-
tion that during its passage through a sub-
stance deviates in direction with possible loss 
of energy.

Secondary hyperparathyroidism Hyperpara-
thyroidism due to compensatory hyperplasia 
of parathyroids in response to hypocalcemia.

Septic tenosynovitis An inflammatory condi-
tion affecting generally the flexor tendons of 
the hands and feet of diabetic patients and 
resulting from penetrating injuries or spread of 
infection from a contiguous focus of infection.

Sequestrum Segmental bone necrosis that 
develops when normal blood supply to the 
bone is interrupted by the edema and ischemia 
produced by the inflammation.

Shin splints Periosteal elevation with reactive 
bone formation secondary to extreme ten-
sion on muscles or muscle groups inserting on 
bones.

Slipped capital femoral epiphysis Displace-
ment of the proximal femoral epiphysis or 
simply femoral head from the femoral neck at 
the site of the growth plate during the growth 
condition.

Spondyloarthropathies A group of seronega-
tive arthropathies formerly called rheumatoid 
variants that share common clinical and radio-
graphic features with characteristic involve-
ment of the sacroiliac joints, spine, and to 
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various degrees the peripheral joints, which 
are linked to HLA B27 histocompatibility 
antigen and include ankylosing spondylitis, 
psoriatic arthritis, reactive arthritis (Reiter’s 
disease), and enteropathic spondylitis.

Spondylolysis A loss of continuity of bone of 
the neuroarch of the vertebra due to stress or 
trauma.

Spondylolisthesis Forward movement of one 
vertebra on another usually as a result of frac-
ture of the neuroarch.

Spontaneous intracranial hypotension 
(SIH) An increasingly recognized condition 
due to CSF leak without apparent prior cause. 
It can cause postural headache, which in this 
case is secondary to low CSF pressure.

Sprains Tears to tendons.
Stem cells Undifferentiated cells in adults 

known also as pluripotent cells, precursor 
cells that are not totally committed to a spe-
cific function.

Strains Tears to ligaments.
Stress fracture A pathologic condition of bone 

due to repeated episodes of stress; each is less 
forceful than that needed to cause acute frac-
ture of the bony cortex.

Stunned myocardium Continued dysfunction 
due to ischemia-induced oxidative stress.

Synovial joints Specialized joints found mainly 
in the appendicular skeleton and which allow 
free motion.

Tertiary hyperparathyroidism The condi-
tion of patients who develop hypercalcemia 
following long-standing secondary hyper-
parathyroidism due to the development of 
autonomous parathyroid hyperplasia, which 
may not regress after correction of the under-
lying condition, as with renal transplantation.

Theranostics A new field of medicine which 
provides specific targeted therapy based on 
specific targeted diagnostic tests. The specific 
diagnostic test shows a particular molecular 
target on a tumor, allowing a therapy agent to 
specifically target that receptor on the tumor, 
rather than more broadly.

Thyrotropin-releasing hormone (TRH) A 
tripeptide originating from the hypothalamic 
median eminence, which stimulates the secre-
tion and synthesis of thyroid-stimulating hor-
mone from anterior pituitary.

Toddler’s fracture Fracture in preschool chil-
dren which is typically a nondisplaced spi-
ral fracture of the mid tibia but also involves 
other fractures including the fibula, calcaneus, 
talus, metatarsal, and cuboid bones in this age 
group.

Transient synovitis A joint inflammation of 
unknown origin and self-limited course affect-
ing most frequently boys between 5 and 10 
years of age. It was known as toxic synovitis 
and affects preferentially the hip or knee and 
subsides without antibiotics.

T-score A parameter used to express bone min-
eral density by relating an individual’s bone 
density to the mean BMD of healthy young 
adults, matched for gender and ethnic group.

Tumor grading Grading is a scheme that 
attempts to determine the degree of malig-
nancy and is based on the evaluation of certain 
parameters such as degree of tumor cellular-
ity, resemblance of tumor cells to their normal 
forebears morphologically and functionally, 
cellular pleomorphism or anaplasia, mitotic 
activity (number and abnormality), and 
necrosis.

Tumoral calcinosis A type of soft tissue cal-
cification characterized by large, calcified, 
periarticular soft tissue masses of calcium 
phosphate near the large joints such as the hip, 
the shoulder, and the elbow, in addition to the 
wrist, feet, and hands.

Uniformity correction Addition or subtraction 
of counts to the image in order to correct for 
flood field irregularities.

Upper respiratory airways Nasopharynx and 
oropharynx.

Urinary tract infection, complicated Infection 
in patients with risk factors such as extremes 
of age, diabetes, failed course of antibiotics, or 
extended symptoms

Urinary tract infection, uncompli-
cated Infection in otherwise healthy patient 
with structurally and functionally normal uri-
nary tract

Ventilation The process by which air flows in 
and out of the gas exchange airways.

Ventricular ejection fraction The stroke vol-
ume divided by the end-diastolic volume.

Whipple’s disease A systemic bacterial illness 
usually affecting middle-aged men causing 
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malabsorption and presenting diarrhea, arthri-
tis, fever, weight loss, swollen lymph nodes, 
and skin pigmentation. It is diagnosed mainly 
by a small bowel biopsy through an endo-
scope, and the treatment is antibiotics for 1 
year or longer.

Wolff-Chaikoff effect An intrathyroid auto-
regulatory mechanism other than the 
hypothalamus- pituitary-thyroid axis mecha-
nism. When intrathyroid iodine concentra-

tions are significantly increased, the rate of 
thyroid hormone synthesis is decreased, with 
a reduction in iodothyronine synthesis and a 
decrease in the DIT/MIT ratio.

Woven bone Immature nonlamellar bone that is 
later normally converted to lamellar bone.

Z-score A parameter used to express bone 
mineral density by comparing the bone den-
sity value of an individual to the mean value 
expected for his/her age-matched peer.
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